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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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PERSPECTIVES

Title: The Andromeda Galaxy. Also known as M31, this is a barred spiral galaxy located approximately 2.5 million light-years away from Earth in the constellation Andromeda.
It is the nearest galaxy to our Milky Way and is estimated to be around 150,000 light-years across, making it one of the largest galaxies in the Local Group of galaxies.
The Andromeda Galaxy contains more than a trillion stars, and its mass is believed to be about 1.5 times that of our Milky Way. It is also home to a supermassive black hole at its
center, which has a mass of about 100 million times that of the sun. This image was acquired as a series of fifty 5-minute images (4 hours) using red, green, and blue filters. The
telescope was a Takahashi FSQ Fluorite refractor with a 106-mm aperture on a Paramount ME mount. The camera was a SBIG STL-11000M CCD, with Astrodon filters. The images
were processed using PixInsight, Photoshop, and Topaz Labs Adjust AI and DeNoise AI.

Jeffrey S. Ross, Mayo Clinic, Phoenix, Arizona
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REVIEW ARTICLE

Comprehensive Update and Review of Clinical and Imaging
Features of SMART Syndrome

Y. Ota, E. Liao, G. Shah, A. Srinivasan, and A.A. Capizzano

ABSTRACT

SUMMARY: Stroke-like migraine attacks after radiation therapy (SMART) syndrome is a delayed complication of cranial irradiation,
with subacute onset of stroke-like symptoms including seizures, visual disturbance, speech impairment, unilateral hemianopsia, facial
droop, and aphasia, often associated with migraine-type headache. The diagnostic criteria were initially proposed in 2006.
However, the diagnosis of SMART syndrome is challenging because clinical symptoms and imaging features of SMART syndrome
are indeterminate and overlap with tumor recurrence and other neurologic diseases, which may result in inappropriate clinical man-
agement and unnecessary invasive diagnostic procedures. Recently, various imaging features and treatment recommendations for
SMART syndrome have been reported. Radiologists and clinicians should be familiar with updates on clinical and imaging features
of this delayed radiation complication because recognition of this entity can facilitate proper clinical work-up and management.
This review provides current updates and a comprehensive overview of the clinical and imaging features of SMART syndrome.

ABBREVIATIONS: ALERT ¼ acute late-onset encephalopathy after radiation therapy; ATP ¼ adenosine triphosphate; MELAS ¼ mitochondrial myopathy,
encephalopathy, lactic acidosis, and stroke-like episodes; PIPG ¼ peri-ictal pseudoprogression; PRES ¼ posterior reversible encephalopathy syndrome; ROS ¼
reactive oxygen species; SMART ¼ stroke-like migraine attacks after radiation therapy

Stroke-like migraine attacks after radiation therapy (SMART)
syndrome is considered a delayed complication of cranial irra-

diation, associated with migraine-like headaches and subacute
onset of stroke-like symptoms in both adult and pediatric popula-
tions previously treated for intracranial malignancies.1-8 SMART
syndrome is often reversible, but resolution can be delayed or
have permanent sequelae in some cases.5,8 A radiation dose of
.50Gy has been suggested as a threshold, but lower doses have
also been reported. In 2006, Black et al6 proposed diagnostic crite-
ria for SMART syndrome, including the following: 1) a remote
history of external beam cranial irradiation; 2) prolonged, reversi-
ble signs and symptoms referable to a unilateral cortical region be-
ginning years after cranial irradiation, including seizure, migraine
with or without an aura, and stroke-like symptoms; 3) transient,
diffuse, unilateral gyriform enhancement sparing the white matter
within a previous radiation field; and 4) not attributed to another
disorder.6 However, since the initial diagnostic criteria were pro-
posed, further reported cases of SMART syndrome have revealed

additional clinical and imaging manifestations that fail to strictly
fit within these criteria despite otherwise matching the features of
SMART syndrome. As well, updates regarding clinical and imag-
ing prognostic factors and a spectrum of SMART syndrome var-
iants including peri-ictal pseudoprogression (PIPG) and acute
late-onset encephalopathy after radiation therapy (ALERT) have
been proposed.9,10 In this review, we discuss clinical and radio-
logic updates on SMART syndrome along with a comprehensive
review covering pathophysiology, clinical and radiologic features,
management, and its mimics on imaging.

Epidemiology
SMART syndrome can affect both adult and pediatric populations
with a male predominance.2,3 The overall incidence remains to be
revealed due to its rarity. The age of onset ranges from 3.5 to
88 years of age, with a mean age of approximately 45 years and a
mean time to symptom development of 14 years after brain irradia-
tion.7 Radiation therapy is performed via whole-brain radiation
therapy or focal irradiation such as stereotactic radiosurgery, inten-
sity-modulated radiation therapy, or 3D conformal radiation ther-
apy; a radiation dose of ]50 Gy is often reported in SMART
syndrome.5 Patients typically recover from symptoms within 1.5–
2.5months,3 but some patients experience either incomplete recov-
ery4,5 or recurrent episodes of SMART syndrome.5,8

Recently, it has been reported that older patients are more likely
to have incomplete recovery and a longer duration of symptoms of
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SMART syndrome and that female patients tend to have higher
rates of recurrent episodes of SMART syndrome compared with
male patients.5,8

Pathophysiology
The pathophysiology of SMART syndrome has yet to be fully
elucidated and is postulated to be multifactorial. Delayed brain
irradiation injury involves white matter necrosis, vascular endo-
thelial damage, demyelination, and gliosis.1 There is little histo-
logic evidence of the above-mentioned pathophysiology of
SMART syndrome.2,4 Furthermore, radiation-induced mito-
chondrial dysfunction has been implicated in SMART syndrome
pathophysiology (Fig 1).11,12

Radiation-Induced Mitochondrial Dysfunction
Ionizing radiation therapy causes DNA damage not only in tu-
mor cells but also in the normal brain tissues within the irradia-
tion field directly or secondarily via the production of free
radicals and reactive oxygen species (ROS) in the mitochon-
dria.1,11 Ionizing radiation permanently impairs the mitochon-
dria, leading to a persistent production of mitochondrial ROS.11

Mitochondrial ROS can function as signaling molecules in inter-
mitochondrial and mitochondrial-nuclear communication and
promote subsequent long-term radiation effects.11 Impairment of
the mitochondria in neurons and endothelial cells can lead to

altered function of the electron transport chain. Consequently,
impaired mitochondria in neurons and endothelial cells leads to
a decrease in available adenosine triphosphate (ATP),12 resulting
in neuronal and BBB endothelial dysfunction. Inadequate avail-
ability of ATP in both neuron and BBB endothelial cells can
impair the ion homeostasis within both intracellular and extracel-
lular compartments and result in neuronal hyperexcitability.

Similarly, inadequate availability of ATP due to mitochon-
drial dysfunction has been also postulated in mitochondrial my-
opathy, encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS), which is related to pathogenic mitochondrial DNA
gene mutations.13

Neuronal Dysfunction
Impaired neurons with radiation-induced mitochondrial dys-
function have Na, K-ATPase dysfunction due to a decrease of
available ATP. Na, K-ATPase is important in maintaining extrac-
ellular ion homeostasis. When Na, K-ATPase is impaired, the K1

ion and glutamate are shifted from the intracellular space to the
extracellular space. Glutamate binds to N-methyl-D-aspartate
receptors and a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid receptors, both of which are predominantly located in
the dendritic spine and perisynaptic and extrasynaptic regions.14

The consequent elevation in extracellular glutamate results in a
massive influx of Na1 and Ca21 into neurons through N-methyl-
D-aspartate receptors. While Na1 influx results in neuronal swel-
ling, which is reversible, elevated intracellular Ca21 contributes
to neuronal hyperexcitability.14-16

BBB Endothelial Dysfunction
BBB endothelial cells preserve ion homeostasis in the extracellular
fluid, where the K1 level is strictly regulated by BBB ion transports
such as Na, K-ATPase.13 Reduced functioning of BBB ion trans-
ports due to insufficient available ATP can cause an increase in K1

concentration in CSF and resulting neuronal hyperexcitability.13

Neuronal hyperexcitability is thought to trigger cortical
spreading depression,17 which is a slowly propagating wave of
transient regional depolarization of neurons, accompanied by
suppression of all spontaneous or evoked electrical activity in that
region,2,15,18 and can be observed in the acute phase of MELAS,
hemiplegic migraine, and status epilepticus.

On nuclear and perfusion imaging, neuronal excitability is
characterized by hypermetabolism/hyperperfusion, while subse-
quent spreading depression demonstrates hypometabolism/hypo-
perfusion. These imaging features can be used for differentiation
from other etiologies such as a neoplastic process (tumor recur-
rence, intracranial metastasis, and leptomeningeal carcinomatosis).

Other Postulated Pathophysiology
Delayed radiation brain injury19 is postulated to induce vascular
dysregulation resulting in BBB disruption and cerebral edema,20

which is similar to the proposed etiology of posterior reversible
encephalopathy syndrome (PRES). Posterior circulation vessels
appear to be more vulnerable to dysregulation or injury.21

However, whether there is a degree of commonality underlying
the pathophysiology remains to be determined, particularly
given the disparate etiologic mechanisms of vascular injury as

FIG 1. A, Ionizing irradiation causes mitochondrial DNA damage
directly or secondarily via the production of reactive oxygen species
(O2) and free radicals, which result in injury to the mitochondrial DNA.
B, These changes alter the function of the electron transport chain,
which is composed of complex proteins (I––V) and mediates creation
of adenosine triphosphate, and can result in impaired mitochondria.
Also, O2 can function as a signaling molecule in intermitochondrial
communication and diffuse to the nearby mitochondria, resulting in
further mitochondrial dysfunction. C and D, Mitochondrial dysfunc-
tion in neurons and endothelial cells can lead to a decrease of avail-
able ATP and consequent neuronal and BBB endothelial dysfunction.
Inadequate availability of ATP in both neuron and BBB endothelial
cells can impair the ion homeostasis within the intracellular and
extracellular compartments and lead to neuronal hyperexcitability,
which can trigger subsequent cortical spreading depression.
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well as the variance in distribution, because PRES usually
involves the bilateral posterior circulation, while SMART syn-
drome usually occurs unilaterally and fails to respect vascular
boundaries.

Symptoms, Clinical Work-Up, and Treatment
Symptoms. Patients with SMART syndrome often present with
migraine-type headaches (35%–72%), which have been described
as being severe and unilateral and can be associated with nausea,
vomiting, and light sensitivity (photophobia) with or without an
aura.2,3,22 Seizure is also a common symptom of SMART syn-
drome (35%–83%), which can be focal or generalized and is
potentially lethal, warranting rapid control by antiseizure medica-
tions.22,23 Patients with SMART syndrome can develop stroke-
like neurologic deficits (33%–87%), including visuospatial deficits
(complete or partial), hemisensory deficits, hemiparesis, and
speech impairment.3,5,8 The incidence of subsequent infarction is
reported to be 14%–18%,8,22 and the rate of recurrence of
SMART syndrome is 55%–62%.5,8,22

A recent study has suggested that hemiparesis, speech
impairment, and visual impairment may be likely to incom-
pletely recover.5

Clinical Work-Up. For the assessment of SMART syndrome, MR
imaging plays a crucial role in making the diagnosis, but CSF test-
ing and electroencephalography are also important to exclude an
infectious or neoplastic process and thus are often included in the
work-up.4,5 Results of the CSF analysis are usually nonspecific,
without evidence of neoplastic, inflammation, or an infectious
process.2,5,23 Electroencephalography, especially with a long-term
video, can show electrographic activities in nonconvulsive and
convulsive status epilepticus in many cases,4,5,23 allowing clini-
cians to prescribe antiseizure medications as appropriate.

Treatment. Currently, there are no standard treatment guidelines
for SMART syndrome due to the rarity of cases and the lack of
uniformity in the approach to treatment, and treatment of symp-
toms is commonly performed.24

Migraines and seizures are usually controlled by antimigraine
and antiseizure medications, respectively. Aspirin and verapamil
are thought to help reduce the recurrence and severity of SMART
syndrome episodes.2,6 Antiplatelet therapy and blood pressure
drugs are conventionally used in cases in which patients with
SMART syndrome are suspected of having acute infarction fol-
lowing an acute SMART syndrome attack. In cases in which
patients with SMART syndrome have severe headache and neu-
rologic deficits, steroids (corticosteroids) are often used mainly
for reducing focal cerebral edema.3,25 However, steroid use in the
acute phase has been suggested to be related to incomplete symp-
tom recovery,5 so the risks and benefits of steroid use in SMART
syndrome should be carefully considered before administration.

L-arginine, which improves endothelial function and is used
in stroke-like episodes of MELAS, is reported to be a potential
treatment option based on the similarity of clinical and imaging
features and postulated pathophysiology.26

Imaging Features
Imaging plays a crucial role of the diagnosis of SMART syndrome,
and brain MR imaging is the primary imaging technique of
choice.2-4 In the acute phase of SMART syndrome, the typical MR
imaging features are seen as reversible, unilateral, gyriform
enhancement with T2 and FLAIR hyperintense cortical swelling
in a distribution not consistent with vascular territories (Fig 2).2-5

Findings are typically unilateral, likely reflecting the distribution
of the high-dose radiation treatment field, though there are a few
reports of bilateral cerebral involvement.22 Involvement of the
temporal and parietal lobes is often reported, followed by the occi-
pital and frontal lobes.4,8,22 In the delayed phase, the conventional
MR imaging features as well as symptoms resolve or become miti-
gated. Previous reports showed that gyriform enhancement typi-
cally resolves in 14–35 days but may last up to 84days.4 There
have been many reports regarding additional imaging features of
conventional neuroimaging, advanced neuroimaging, and nuclear
medicine imaging. In this section, we discuss additional imaging
features of SMART syndrome that are not currently included in
the diagnostic criteria but are important for assessment and

FIG 2. A 51-year-old man with a history of juvenile left posterior fossa tumor treated by surgery and whole-brain irradiation 45 years ago pre-
sented with acute visual changes and seizures. He was diagnosed with SMART syndrome and treated with corticosteroids and recovered from
the symptoms. A FLAIR image (A) shows cortical hyperintensity, and the postcontrast T1 image (B) shows gyriform enhancement in the right tem-
poro-occipital region (arrows), with an incidental right temporal dural-based meningioma. There is high signal on diffusion-weighted imaging (C)
without low signal on ADC (D) (facilitated diffusion) (arrows).
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prognosis. We also review imaging features of variants of SMART
syndrome including PIPG and ALERT.

Conventional MR Imaging. In addition to classically described MR
imaging features in the diagnostic criteria, white matter involve-
ment adjacent to the gyriform enhancement and cortical swelling
are observed in some cases, likely reflecting edema in severe
SMART syndrome cases (Fig 3). The white matter involvement of
SMART syndrome is suspected to portend worse recovery.5

DWI. DWI detects differences in Brownian motion of water mol-
ecules, and diffusion signal abnormalities are thought to reflect
alterations in the randommovement of water molecules in tissues
secondary to altered internal microarchitecture and can be seen
in many neurologic conditions. DWI also can characterize the
neuronal hypertoxicity/cortical spreading phenomenon caused
by transient neuronal cell Na, K-ATPase pump impairment due
to abnormal synaptic ion homeostasis, resulting in restricted dif-
fusion.27,28 Restricted diffusion is occasionally seen in acute
SMART attack regions involving the subjacent white matter.
When present, restricted diffusion is suggested to be related to
delayed or incomplete recovery.5,8

SWI and T2*WI. SWI and T2*WI are sensitive to susceptibility
effects of iron within hemosiderin29 and have been shown to
identify microhemorrhage and radiation-induced intracranial
cavernomas, which are commonly seen delayed complications
of intracranial radiation therapy. SWI is more sensitive than
T2*WI.30-32 SWI and T2*WI show linear hypointensity in the
subcortical white matter of the acute SMART attack region
(Fig 3).5 There is no pathologic confirmation of this SWI white
matter abnormality, but hemorrhagic transformation acutely
affected by SMART syndrome is proposed.5 Also, patients with
SMART syndrome with this SWI feature are suggested to expe-
rience incomplete recovery more frequently than patients with-
out this SWI feature.5 Given that susceptibility imaging is
consistently included in the routine brain protocol of many
institutions, reporting of findings on SWI or T2*WI, even if
negative, is important for radiologists and clinicians in terms of
appropriate clinical management.

Perfusion Imaging. CT perfusion and DSC MR imaging findings
have been reported in SMART syndrome. CT perfusion evaluates
iodinated contrast passing from the intravascular to extravascular
space of the ROI,33 and DSC MR imaging uses the first pass of a

FIG 3. A 50-year-old man diagnosed with SMART syndrome. He had a history of pilocytic astrocytoma treated by resection and 60Gy of radia-
tion therapy 30 years ago and presented with left-sided hemiparesis, speech impairment, seizure, and migraine-like headache. He was diagnosed
with SMART syndrome and treated by verapamil and aspirin, but residual symptoms (hemiparesis and speech impairment) remained. A, A FLAIR
image shows cortical hyperintensity and involvement of subcortical white matter in the right temporo-occipital region (arrow). There is bifron-
tal subcortical white matter hyperintensity likely due to prior radiation injury. B, There is gyriform enhancement in the right temporo-occipital
region (arrow) with restricted diffusion (C and D) (high signal on DWI and low signal on ADC) (arrow). E, SWI shows linear hypointensity along
the subcortical white matter (arrow). F, Dynamic susceptibility contrast perfusion MR imaging shows an increase of CBV in the same area. G,
After 3months, FLAIR shows residual hyperintensity in the cortical and subcortical area (arrow).
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paramagnetic contrast agent through the ROI monitored by a
dynamic series of T2- or T2*-weighted images.34 Both techniques
allow assessment of local perfusion from first-pass contrast bolus
analysis, including CBV and CBF. In the acute phase of a SMART
syndrome attack, both CBV and CBF are increased (Fig 3), reflect-
ing increased perfusion in the acute region,35-37 while in the pos-
tictal phase, CBV and CBF are suggested to decrease or become
normalized.35,38 This perfusion pattern can help distinguish
SMART syndrome from other etiologies such as local recurrence
or carcinomatosis, which typically manifest as persistent elevated
perfusion in the absence of targeted treatments, warranting se-
quential perfusion imaging.

MR Spectroscopy. MR spectroscopy is a noninvasive MR imag-
ing technique that assesses the concentration of biomolecules in
an ROI. One report demonstrated a decrease in NAA and an
increase in Cr and Cho peaks,39 while another article failed to
find such differences.40 There appear to be insufficient data cur-
rently available to verify the role of MR spectroscopy in SMART
syndrome.

Nuclear Imaging. [18F] FDG-PET assesses regional cerebral glu-
cose metabolism as a biomarker of neural activity and can allow
localization of an epileptogenic zone in refractory epilepsy.41-43

Some reports demonstrated hypermetabolism in the affected area
of a SMART syndrome attack.41,42,44 Similarly, [18F] fluoroethyl-
L-tyrosine amino acid (FET) PET has been used for status epilep-
ticus45,46 and is suggested to show increased radiotracer uptake in
the region of an acute SMART syndrome attack.36,45 Ictal brain
perfusion SPECT using technetium Tc99m hexamethylpropyl-
eneamine oxime was reported to show an increase of perfusion in
the acute area of the SMART syndrome region,44 while the oppo-
site pattern was reported in the interictal period,44 suggesting that

endothelial dysfunction, one of the postulated pathophysiologies
of SMART syndrome, is transient.

Modified Diagnostic Criteria. SMART syndrome is a rare late-
delayed brain irradiation complication, which occurs from 1 to
37 years after radiation therapy.47 In 1995, Shuper et al48 first
reported 4 pediatric cases of complicated migraine-like episodes
1–3 years after brain irradiation without detailed MR imaging fea-
tures, and in 2006, Black et al6 proposed diagnostic criteria of
SMART syndrome, including clinical and imaging features.
However, the signs and symptoms are known to occasionally be
persistent, recurrent, or followed by infarction.4,8 Furthermore,
migraines are one of the common clinical features but do not
always occur, despite migraines being eponymous of this entity.5

Regarding imaging features, apart from classic cortical changes,
the brainstem has been suggested to be involved (Fig 4),47,49 and
T2WI and FLAIR hyperintensity in the cortical and subjacent
white matter may occur and last for an extended period.5 DWI,
SWI, and T2*WI, which are commonly included in brain MR
imaging protocols, could show alterations in acute attack regions
and provide a prognostic factor for clinical recovery.5 With refer-
ence to these clinical and imaging characteristics, the diagnostic
criteria proposed in 2006 could be modified as suggested in Table
1, with the above-mentioned clinical and imaging updates. The
main additions to the criteria proposed in 2006 are as follows: 1)
The clinical signs and symptoms may be persistent, and 2) T2WI
and FLAIR hyperintensity in the cortex and subjacent white mat-
ter in the irradiated areas may occur and persist.

Neuroimaging of SMART Syndrome Spectrum. Other reported
delayed radiation therapy complications, which are proposed
within the spectrum of SMART syndrome, include PIPG and
ALERT.9,10

Table 1: Modified diagnostic criteria in addition to the criteria of Black et al6 for SMART syndrome
Criteria

A) Remote history of external beam cranial irradiation.
B) Prolonged signs and symptoms, which may be reversible or persistent, attributable to a unilateral cortical region.
Clinical manifestations may include migraine-type headache with or without an aura, seizures, confusion, and stroke-like symptoms,
including visuospatial deficits, hemisensory deficits, hemiparesis, and aphasia.

C) Reversible or sustained unilateral gyriform enhancement with or without T2WI/FLAIR hyperintensity involving the cortex and
subjacent cerebral white matter in the irradiated area.

D) No definitive evidence of residual or recurrent brain tumor, and not attributable to other disorders.

FIG 4. A 60-year-old man with brainstem SMART syndrome. He had a history of posterior fossa medulloblastoma treated with resection and
30Gy of radiation therapy 16 years ago and presented with emotional lability and slurred speech. He completely recovered from the symptoms.
A FLAIR image (A) shows hyperintensity in the central pons with peripheral patchy enhancement on the axial postcontrast T1-weighted image
(arrows, B). C, DWI shows focal restricted diffusion in the corresponding area of the enhancing lesion (arrow). D and E, After 6months, a post-
contrast T1-weighted image shows resolution of enhancement with residual slight FLAIR hyperintensity.
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PIPG was postulated in 2011, with clinical features of absence
of acute headache, stroke-like deficits, and MR imaging features
of focal cortical or leptomeningeal enhancement overlying an
ictal region without adjacent white matter involvement (Fig 5).9

Unlike SMART syndrome, PIPG is observed in all cortical
regions, while SMART syndrome occurs with predominance in
the temporal, parietal, and occipital lobes. A correlation between
steroid introduction and clinical improvement could not be
established in patients with PIPG, unlike in patients with SMART
syndrome or ALERT syndrome.22

ALERT syndrome was established in 2013 and is character-
ized by clinical features of long-lasting impaired consciousness,

seizures, and stroke-like symptoms and
by MR imaging features of multifocal
patchy enhancement or focal leptome-
ningeal enhancement associated with
T2/FLAIR intensity in the correspond-
ing area (Fig 6).10,22 Steroid efficacy was
shown to be evident in patients with
ALERT syndrome, with rapid symptom
recovery within a few days following ste-
roid introduction.22

Differential Diagnosis. Table 2 summa-
rizes the differential diagnosis of SMART
syndrome.

Neoplastic Process. Given that patients
with SMART syndrome typically have a
history of primary or secondary CNS

tumors treated with intracranial irradiation, the main differential
diagnoses to consider include tumor recurrence and leptomenin-
geal carcinomatosis. These diseases should be ruled out because
clinical management and treatment strategies are vastly different
from those of SMART syndrome.

Tumor recurrence can show leptomeningeal or gyriform
enhancement similar to imaging features of SMART syndrome
and its spectrum on conventional MR imaging when the initial
treated lesions are aggressive neoplasms or metastatic lesions,50

like leptomeningeal carcinomatosis. Therefore, confirming the
original tumor and referring to the images before brain irradia-
tion are beneficial for a differential diagnosis. In addition, tran-
sient abnormalities on perfusion and nuclear imaging between
the ictal and interictal or postictal phase may help differentiate
tumor recurrence from SMART syndrome and its spec-
trum,35,38,40,44 because imaging abnormalities of tumor recur-
rence and metastasis do not resolve without antioncogenic
treatment. Relatively short-interval MR imaging follow-up (2–
3weeks) after therapy to reduce symptoms may also be warranted
because gyriform enhancement of SMART syndrome may
resolve in a short interval, while tumor recurrence and intracra-
nial metastasis do not.4 Leptomeningeal carcinomatosis is also
unlikely in the setting of resolving gyriform or leptomeningeal

FIG 5. A 37-year-old man diagnosed with PIPG. He had a history of pineoblastoma treated with resection and a posterior fossa meningioma treated
by resection and whole-brain irradiation 12 years before, and he presented with migraine-like headache, seizure, right-sided hemiparesis, and aphasia.
He was treated with verapamil, aspirin, and valproic acid. He completely recovered from the symptoms. A FLAIR image (A) shows hyperintensity
(arrow) with leptomeningeal enhancement in the left temporoparietal region on the axial (B) and sagittal (C) postcontrast T1-weighted images
(arrows). Diffusion-weighted imaging (D) and ADC (E) show vasogenic edema (high signal on DWI without low signal on ADC) (arrows).

FIG 6. A 60-year-old man with ALERT syndrome. He had a history of atypical meningioma
treated with resection and radiation therapy 12 years ago and presented with impaired conscious-
ness, left homonymous hemianopia, and left-sided weakness. He was treated with steroids, but
left-sided weakness persisted. The FLAIR (A) image shows hyperintensity with patchy enhance-
ment in the right temporoparietal region on the axial (B) and sagittal (C) postcontrast T1-weighted
images (arrows).

Table 2: Differential diagnosis of SMART syndrome
Category and Differential Diagnosis

Neoplastic process:
Tumor recurrence, leptomeningeal carcinomatosis
Ischemic or vascular process:
Subacute brain infarction, cortical vein thrombosis, PRES
Infectious process:
Cerebritis, meningoencephalitis
Hyperexcitability:
Hemiplegic migraine, status epilepticus
Genetic disease (hyperexcitability):
MELAS
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enhancement on follow-up MR imaging in the absence of treat-
ment. CSF cytology, which is the criterion standard for leptome-
ningeal carcinomatosis with a high specificity (.95%), can be
helpful for the diagnosis, though it has a low sensitivity (,50%).51

Ischemic or Vascular Process. Subacute brain infarction can pres-
ent as cortical enhancement with T2 and FLAIR hyperintensity52

and can mimic the MR imaging findings of SMART syndrome.
However, subacute brain infarction typically occurs along vascu-
lar territories. Consistency with a vascular territory of subacute
brain infarction can be useful to differentiate it from SMART
syndrome, which often involves the temporal, parietal, and occi-
pital lobes and does not respect vascular boundaries. If there is
concern for venous ischemia, adding MR venography to a brain
MR imaging protocol could be beneficial to exclude cortical vein
thrombosis.53 PRES can mimic clinical features of SMART syn-
drome such as headache, neurologic deficits, and seizures but can
typically show bilateral imaging features,54 making SMART syn-
drome unlikely because SMART syndrome is unilateral.

Infectious Process. Cerebritis and meningoencephalitis can be
ruled out on the basis of CSF analysis without evidence of an
inflammatory or infectious process, as well as a clinical history
and physical examination.

Hyperexcitable Processes. Hemiplegic migraine or status epi-
lepticus can also mimic clinical and imaging features of SMART
syndrome.55,56 Typically, patients with hemiplegic migraine
have a family history of this condition. Lack of personal or fam-
ily history of hemiplegic migraine and prior intracranial irradia-
tion make the diagnosis of SMART syndrome more likely.
Status epilepticus can overlap the clinical and imaging features
of SMART syndrome, making differentiation from SMART syn-
drome difficult.

Genetic Disease. MELAS can show clinical features similar to
those of SMART syndrome such as migraine-like headache, seiz-
ures, and stroke-like episodes. MR imaging of MELAS can also
demonstrate a T2/FLAIR hyperintense cortex and subcortical
white matter with leptomeningeal or cortical enhancement.13,57

The lesions of MELAS are usually multiple and asymmetric and
can show an increased lactate peak with a decreased N-acetylas-
partate peak on MR spectroscopy,58 while those of SMART syn-
drome are typically localized in a region without established MR
spectroscopy findings. The diagnosis of MELAS can be confirmed
by clinical tests, molecular genetic testing, muscle biopsy showing
an increase of lactate and pyruvate concentrations, mitochondrial
mutations, and muscle biopsy showing ragged red fibers.

CONCLUSIONS
The diagnosis, clinical assessment, and management of SMART
syndrome are challenging for radiologists and clinicians due to
perplexing symptoms and imaging features that can overlap with
other etiologies. This review has provided an updated compre-
hensive overview of SMART syndrome. This rare, delayed com-
plication of radiation therapy is still scarcely reported, and
further investigation is needed to concretely establish the

pathophysiology, treatment, and imaging features. Recognizing
the updated clinical and imaging features of SMART syndrome
can help to aid in proper clinical work-up and management.
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A Pragmatic Randomized Trial Comparing Surgical Clipping
and Endovascular Treatment of Unruptured Intracranial

Aneurysms
T.E. Darsaut, J.M. Findlay, M.W. Bojanowski, C. Chalaala, D. Iancu, D. Roy, A. Weill, W. Boisseau, A. Diouf,

E. Magro, M. Kotowski, M.B. Keough, L. Estrade, N. Bricout, J.-P. Lejeune, M.M.C. Chow, C.J. O’Kelly, J.L. Rempel,
R.A. Ashforth, H. Lesiuk, J. Sinclair, U.-E. Erdenebold, J.H. Wong, F. Scholtes, D. Martin, B. Otto, A. Bilocq,
E. Truffer, K. Butcher, A.J. Fox, A.S. Arthur, L. Létourneau-Guillon, F. Guilbert, M. Chagnon, J. Zehr, B. Farzin,

G. Gevry, and J. Raymond

ABSTRACT

BACKGROUND AND PURPOSE: Surgical clipping and endovascular treatment are commonly used in patients with unruptured intra-
cranial aneurysms. We compared the safety and efficacy of the 2 treatments in a randomized trial.

MATERIALS AND METHODS: Clipping or endovascular treatments were randomly allocated to patients with one or more 3- to 25-mm
unruptured intracranial aneurysms judged treatable both ways by participating physicians. The study hypothesized that clipping would
decrease the incidence of treatment failure from 13% to 4%, a composite primary outcome defined as failure of aneurysm occlusion, intra-
cranial hemorrhage during follow-up, or residual aneurysms at 1 year, as adjudicated by a core lab. Safety outcomes included new neurologic
deficits following treatment, hospitalization of .5days, and overall morbidity and mortality (mRS. 2) at 1 year. There was no blinding.

RESULTS: Two hundred ninety-one patients were enrolled from 2010 to 2020 in 7 centers. The 1-year primary outcome, ascertainable in
290/291 (99%) patients, was reached in 13/142 (9%; 95% CI, 5%–15%) patients allocated to surgery and in 28/148 (19%; 95% CI, 13%–26%) patients
allocated to endovascular treatments (relative risk: 2.07; 95% CI, 1.12–3.83; P ¼ .021). Morbidity and mortality (mRS.2) at 1 year occurred in
3/143 and 3/148 (2%; 95% CI, 1%–6%) patients allocated to surgery and endovascular treatments, respectively. Neurologic deficits (32/143, 22%;
95% CI, 16%–30% versus 19/148, 12%; 95% CI, 8%–19%; relative risk: 1.74; 95% CI, 1.04–2.92; P ¼ .04) and hospitalizations beyond 5days (69/143,
48%; 95% CI, 40%–56% versus 12/148, 8%; 95% CI, 5%–14%; relative risk: 0.18; 95% CI, 0.11–0.31; P, .001) were more frequent after surgery.

CONCLUSIONS: Surgical clipping is more effective than endovascular treatment of unruptured intracranial aneurysms in terms of
the frequency of the primary outcome of treatment failure. Results were mainly driven by angiographic results at 1 year.

ABBREVIATIONS: EVT ¼ endovascular treatment; RR ¼ relative risk; UIA ¼ unruptured intracranial aneurysm

Unruptured intracranial aneurysms (UIAs) are increasingly
discovered as incidental imaging findings, with an estimated

prevalence of 2%–5% of the adult population, but most remain
asymptomatic.1-3 Ruptures are infrequent, on the order of 1% per
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year.4-6 The best management of patients with UIAs is uncertain,
with significant variability and disagreement among clinicians.7

Despite the lack of level 1 evidence of benefit, preventive endovascular
or surgical treatments are commonly used.6 Endovascular treatment
(EVT) has progressively supplanted surgical clipping after coiling was
shown to be superior for ruptured aneurysms in 2002.8 However, for
unruptured aneurysms, the safety and efficacy of the 2 treatments
have never been previously compared in a randomized trial.9

It remains unclear whether UIAs should be repaired, and if so,

which treatment is best. A proper answer to these questions would

require nearly a thousand patients to be followed for many years,

using a hard clinical outcome such as disabling stroke or death as a

primary end point. An attempt to address the question of whether

UIAs should be treated was interrupted in 2009 due to insufficient

recruitment.10 Surgical clipping, though more invasive, is reputed

to be more effective than endovascular treatment, but this possibil-

ity has never been proved.11 The Collaborative UnRuptured

Endovascular versus Surgery (CURES) trial was designed to test the

hypothesis that surgical clipping of intradural, saccular UIAs was

superior to endovascular management in decreasing the proportion

of patients experiencing treatment failure, a composite primary out-

come defined as failure of the allocated treatment technique to

occlude the aneurysm, aneurysmal rupture during follow-up, or a

residual aneurysm on angiography at 1 year, decreasing from 14%

to 3%.12 We here report the final results of the CURES trial.

MATERIALS AND METHODS
This report follows the CONsolidated Standards Of Reporting Trials

(CONSORT) guidelines. CURES was an investigator-led, pragmatic,

multicenter, randomized (1:1) parallel-group trial conducted in 5

Canadian and 2 European centers (Montreal, Edmonton, Ottawa,

Trois-Rivières, and Calgary in Canada; and Liège, Belgium, and Lille,

France). The trial, conceived as a pilot before a larger pivotal effort,

was initially funded by the Canadian Institutes of Health Research

(MOP 119554). The protocol, published in 2011,12 was approved by

the local institutional review boards of all participating centers, and

all patients provided written informed consent. Data capture and

management were through secure servers in compliance with Good

Clinical Practice requirements. The trial was monitored in Montreal,

Canada. Electronic case report forms were simple, and data collection

was kept to a minimum to facilitate completion by ordinary care per-

sonnel. Neuropsychological tests were not required by protocol.

There were no preplanned interim efficacy analyses or stopping rules

for safety or futility because both treatments were in common clinical

use. The number of patients to be recruited was estimated to be 118

per group (with a statistical power of 0.80 and a 2-sided a of .05), or

260 patients (to account for losses and cross-overs). The trial was

launched in September 2010, but participation was below expecta-

tions. The Steering Committee decided to publish interim results in

2016 to encourage center participation and before re-submission for

financial support.13 Further funding was declined in 2016, but the

Steering Committee opted for trial continuation until the initiation of

the Comprehensive Aneurysm Management (CAM) study on UIAs

in 2020.14 The last patient was recruited in May 2020. In May 2021,

after examination of the blinded 1-year outcome data, the Data

Safety Monitoring Committee recommended trial continuation, but

the Steering Committee decided to report the CURES trial.

Patients
CURES was designed to address the question of the best treatment
for patients with UIAs eligible for both surgical or endovascular
options. Patients were recruited from outpatient neurosurgery or
neuroradiology clinics by participating physicians at each study site,
which all offer specialized neurovascular care. Independent (mRS of
,3) patients 18 years of age and older with any intradural, saccular,
nonbasilar UIA, 3–25mm (in maximal cross-sectional diameter),
were offered participation if they had at least 10 years of life expect-
ancy. Patients were excluded if their aneurysms were thought to
require endovascular flow diversion or parent vessel occlusion, with
or without surgical bypass. Patients with multiple aneurysms were
not excluded, but 1 index aneurysm was to be chosen as the main
target. The protocol was modified on October 22, 2014, to include
patients with recurrent but previously treated aneurysms (n ¼ 10);
on May 9, 2016, to allow prerandomization when approved by the
local institutional review board;15 and on June 25, 2019, to include
patients considered for endovascular flow diversion (n ¼ 9). A pro-
spective screening log of potential participants was not required.

Interventions
Patients were treated with surgical clipping or endovascular
methods as per local practices, with technical details left to the
individual operators.

Outcome Measures
The composite primary outcome measure, “treatment failure,”
occurred under the following circumstances: 1) failure of aneu-
rysm occlusion using the allocated treatment technique, 2) intra-
cranial hemorrhage during follow-up, or 3) when a residual or
recurrent index aneurysm was found using CTA, MRA, or con-
ventional angiography at 1 year. Cross-overs to the other treat-
ment arm, with no attempt to occlude the aneurysm, were not
considered treatment failures. Additional procedures directed
against the index aneurysm performed during the follow-up period
were considered treatment failures. One primary poor efficacy

FIG 1. Study flowchart.
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outcome was allocated per patient; when a patient reached.1 out-
come, the following hierarchical order was used to classify each
patient: intracranial hemorrhage during follow-up . initial treat-
ment failure. residual aneurysm at 12-month imaging follow-up.

Secondary end points included the individual components of
the composite primary outcome, as well as treatment safety out-
comes: overall morbidity (mRS . 2) and mortality at 1 year, new
perioperative (30days) neurologic deficits (defined as any new
weakness, sensory abnormality, decreased level of consciousness, or
cranial nerve deficit), perioperative morbidity (mRS.2) measured
at discharge, peritreatment hospitalization lasting.5days, and dis-
charge to a location other than home.

Follow-up tests and visits were
standard per local practices, including
neurologic examinations, brain imag-
ing studies, and a functional assessment
according to the mRS at discharge,
6weeks, and 1 year using a standar-
dized questionnaire.16

A vascular imaging study (conven-
tional angiography, CTA, or MRA) at a
mean of 12 (6 2) months to verify aneu-
rysm occlusion was expected as standard
care, to be centrally adjudicated by an in-
dependent core lab according to a previ-
ously validated classification system.17,18

The protocol did not impose a common
follow-up imaging technique to be used
in all patients because surgical patients
are typically followed by CTA, while
patients undergoing EVT are followed by
MRA. Blinding of the core lab assessors
for the presence of surgical clips or endo-
vascular devices was not possible.

Randomization
Parallel-group randomization (1:1) was
concealed, generated through a web-
based platform (https://www.medscinet.
com/cures), and minimized for age older
than 60 years, aneurysm size of$15mm,
and posterior circulation location (poste-
rior communicating artery aneurysms
were considered to be in the anterior cir-
culation). Blinding to treatment assign-
ment of patients, physicians, and outcome
assessors was not done.

Statistical Analyses
All data were analyzed by statisticians
(J.Z., M.C.). Patient and aneurysm char-
acteristics and primary and secondary
outcomes are described by group using
mean and SD for continuous variables
and percentages for categoric variables.
Analyses were intent-to-treat, but as-
treated analyses were also performed.

The impact of missing data on the primary outcome results was
studied using a worst-case-scenario sensitivity analysis, in which
the missing data (n¼ 1) were replaced by a bad outcome. Relative
risk (RR) was estimated using a generalized estimating equation
with a binomial distribution and a log-link function reporting 95%
confidence intervals. No adjustments for residual confounding fac-
tors were made. The analyses of interactions between prespecified
subgroups of interest and treatment were made by adding sub-
group variables and interaction in the generalized estimating equa-
tion models. Subgroups predefined according to minimization
criteria (age, aneurysm size, and location) were examined, regard-
less of the results of tests for interactions. There were no corrections

Table 1: Patient and index aneurysm characteristics

Characteristics
Surgical
(n = 143)

Endovascular
(n = 148)

Patient
Age at treatment (mean) (SD) (yr) 56.1 (10) 56.9 (10)
Female sex (No.) (%) 98 (69%) 105 (71%)
Pretreatment mRS score (No.) (%)
0 120 (84) 114 (77)
1 22 (15) 29 (20)
2 1 (1) 5 (3)
Patients with multiple aneurysms (No.) (%) 26 (18) 38 (26)
Index aneurysm location (No.) (%)
Anterior circulation (No.) (%) 139 (97) 143 (97)
ICA
Ophthalmic/paraophthalmic 17 (12) 18 (12)
Posterior communicating/anterior choroidal 16 (11) 29 (20)
Carotid terminus 13 (9) 12 (8)
MCA
MCA bifurcation/M1 43 (30) 48 (32)
ACA
Anterior communicating 43 (30) 31 (21)
Pericallosal 5 (3) 5 (3)
Other 2 (1) 0

Posterior circulation (No.) (%) 4 (3) 5 (3)
PCA 0 1 (1)
SCA 0 2 (1)
PICA 4 (3) 2 (1)
Index aneurysm size (mean) (range) (mm) 7.7 (3–20) 7.9 (3–24)
3–9mm (%) 112 (78) 115 (78)
10–15mm (%) 26 (18) 28 (19)
.15mm (%) 5 (3) 5 (3)
Aneurysm neck $4mm 56 (39) 56 (38)
Recurrent, previously treated index aneurysm 7 (5) 3 (2)
Medical history
Pain/headache 15 (10) 19 (13)
Cranial nerve palsy 4 (3) 4 (3)
Stroke/TIA 5 (3) 3 (2)
History of previous SAH from another aneurysm 19 (13) 18 (12)
Hypertension 73 (51) 71 (48)
Current smoker 56 (39) 62 (42)
Excessive alcohol 14 (10) 9 (6)
Positive family history 27 (19) 26 (18)
Treatment
Time from randomization to treatment (mean) (SD) (wk) 17.8 (22) 9.4 (18)
Adherence to assigned treatment (No.) (%) 138 (97) 142 (96)
Index aneurysm rupture after randomization, before

treatment
1 (1) 0

Additional nonindex aneurysms treated at same time 14 (10) 15 (10)
Stent-assisted coiling (non-flow-diverting stent) (No.) (%) NA 29 (19)
Flow-diverting stent (No.) (%) NA 9 (6)

Note:—NA indicates not applicable.
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for multiplicity of analyses. Analyses were performed using SAS soft-
ware, Version 9.4 (SAS Institute) and SPSS, Version 26 (IBM) with a
significance level of 5%.

Roles of the Funding Source and Data Integrity
Neither the funding agency (Canadian Institutes of Health
Research) nor the sponsor (Université de Montréal) had any part
in the study design, data collection, analysis, or reporting and had
no access to the data or source documents.

RESULTS
From September 2010 to May 2020, two hundred ninety-one
patients with 376 UIAs (291 index aneurysms and 85 additional
aneurysms) were recruited. Patients who registered and had treat-
ment randomly allocated are presented in the flow chart (Fig 1).

Baseline patient and aneurysm charac-
teristics were similar (Table 1). Of 291
patients, 138/143 patients randomly
allocated to surgery underwent clipping;
5 were treated with EVT. Of the 148
patients randomly allocated EVT, 142
underwent EVT and 6 were treated by
surgery.

The 1-year primary outcome data
are available for 290/291 patients (99%;
Table 2): 13/142 patients (9%; 95% CI,
5%–15%) in the surgical group and 28/
148 (19%; 95% CI, 13%–26%) in the
EVT group reached the primary out-
come (RR: 2.07; 95% CI, 1.12–3.83; P ¼
.021). No primary outcomes occurred
in patients who crossed over, and the
as-treated analysis of the primary end
point gave similar results (RR: 2.10;
95% CI, 1.13–3.88; P ¼ .019). A worst-
case-scenario analysis in which a poor
outcome was imputed for the 1 missing
surgical primary outcome did not signif-
icantly change the results. In the endo-
vascular group, the “treatment failure”
primary outcome was assigned because
of immediate failure in 5 patients, a fatal
treatment-related subarachnoid hemor-
rhage in 1, and saccular aneurysmal
recurrences at 1 year in 22 patients (2
retreated by EVT; 6, by clipping; or 14
left untreated). In the surgical group, treat-
ment failure was assigned as follows: 1
patient who awoke hemiparetic from the
operation and was immediately returned
to the operating room for clip removal, 1
surgical patient who died from aneurys-
mal rupture the day before scheduled
treatment, 1 patient who died 2.5years af-
ter treatment due to rupture of a contra-
lateral coiled aneurysm (the clipped

aneurysm remained occluded), and 10 patients who had residual
saccular aneurysms at 1 year. These recurrences were treated with
stent-assisted coiling (n¼ 3) or left untreated at the time of report-
ing (n¼ 7).

Intent-to-treat exploratory subgroup analyses are detailed and
illustrated in the forest plot (Fig 2). The interaction test was not
significant for age, size, or neck width. There was a significant
interaction with location (P ¼ .001), with treatment failures more
frequent in patients with MCA aneurysms in the EVT group (RR:
13.44; 95% CI, 1.85–97.5).

Secondary outcomes, including the individual components
of the primary outcome and safety outcomes, as well as pretreat-
ment, discharge, and 1-year follow-up mRS scores are presented
in Table 2 and Fig 3. Perioperative safety outcomes were in
favor of EVT: New neurologic deficits occurred in 32/143 surgical
patients (22%; 95% CI, 16%–30%) compared with 19/148 (12%;

Table 2: Primary and secondary outcomes
Surgical
(n = 142)

Endovascular
(n = 148)

Primary outcomea (composite)b (No.) (%) 13 (9) 28 (19)
Failure to occlude aneurysm with allocated technique 1 (1) 5 (3)
Intracranial hemorrhage during FU 2 (2) 1 (1)
Saccular residual aneurysm 10 (7) 22 (15)
Missing primary outcome 1 (1) 0

Secondary outcomes n ¼ 143 n ¼ 148
No. of days hospitalized per treatment (mean) (median)
(range)

6.7 (5) (1–25) 3.8 (1) (0–122)

No. of patients hospitalized for .5 days (No.) (%) 69 (48) 12 (8)
Patients with postoperative morbidity (discharge
mRS. 2) (No.) (%)

3 (2) 4 (3)

Patients with new neurologic deficits following
treatment (No.) (%)

32 (22) 19 (12)

Discharge location
Home (No.) (%) 135 (94) 142 (96)
Other hospital (No.) (%) 4 (3) 2 (1)
Rehabilitation center (No.) (%) 3 (2) 3 (2)
Death (No.) (%) 1 (1) 1 (1)
1-year mRS (No.) (%)
0 79 (55) 93 (63)
1 55 (38) 41 (28)
2 6 (4) 11 (7)
3 1 (1) 1 (1)
4 1 (1) 1 (1)
5 0 0
6 1 (1) 1 (1)

Death and dependency (mRS.2) at 1 year (No.) (%) 3 (2) 3 (2)
Mean (SD) time of 1-year mRS assessment (mo) 15.1 (9.4) 15.4 (6.4)
Retreatment of index aneurysm during follow-up (No.) (%) 3 (2) 8 (5)
Angiographic outcome at 1 year
Complete aneurysm occlusion (No.) (%) 114 (80) 84 (57)
Residual aneurysm neck (No.) (%) 16 (11) 40 (27)
Saccular residual aneurysm (No.) (%) 11 (8) 23 (16)
1-year imaging not available (No.) (%)c 2 (1) 1 (1)
CTA/MRA/catheter angiographic
determinations (No.) (%)

116 (81), 14 (10),
11 (8)

14 (10), 106 (72),
27 (18)

Mean (SD) time of 1-year imaging assessment (mo) 15.7 (10.0) 15.2 (8.2)

Note:—FU indicates follow-up.
a RR for the primary outcome: 2.07; 95% CI, 1.12–3.83; P ¼ .021.
b One primary outcome was assigned per patient. When a patient had .1 primary outcome, it was assigned on the
basis of the following hierarchy: intracranial hemorrhage . failure of technique . residual aneurysm.
c There was 1 death in each group.

AJNR Am J Neuroradiol 44:634–40 Jun 2023 www.ajnr.org 637



95% CI, 8%–19%) patients allocated to EVT (P ¼ .04).
Hospitalization for . 5days occurred in 69/143 (48%; 95% CI,
40%–56%) surgical patients, compared with 12/148 (8%; 95% CI,
5%–14%) patients treated endovascularly (RR: 0.18; 95% CI, 0.11–
0.31; P, .001). Perioperative safety outcomes, such as death or
dependency at discharge or discharge to a location other than
home, were similar. Patients with a discharge mRS of 0 were more
frequent in the endovascular group (Fig 3). All 291 patients had
clinical follow-up data: By 1 year, 1 surgical patient had died and 2
were disabled (mRS.2), 1 patient allocated to EVT had died, and
2 were disabled.

Serious adverse events occurred in
31/143 (22%; 95% CI, 16%–29%) surgi-
cal patients and 15/148 (10%; 95% CI,
6%–16%) patients treated endovascu-
larly (P ¼ .01) (details in the Online
Supplemental Data). One-year follow-
up imaging is available for 288 patients:
Complete occlusions were more fre-
quent in patients allocated to surgical
management, while saccular aneurysms
and residual necks were more frequent
in patients allocated to EVT (Table 2).

DISCUSSION
CURES provides randomized evidence
that clipping is more effective than EVT

in terms of angiographic results at 1 year. This benefit comes at the
cost of a more invasive intervention, associated with a longer hos-
pitalization and a greater risk of posttreatment neurologic deficits.
However, death and dependency at discharge and 1 year were sim-
ilarly infrequent in both groups.

The primary end point of the trial was a composite that
attempted to capture in 1 judgment the efficacy of treatment. This
outcome combined immediate results (failure of the allocated
treatment technique) and aneurysm rupture during follow-up
and, to account for the short follow-up, an angiographic outcome
of “residual aneurysm” at 1 year. Angiographic outcomes are

FIG 2. Subgroup analyses of primary outcome. NA indicates not applicable.

FIG 3. Clinical status at baseline, hospital discharge, and 1-year follow-up.
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necessary in practice because clinicians cannot wait until aneur-
ysms rupture to judge the results of each procedure.19 Angiography
is the most common primary outcome of aneurysm trials.18,20-23

Residual aneurysm was used to judge treatment failure because this
angiographic category has been shown to be reliable and its clinical
significance has been constant across raters, imaging modalities,
and treatments.17,18 This reliability is important because different
angiographic imaging modalities are routinely used to follow surgi-
cally clipped (mostly CTA) versus endovascularly treated aneur-
ysms (mostly MRA). Had we used “complete occlusion” as the
angiographic measure of efficacy, the conclusion would not have
been different.

The 1-year timeframe was selected to be long enough for patients
to recover from transient morbidity and to allow postcoiling aneurysm
recurrences to occur.24,25

The clinical significance of angiographic recurrences in terms
of aneurysm rupture is unclear, but recurrences are potentially
concerning. There were no posttreatment ruptures of index
aneurysms during the course of this study. Case series and meta-
analyses have reported hemorrhages after endovascular coiling in
,1% of patients, but retreatments were performed in 10%–22%
of patients.26,27 The better angiographic outcomes of surgery may
translate into clinical benefits if, with time, delayed recurrent
aneurysms rupture or if there are complications from retreatment
of recurrent aneurysms.

CURES was fully integrated into clinical practice, with no extra
risks, tests, or costs, and data were collected by ordinary care per-
sonnel at the time of routine follow-up visits.28 The main drawback
of the approach is the lack of blinding. To decrease the risk of bias,
we used death or dependency (mRS. 2) as the clinical outcome at
1 year, a choice that has been shown to be reliable.29

Subgroup exploratory findings suggest that surgery is particu-
larly more effective than EVT in MCA aneurysms. A trial dedi-
cated to MCA aneurysms has recently been proposed.30

The use of surgical clipping for aneurysms is declining, and
concerns have been raised that this trend may lead to a decrease
in open surgical expertise.31-33 The surgical angiographic results
presented here are promising, but they come with added initial
morbidity. It would be ill-advised to prematurely abandon a
treatment that could provide better long-term clinical outcomes,
but this remains to be shown. Whether patients with UIAs should
be treated at all also remains a dilemma. These questions are now
being addressed by the CAM study.14,34

The limitations to this study include the relatively small num-
ber of patients, slowly accrued during.10 years. Indications, tech-
niques, and treatments may have substantially changed across
time. In particular, relatively few patients were treated with newer
stents, flow diverters, or intrasaccular flow disruptors. The nonin-
vasive imaging technique most commonly used to assess angio-
graphic results at 1 year differed between groups. There were a few
patients with posterior circulation aneurysms to whom the results
of this trial may not apply. Other limitations are the absence of
blinding of outcome assessors and the lack of adjustment for a
multiplicity of analyses. The follow-up period may have been
insufficient to capture all recurrences that can occur after 1 year,
and it was too short to assess efficacy in the prevention of long-
term aneurysm rupture.26

Only 7 centers actively participated. Despite the limitations,
results are expected to apply to a variety of patients, operators,
and settings.

CONCLUSIONS
Surgical clipping is more effective than endovascular treatment of
UIAs in terms of the frequency of the primary outcome measure,
treatment failure. Results were mainly driven by angiographic
results at 1 year. Additional trials are required to assess long-term
clinical outcome results of the preventive treatment of UIAs.
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Automated Segmentation of Intracranial Thrombus on NCCT
and CTA in Patients with Acute Ischemic Stroke Using a

Coarse-to-Fine Deep Learning Model
K. Zhu, F. Bala, J. Zhang, F. Benali, P. Cimflova, B.J. Kim, R. McDonough, N. Singh, M.D. Hill, M. Goyal,

A. Demchuk, B.K. Menon, and W. Qiu

ABSTRACT

BACKGROUND AND PURPOSE: Identifying the presence and extent of intracranial thrombi is crucial in selecting patients with acute
ischemic stroke for treatment. This article aims to develop an automated approach to quantify thrombus on NCCT and CTA in
patients with stroke.

MATERIALS AND METHODS: A total of 499 patients with large-vessel occlusion from the Safety and Efficacy of Nerinetide in
Subjects Undergoing Endovascular Thrombectomy for Stroke (ESCAPE-NA1) trial were included. All patients had thin-section NCCT
and CTA images. Thrombi contoured manually were used as reference standard. A deep learning approach was developed to seg-
ment thrombi automatically. Of 499 patients, 263 and 66 patients were randomly selected to train and validate the deep learning
model, respectively; the remaining 170 patients were independently used for testing. The deep learning model was quantitatively
compared with the reference standard using the Dice coefficient and volumetric error. The proposed deep learning model was
externally tested on 83 patients with and without large-vessel occlusion from another independent trial.

RESULTS: The developed deep learning approach obtained a Dice coefficient of 70.7% (interquartile range, 58.0%–77.8%) in the in-
ternal cohort. The predicted thrombi length and volume were correlated with those of expert-contoured thrombi (r ¼ 0.88 and
0.87, respectively; P, .001). When the derived deep learning model was applied to the external data set, the model obtained simi-
lar results in patients with large-vessel occlusion regarding the Dice coefficient (66.8%; interquartile range, 58.5%–74.6%), thrombus
length (r ¼ 0.73), and volume (r ¼ 0.80). The model also obtained a sensitivity of 94.12% (32/34) and a specificity of 97.96% (48/49)
in classifying large-vessel occlusion versus non-large-vessel occlusion.

CONCLUSIONS: The proposed deep learning method can reliably detect and measure thrombi on NCCT and CTA in patients with
acute ischemic stroke.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; ASSD ¼ average symmetric surface distance; DC ¼ Dice coefficient; DL ¼ deep learning; EVT ¼ endovascu-
lar therapy; HD95 ¼ 95th percentile of the Hausdorff distance; IQR ¼ interquartile range; LVO ¼ large-vessel occlusion; MeVO ¼ medium-vessel occlusion;
STAPLE ¼ simultaneous truth and performance level estimation

Randomized controlled trials in patients with acute ischemic
stroke (AIS) have demonstrated the efficacy and safety of

endovascular therapy (EVT) compared with medical therapy in
patients with large-vessel occlusion (LVO).1,2 Identifying the pres-
ence, location, and extent of thrombi on NCCT andCTA images is
important when selecting patients with AIS for reperfusion ther-
apy. Thrombus characteristics such as location, length, volume,
and permeability are helpful in predicting recanalization after both
thrombolysis and EVT.3,4 Recent studies have also shown that
thrombus radiomics is able to predict recanalization with IV alte-
plase5 and first-attempt recanalization with thromboaspiration.6
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Accurate segmentation of thrombi on baseline imaging is the
first step in assessing thrombus characteristics. Manual delinea-
tion of the thrombus is still the criterion standard in assessing
thrombus characteristics in clinical practice.7 It requires expertise
in imaging interpretation and is observer-dependent. Semiautomated
segmentation techniques use clinicians’ input to help with this
task, but the variability introduced by user input is still a concern.8

A fully-automated thrombus segmentation approach readily avail-
able in the acute setting is, therefore, desirable.

Automated segmentation of thrombi on NCCT or CTA is,
however, challenging due to various reasons. These include the
low signal-to-noise ratio on CT-based imaging, partial volume
effects, CT image artifacts, and intracranial calcification, and so
forth, all of which hinder accurate delineation of the thrombus.
These challenges imply that the traditional model-based or
thresholding-based segmentation methods may not be able to
achieve accurate or acceptable results.9-12 To the best of our
knowledge, there are very few established approaches to auto-
matically segment intracranial thrombi on CT images. This study,
therefore, aims to develop and externally validate an automated
thrombus-segmentation approach on NCCT and CTA images in
patients with acute stroke presenting with intracranial vessel
occlusion.

MATERIALS AND METHODS
Study Participants
Patients were retrospectively selected from the Safety and Efficacy of
Nerinetide in Subjects Undergoing Endovascular Thrombectomy
for Stroke (ESCAPE-NA1) randomized controlled trial
(ClinicalTrials.gov: NCT02930018).13 Study approval was obtained
from the ethics board at each site and the responsible regulatory

authorities. Signed informed consent was obtained from the
patients or their legally authorized representatives. Inclusion cri-
teria for the main study were the following: 1) 18 years of age or
older with LVO (intracranial ICA, MCA M1, or functional M1
[proximal occlusion of all M2 branches]), 2) NIHSS score of $5,
3) time from last seen well,12hours, 4) pial collateral filling of
$50% of the ischemic MCA territory, and 5) ASPECTS$ 5. For
this study, we included only patients with available thin-section
(#2.5mm) baseline NCCT and CTA images (single-phase or 1
phase of multiphase CTA). We excluded patients whose imaging
showed the following: 1) irremediable coregistration errors (n ¼
13), 2) severe motion artifacts (n ¼ 16), or 3) beam-hardening
artifacts (n ¼ 11). A total of 499 patients were included, of whom
329 were randomly selected for the training (n ¼ 263) and inter-
nal validation (n ¼ 66); the remaining 170 patients (independent
of the derivation cohort) were used to internally test the derived
model (Fig 1).

An external validation set was also used to test the generaliz-
ability of the derived DL model. This data set comprised 83 ran-
domly chosen patients with AIS with anterior circulation
occlusions from the Precise and Rapid Assessment of Collaterals
Using Multi-Phase CTA in the Triage of Patients with Acute
Ischemic Stroke for IV or IA Therapy (PRoVe-IT) study.14,15 Of
the 83 patients, 34 had LVO, 28 had medium-vessel occlusion
(MeVO) (M2/M3/M4 segments of the MCA or A2/A3/A4 seg-
ments of the anterior cerebral artery), and 21 had no identifiable
intracranial occlusion.

Reference Standard: Manual Segmentation of Thrombi
The thin-section NCCT images were automatically coregistered
onto the CTA images (using the second phase if multiphase CTA
was available) using rigid-body transformation (the SimpleITK
packages in Python; https://pypi.org/project/SimpleITK/),16 fol-
lowed by skull-stripping.17 An expert neuroradiologist visually
inspected the registration results and performed manual correc-
tions by using the 3D Slicer software (Version 4.1, https://www.
slicer.org/) when the coregistration was suboptimal.18 Four
trained readers (3 neuroradiologists with .5 years’ experience in
vascular imaging and 1 vascular neurologist with .10 years of
stroke imaging experience) manually segmented intracranial
thrombi section-by-section on NCCT images while referring to
the coregistered CTA images using ITK-SNAP (http://www.
itksnap.org/).19 Four readers were each responsible for one-
fourth of the entire data set, and they were blinded to clinical in-
formation and follow-up imaging.

All 4 readers segmented a subset of 10 patients randomly
selected from the internal test set. An expectation-maximization
algorithm for simultaneous truth and performance level estima-
tion (STAPLE) algorithm was performed to generate a computa-
tional “golden reference standard” based on the 4 experts’
segmentations, which was used to assess the variability of manual
segmentations.20

Deep Learning Model
A 2-stage coarse-to-fine thrombus segmentation neural network
was proposed on the basis of the U-net architecture.21 The pro-
posed deep learning (DL) model used a multiscale training

FIG 1. Flowchart of patient inclusion.
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strategy with a deep-supervision mechanism. In particular, a
channel and spatial attention block was designed to make the
model focus more on the salient areas on images at different
scales and obtain more conducive features.22 The spatial attention
module generates a spatial attention map using the interspatial
relationship of features. Different from channel attention, spatial
attention focuses on where an informative part is, which is com-
plementary to channel attention. To compute the spatial atten-
tion, we apply average-pooling and max-pooling operations
along the channel axis first and concatenate them to generate an
efficient feature descriptor.22 On the concatenated feature descrip-
tor, we apply a convolution layer to generate a spatial attention
map, which encodes where to emphasize or suppress. In this arti-
cle, the patch size for spatial transform was 96 � 160 � 160
voxels. To make full use of multiscale context information, we
used a scale-aware pyramid fusion module, in which 3 parallel
dilated convolutions with different dilation rates were used to cap-
ture information at different scales.23

The detailed architecture of the proposed model is shown in
Fig 2, and the details around the model architecture and hyper-
parameter optimization are summarized as follows: The 3D ker-
nel size for convolutions was 3� 3 � 3. Feature numbers at each
layer were 32, 64, 128, 256, and 320 (limited to 320 to ensure suf-
ficient context aggregation). Batch normalization was used in the
proposed network, which took a step toward reducing the inter-
nal covariate shift and, in doing so, dramatically accelerated the
training of deep neural nets. The batch size of the networks was

2, to enable large patch sizes, and the leaky Rectified Linear Unit
nonlinearity was implemented. Stochastic gradient descent with
Nesterov momentum (m ¼ 0.99) was used as the optimizer.
The initial learning rate, dampening, batch size, and decay
weight were 0.01, 0, 2, and 3 � 10�5, respectively. The
learning rate was decayed throughout the training following
lr init � ð1� epoch=epochmaxÞ0:9, where lr init is 0.01 and
epochmax is the maximum of the epoch.

Specifically, NCCT images after skull-stripping were downsampled
from the original spacing of 0:625 � 0:488 � 0:488 mm3

(257� 456 � 436 voxels) to 1:08 � 0:844 � 0:844 mm3

(149 � 264 � 252 voxels) and passed into the coarse model to
obtain maximal contextual information and localize thrombi can-
didates at the first coarse stage. The output of the prediction maps
at the coarse stage was upsampled to the original resolution and
fed into the fine stage together with the original images to obtain
more detailed segmentation. In particular, the fused features of
each layer at the coarse stage were upsampled and concatenated to
the features of the corresponding layer at the fine stage to use both
global contextual information and local detail information
obtained at coarse and fine stages.

Additionally, 5-fold cross-validation on the training data set
was performed to select the optimal model at the coarse and fine
stages. Spatial augmentations (rotation, scaling, low-resolution
simulation, and so forth) were applied in 3D to increase the di-
versity of the training data. The combined Dice and cross-en-
tropy were used as the loss function.24 At each level of deep

FIG 2. The proposed coarse-to-fine DL architecture. A 2-stage coarse-to-fine thrombus segmentation neural network used a multiscale training
strategy with a deep-supervision mechanism, which consisted of the channel and spatial attention blocks and the scale-aware pyramid fusion
module.
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supervision, the ground truth segmentation mask was corre-
spondingly downsampled for loss computation on the basis of
the size of the feature maps. The training objective was the sum
of the losses (L) at all resolutions, L ¼ W1 � L1 þ W2 �
L2 þ . . .. Hereby, the weights (W) were halved with each decrease
in resolution, resulting in W2 ¼ 0:5W1, W3 ¼ 0:25W1, and so
forth, and were normalized to sum 1.

Statistical Methods
Patient demographics, including clinical and imaging variables,
were compared across the derivation and internal test sets using
the x2 and Student t tests as appropriate.

The proposed segmentation method was quantitatively eval-
uated using the spatial overlap metric of the Dice coefficient
(DC) and 2 boundary distance error metrics: average symmetric
surface distance (ASSD) and 95th percentile of the Hausdorff
Distance (HD95),25 compared with the reference standard of
manual (expert) segmentation. The DC is a spatial overlap index
ranging from 0 to 1, where 1 indicates a perfect overlap between
the reference standard and the predicted segmentation and vice
versa. The ASSD and HD95 represent the average and largest
HD95 errors between the 2 surfaces derived from the segmented
and reference objects in 3D space. For ASSD and HD95, 0mm
indicates perfect segmentation. The correlations regarding
thrombus length and volume between the DL-derived model and
manual measurements were analyzed using the Pearson correla-
tion and Spearman correlation as appropriate to the data distri-
bution.26 The correlation was considered excellent if $0.70 and
good if between 0.5 and 0.7.26 Absolute and relative errors of
thrombus volume and length were also calculated. These metrics

were all calculated in 3D space at a patient level and
applied onto both the internal data set (ESCAPE-
NA1) and the external test data set (PRoVe-IT) for
internal and external validation, respectively. On
the basis of the segmentation results, the model pre-
dictions can be also used to distinguish the patients
with LVO versus without LVO after localizing the
segmented thrombus and thresholding thrombus
volume. We further assessed the specificity and sen-
sitivity of the DL model in classifying intracranial
thrombi (LVO versus non-LVO and occlusion ver-
sus nonocclusion) in the external data set.

All statistical analyses were performed using the
SciPy package (https://scipy.org/). All P values were
2-sided, and statistical significance was defined as
P, .05.

RESULTS
Patient Characteristics
Patient characteristics of the derivation and internal
and external test data are summarized in Table 1.
There were no statistically significant differences in
baseline characteristics between the derivation and
internal test data (all, P. .05, Table 1). The choice
of the external test data, with different characteris-
tics than the internal data, was deliberate.

Internal Validation
All patients had ICA or M1 segment MCA occlusions. Figure 3
shows 2 examples predicted by the proposed DLmodel compared
with the reference standard. Quantitative results on the internal
test data of 170 patients are shown in Table 2. The proposed DL
model obtained a median DC of 70.7% (interquartile range
[IQR], 58.0%–77.8%), a median ASSD of 0.38mm (IQR, 0.24–
0.77 mm), and a median HD95 of 1.31mm (IQR, 0.79–3.83
mm). The median thrombus length measured by the DL model
was 13.94mm (IQR, 6.32–25.76 mm) and was strongly correlated
with that of the expert segmented thrombi (r ¼ 0.88, P, .001).
The median difference d Ldiff ðmmÞ and median absolute differ-
ence jd Ldiff j ðmmÞ of thrombus length between the expert seg-
mentation and algorithm predictions were �5.41mm (IQR,
�11.34 to �0.5mm) and 5.79mm (IQR, 1.79–11.37 mm), respec-
tively. The median thrombus volume of 71.9mm3 (IQR, 39.25–
126.15 mm3) obtained by the DL model also strongly correlated
with that obtained by expert segmentation (r ¼ 0.87, P, .001).
The median volume difference dVdiff ðmm3Þ and the median
absolute volume difference jdVdiff j ðmm3Þ between the expert
segmentation and algorithm predictions were �0.9mm3 (IQR,
�3.41–0.33 mm3) and 1.76mm3 (IQR, 0.71–4.23 mm3),
respectively.

External Validation
The prevalence of LVO, MeVo, and no occlusions in the external
data was 34 (41%), 28 (33.7%), and 21 (25.3%), respectively.
Quantitative results from the 34 patients with LVO in the exter-
nal data are shown in Table 2. In these 34 patients with LVO, the
proposed DL model obtained a median DC of 66.8% (IQR,

Table 1: Patient characteristics in the derivation data and in the internal and
external test dataa

Characteristic
Derivation Set

(n = 329)
Internal Test Set

(n = 170)
External Test Set

(n = 83)
Age (yr)b 69 (59–78) 68 (59–79) 71 (63–79)
Male 173 (52.6) 89 (52.4) 43 (51.8)
Race
White 261 (79.3) 142 (83.5) NA
Asian 26 (7.9) 10 (5.9)
African American 35 (10.6) 14 (8.2)
Other 7 (2.1) 4 (2.4)

Onset-to-CT timeb 160 (82–268) 154 (79–284) 120 (89–184)
Baseline NIHSS score b 17 (12–21) 16 (13–20) 9 (5–15)
ASPECTSb 8 (7–9) 8 (7–9) 10 (8–10)
Hypertension 222 (67.5) 127 (74.7) 49 (59.0)
Hyperlipidemia 140 (42.6) 79 (46.5) NA
Diabetes 70 (21.3) 36 (21.2) 9 (10.8)
IV alteplase 193 (58.7) 99 (58.2) 66 (79.5)
IV nerinetide 155 (47.1) 87 (51.2) 0
Occlusion site
ICA 71 (21.6) 39 (23.0) 8 (9.6)
M1, MCA 248 (75.4) 125 (73.5) 26 (31.3)
M2, MCA 10 (3.0) 6 (3.5) 10 (12.1)
M3/M4, MCA 0 0 13 (15.7)
ACA (A2/A3) 0 0 3 (3.6)
PCA (P2) 0 0 2 (2.4)
No occlusion 0 0 21 (25.3)

Note:—ACA indicates anterior cerebral artery; PCA, posterior cerebral artery; NA, not applicable.
a Except where indicated, data are number of patients, with percentages in parentheses.
b Data are the median with the IQR in parentheses.
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58.5%–74.6%), a median ASSD of 0.56mm (IQR, 0.19–1.21 mm),
and a median HD95 of 3.05mm (IQR, 1.37–8.19 mm) compared
with the reference standard. The median thrombus length
measured by the proposed DL model was 9.0mm (IQR, 3.4–
21.74 mm), which correlated significantly with expert manual
segmentation (r ¼ 0.73, P, .001). The median difference
d Ldiff ðmmÞ and the median absolute difference jd Ldiff j ðmmÞ
of thrombus length between the expert segmentation and algo-
rithm predictions were 0.0mm (IQR, �6.12–8.2 mm) and
6.14mm (IQR, 2.81–12.27 mm), respectively. The median
thrombus volume of 58.14mm3 (IQR, 32.96–104.68 mm3)
obtained by the DL model strongly correlated with manual
segmentation (r ¼ 0.80, P, .001). The median volume

difference dVdiff ðmm3Þ and the median
absolute volume difference jdVdiff j ðmm3Þ
between the expert segmentation and algo-
rithm predictions were 0.59 mm3 (IQR,
�0.17–4.53 mm3) and 1.47 mm3 (IQR, 0.5–
4.62 mm3), respectively.

The accuracy, specificity, and sensitivity
of the DL model in classifying intracranial
thrombi were further investigated in the exter-
nal data. The DL model obtained a sensitivity
of 94.12% (32/34) and a specificity of 97.96%
(48/49) in classifying patients with LVO versus
non-LVO (including patients with MeVO and
no occlusion). The DL model obtained a sensi-
tivity of 69.35% (43/62) and a specificity of
100% (21/21) in classifying patients with occlu-
sion versus no occlusion.

Analysis of Variability in Manual Segmentations
The median thrombus length and volume derived from the 10
patients using the STAPLE algorithm were 20.53mm (IQR,
18.05–42.17 mm) and 52.49mm3 (IQR, 22.99–166.42 mm3),
respectively. Compared with the criterion standard generated by
the STAPLE algorithm, the median DCs were 54.4% (IQR,
49.4%–70.7%), 57.5% (IQR, 49.1%–64.6%), 82.9% (IQR, 39.9%–

94.1%), and 88.3% (IQR, 58.6%–93.5%) for the 4 raters, respec-
tively. The proposed DL model achieved a median DC of 64.7%
(IQR, 45.7%–73.7%), approaching an average performance of
the 4 experts’ manual contouring. Other metrics, ie, ASSD,
HD95, and volume correlations, showed consistent results
(Online Supplemental Data).

Table 2: Quantitative evaluation of thrombus measurement in the internal test
data (170 patients) and external validation data (34 patients with LVO) of PRoVe-
ITa

Internal Validation Data
(n = 170)

External Validation Data
(n = 34)

DC (%) 70.7 (58.0–77.8) 66.8 (58.5–74.6)
ASSD (mm) 0.38 (0.24 to 0.77) 0.56 (0.19�1.21)
HD95 (mm) 1.31 (0.79�3.83) 3.05 (1.37�8.19)
Reference length (mm) 20.3 (10.25–34.73) 12.11 (5.73–19.51)
Prediction length (mm) 13.94 (6.32�25.76) 9.0 (3.4–21.74)
d Ldiff ðmmÞ �5.41 (�11.34 to �0.5) 0.0 (�6.12�8.2)
jd Ldiff j ðmmÞ 5.79 (1.79�11.37) 6.14 (2.81�12.27)
Reference volume (mm3) 80.53 (49.92–155.39) 37.51 (29.19–78.3)
Prediction volume (mm3) 71.9 (39.25–126.15) 58.14 (32.96–104.68)
dVdiff (mm3) �0.9 (�3.41�0.33) 0.59 (�0.17�4.53)
jdVdiff j (mm3) 1.76 (0.71�4.23) 1.47 (0.5�4.62)
Volume correlation 0.95 (0.89–0.98) 0.91 (0.84–0.96)

a Values are shown as medians with the IQR in parentheses. d ðÞ and jd ðÞj represent relative and absolute,
error, respectively.

FIG 3. Two segmentation examples obtained by the proposed model. The images are shown as NCCT/CTA overlaid with the manually or algo-
rithm-segmented thrombi in red.
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DISCUSSION
This study describes a fully automated DL model for intracranial
thrombus segmentation on NCCT and CTA images in patients
with AIS. This model used a coarse-to-fine DL network with mul-
tilevel and multiscale feature fusion and deep-supervision strat-
egy. It was developed using a large data set of 329 patients and
tested internally and externally for generalizability. Both internal
and external validations demonstrate that the developed model
can accurately detect and segment intracranial thrombi, especially
in patients with LVO, compared with manual segmentation by
experts.

There are no well-established methods for automated throm-
bus segmentation, and only a few that use semiautomated meth-
ods.7–11 Existing methods of thrombus segmentation rely on
manual or semiautomated measurements of thrombus density on
NCCT. This method of density assessment by using small ROIs is
prone to interobserver variability due to the heterogeneity in
thrombus composition and the small size of intracranial thrombi
and is sensitive to partial volume effects, image noise, and the
presence of vessel wall calcification.7 Santos et al27 developed a
semiautomated region-growing segmentation method that was
limited by a low observer agreement and variability in thrombus
density. Qazi et al12 used linear regression to build statistical
models to predict patient-specific optimal Hounsfield unit
thresholds, which replaced a universal single Hounsfield unit
threshold for thrombus segmentation favored by Riedel et al.28

However, these thrombus density threshold-based methods are
subject to image-intensity variability, and their generalizability is
a concern. Lucas et al29 proposed a cascaded neural network to
segment thrombi. Unfortunately, this method was restricted to
2D images and limited to the MCA 1 ICA region, used fixed
ROIs, and was developed using a small data set (the segmentation
network was trained on only the 216 positive cases). Mojtahedi et
al30 used dual-modality U-Net-based CNNs to detect the throm-
bus location and then limited the search area by creating a
bounding box around the detected thrombus location, which
would allow the first-level prediction errors to stack up later. To
the best of our knowledge, our study represents the largest data
set of automated intracranial thrombus segmentation on NCCT/
CTA with internal and external validation. The proposed method
can automatically segment small thrombi in 3D whole-brain
NCCT images, which overcomes the limitations of segmentation
methods such as intensity-based and fixed ROI annotations.

Among the 170 patients with LVO in the internal validation,
the DL model failed to detect thrombus in only 10 cases. Visual
inspection showed that these false-negative cases could be attrib-
uted to one or a combination of reasons: 1) small thrombi
(,30mm3) (n ¼ 4); 2) isodense (to surrounding tissue) thrombi
(n ¼ 7); and 3) the presence of severe beam-hardening artifacts
on the thrombus (n ¼ 5). Only 7.5% of training data had such
imaging characteristics in the retrospective analysis. Including
more sample images with such characteristics in the training data
could have improved the performance of the derived DL model.

The volumetric analyses regarding thrombus length and vol-
ume also show excellent internal and external validation.
However, the difference in thrombus length and HD95 seems to
be large, possibly explained by the challenges in segmenting

thrombi in curved vessels. Nonetheless, this study reports HD95
values, 3.05 (range, 1.37–8.19), similar to those reported in the
Multicenter Randomized Clinical Trial of Endovascular
Treatment for Acute Ischemic Stroke in the Netherlands (MR
CLEAN) study, 5.67 (range, 4.30–7.04).30 The median DC was
70.7% in internal validation in the LVO-only ESCAPE NA1 study
and 66.8% in the 34 LVO cases in external validation in the
PRoVe-IT study. This slight difference could be because patients
in the ProVe-IT study had less severe stroke than patients in the
ESCAPE-NA1 trial (NIHSS score 8 versus 16) and, therefore, less
extensive thrombi. Indeed, the median thrombus volume of the
patients with LVO in the PRoVe-IT data (37.51mm3; IQR,
29.19–78.3 mm3) was much smaller than that in the internal data
set of ESCAPE-NA1 (80.53mm3; IQR, 49.92–155.39 mm3).

Moreover, the DC of the proposed model in the external vali-
dation set was 66.8%, suggesting a good agreement between the
predicted and the measured thrombi. Our DC is similar to the
algorithm developed from the MR CLEAN data, which achieved
a DC of 62%.30 Despite the smaller thrombus burden, the devel-
oped DLmodel obtained a high specificity in identifying the pres-
ence of thrombus in the external validation. The sensitivity of
77.42% (48/62) was comparably low because 14 of 28 MeVO
cases were identified as having no occlusions by the model, which
might be because the derived DL model was trained using only
LVO cases. Including more patients with distal occlusions or
without occlusions in the training data could have improved the
accuracy of the model in detecting small thrombi.

The results of our study have several implications in clinical
practice. Automated segmentation can be used to extract radio-
logic thrombus characteristics, such as thrombus length and vol-
ume, which were shown to be associated with clinical outcomes
and reperfusion success.31,32 Although not included in the output
of our proposed model, thrombus density and permeability are
also useful in predicting clinical and angiographic outcomes,31

thus justifying future work to automate their calculations.
Physicians can use the output of our model to inform their deci-
sions regarding bridging therapy; for instance, long and large
thrombi might benefit more from adjunctive IV thrombolysis
compared with smaller thrombi; however, this possibility needs
to be validated in future work.33 Furthermore, information about
the precise location and length of the thrombus is useful for neu-
rointerventionalists to plan the EVT procedure and choose the
best device to achieve fast and effective reperfusion. Last, auto-
mated segmentation can be applied on big databases to extract
thrombus characteristics in a faster and easier manner compared
with humans and, thus, could be used to improve the design of
EVT devices.

Detection and segmentation of thrombi on NCCT/CTA are te-
dious and time-consuming for physicians.5,27,34,35 Improvements
in image quality, better training, and systematic assessments of
thrombus characteristics (parameterization and morphology) are
useful to help humans improve thrombus detection on NCCT and
CTA. Regardless of these strategies, detecting thrombi on NCCT
and CTA continues to be challenging for humans, especially with
small thrombi. Furthermore, the results using the reference stand-
ard generated by the STAPLE algorithm show the variability of
manual segmentations across different raters and thus highlight
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the need for an automated process to standardize the extraction of
thrombus characteristics.

Our study has several limitations. First, patients with unavail-

able thin-section NCCT and CTA images were excluded, there-

fore introducing selection bias; however, we chose to do so to

decrease measurement error from thick-section scans. Second, 4

well-trained experts manually contoured the data for evaluation.

Even though the reproducibility of manual segmentations in our

experiments was acceptable, the variability introduced by cogni-

tive biases and heuristics and image misalignment should be con-

sidered. The variability in the results is partly explained by the

difference in experience and training among the 4 raters. Two

raters were neuroradiologists (raters 1 and 3), one was a neurora-

diology resident (rater 2), and one was a vascular neurologist

(rater 4). The 2 neuroradiologists achieved the highest DCs.

Moreover, intracranial thrombi are small and occur in curved

vessels. Annotation of lesions that are small with curved shapes

can also result in variability compared with larger-sized lesions

where variability will be inherently less. Third, the internal data

sets did not include MeVO occlusions, explaining the low model

performance for these cases. Future studies focusing on this

occlusion subgroup would improve detection and delineation of

these thrombi. Fourth, the proposed model did not show good

performance in small and isodense thrombi; however, we chose

to keep these cases, contrary to a prior study, to increase the gen-

eralizability of our results. Including more studies with artifacts

(beam-hardening and so forth) would also improve the generaliz-

ability. Fifth, the developed model can be applied only on thin-

section NCCT and CTA images. The extension to a more widely

used NCCT with 5-mm-thick slices should be investigated.

CONCLUSIONS
An automated method based on DL is capable of detecting and
segmenting thrombi reliably, especially those causing LVOs, on
NCCT and CTA images in patients with AIS. Extensive valida-
tions demonstrate the efficacy of the proposed technique com-
pared with the reference standard (ie, manual segmentation). If
translated into a clinical setting, this algorithm could help physi-
cians in their decision-making for AIS.

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

Evaluation of the Statistical Detection of Change Algorithm
for Screening Patients with MS with New Lesion Activity on

Longitudinal Brain MRI
M. Homssi, E.M. Sweeney, E. Demmon, W. Mannheim, M. Sakirsky, Y. Wang, S.A. Gauthier, A. Gupta, and

T.D. Nguyen

ABSTRACT

BACKGROUND AND PURPOSE: Identification of new MS lesions on longitudinal MR imaging by human readers is time-consuming
and prone to error. Our objective was to evaluate the improvement in the performance of subject-level detection by readers
when assisted by the automated statistical detection of change algorithm.

MATERIALS AND METHODS: A total of 200 patients with MS with a mean interscan interval of 13.2 (SD, 2.4)months were included.
Statistical detection of change was applied to the baseline and follow-up FLAIR images to detect potential new lesions for confir-
mation by readers (Reader 1 statistical detection of change method). This method was compared with readers operating in the
clinical workflow (Reader method) for a subject-level detection of new lesions.

RESULTS: Reader 1 statistical detection of change found 30 subjects (15.0%) with at least 1 new lesion, while Reader detected 16
subjects (8.0%). As a subject-level screening tool, statistical detection of change achieved a perfect sensitivity of 1.00 (95% CI,
0.88–1.00) and a moderate specificity of 0.67 (95% CI, 0.59–0.74). The agreement on a subject level was 0.91 (95% CI, 0.87–0.95)
between Reader 1 statistical detection of change and Reader, and 0.72 (95% CI, 0.66–0.78) between Reader 1 statistical detection
of change and statistical detection of change.

CONCLUSIONS: The statistical detection of change algorithm can serve as a time-saving screening tool to assist human readers in
verifying 3D FLAIR images of patients with MS with suspected new lesions. Our promising results warrant further evaluation of sta-
tistical detection of change in prospective multireader clinical studies.

ABBREVIATIONS: PPV ¼ positive predictive value; SDC ¼ statistical detection of change

Detection of new lesion activity on serial MR imaging is im-
portant for the disease diagnosis, monitoring, and evalua-

tion of treatment response in patients with MS.1 In most clinical
workflows, expert readers manually view baseline and follow-up
brain MR images side-by-side on a PACS monitor to look for
voxels with sufficiently large changes in image intensity and size

to be considered a potentially clinically relevant new MS lesion.2

The state-of-the-art 3D T2-weighted FLAIR images, acquired in
a routine clinical MS imaging protocol1 as recommended by the
most recent clinical consensus,3 provide high 1-mm isotropic
resolution and excellent soft-tissue contrast for lesion detection.
However, native images obtained at 2 different time points are
often imperfectly aligned due to differences in patient position-
ing and acquisition technique. Therefore, detecting new lesions
by visual matching on the unregistered longitudinal images
(when image registration tools are not readily available on the
reading workstation) in the presence of noise is a time-consum-
ing, error-prone, and highly observer-dependent task, even for
human experts.4

A number of automated and semiautomated algorithms
have been developed to overcome these challenges.5-7 In the
classic approach, serially acquired images are intensity-
normalized and coregistered, from which a dissimilarity map
(eg, obtained by subtraction) is calculated and then automati-
cally segmented (eg, by thresholding or statistical inference
methods) or reviewed by humans to yield the final lesion
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change mask.2,8-15 More recently, supervised deep learning–
based convolutional neural network models have become the
predominant approach.16-20 Despite rapid advances in research,
the detection sensitivity and specificity remain moderate on a
voxel or lesion level (sensitivity and specificity; ,0.8).4,7 We
previously introduced the statistical detection of change (SDC)
algorithm as an automated lesion-change detection tool to visu-
ally assist human readers. This algorithm applies an optimal bi-
nary change detector to the subtraction of 2 longitudinally
registered FLAIR images to delineate brain areas with potential
new lesions.14 The purpose of this study was to evaluate the
improvement in the performance of subject-level detection by
human readers when assisted by SDC, in comparison with the
benchmark of human readers operating in the clinical workflow.

MATERIALS AND METHODS
Study Cohort
This was a retrospective longitudinal study conducted in a cohort
of 200 patients with MS (145 women [72.5%], 55 men [27.5%];
mean age, 47.6 [SD, 10.9] years; range, 18.5–75.8 years) who were
enrolled in an ongoing prospective imaging and clinical database
for MS research. The database was approved by the local institu-
tional review board (Judith Jaffe Multiple Sclerosis Center clinical
and MR imaging database, IRB No. 0711009544; Weill Cornell
Medicine), and written informed consent was obtained from all
participants before their entry into the database. Consecutive
patients who underwent 2 MR imaging scans between September
20, 2017, and July 7, 2021, with a mean follow-up interval of 13.2
(SD, 2.4)months (range, 7.5–24.8months) were included. The
final cohort consisted of 6 patients with clinically isolated syn-
drome, 181 with relapsing-remitting MS, 6 with primary-progres-
sive MS, and 7 with secondary-progressive MS. The mean disease
duration was 14.7 (SD, 7.4) years (range, 2.6–54.9 years), and the
mean Expanded Disability Status Scale score was 1.3 (SD, 1.6)
(range, 0.0–7.0; median, 1.0; interquartile range, 2.0). A total of
183 patients (91.5%) were treated with disease-modifying thera-
pies. Of these, 88 (48.1%) received treatment by injection; 60
(32.8%), orally; and 35 (19.1%), by infusion.

MR Imaging Examinations
All patients were scanned on 3T MR imaging scanners
(Magnetom Skyra and Vida; Siemens) using a product 20-channel
head/neck coil. The scanning protocol included pre- and postgado-
linium 3D T1-weighted MPRAGE sequences for anatomic defini-
tion and detection of active lesions, respectively, and 3D T2-
weighted FLAIR and a sampling-perfection with application opti-
mized contrasts by using different flip angle evolution (SPACE;
Siemens) sequence for lesion identification, using the following
imaging parameters: 1) 3D sagittal T1-weighted MPRAGE: TR/
TE/TI ¼ 2300.0/2.3/900ms, flip angle ¼ 8°, bandwidth ¼ 200Hz/
pixel, acquired voxel size ¼ 1.0-mm isotropic, number of slices ¼
176, parallel imaging factor ¼ 2.0, scan time ¼ 5 minutes 21 sec-
onds; 2) 3D sagittal T2-weighted FLAIR SPACE: TR/TE/TI ¼
7600/448/2450ms, flip angle ¼ 90°, bandwidth ¼ 781 Hz/pixel,
echo spacing ¼ 3.42ms, turbo factor ¼ 284, acquired voxel size ¼
1.0-mm isotropic, number of slices¼ 176, parallel imaging factor¼
4.0, scan time¼ 5 minutes 6 seconds.

Image Postprocessing
At each time point, T1-weighted and FLAIR images were brain-
extracted using the FMRIB Software Library (FSL) BET com-
mand (FSL Brain Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/BET)21 and corrected for spatial inhomogeneity and seg-
mented into gray matter, white matter, and CSF masks using
the FSL FAST command (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FAST).22 The FLAIR image was then linearly registered to the
T1-weighted structural image using the FSL FLIRT command
(Linear Image Registration Tool; FLIRT; http://www.fmrib.ox.ac.
uk/fsl/fslwiki/FLIRT)23 with 6 df (rigid body transformation). For
longitudinal registration, the baseline and follow-up brain-
extracted T1-weighted images were first linearly aligned to a half-
way space9 using the Advanced Normalization Tools algorithm
(http://stnava.github.io/ANTs/) with 12 df (rigid body and affine
transformation),24 followed by registration of the corresponding
FLAIR images into the same half-way space using the concaten-
ated transformation matrices obtained from the previous steps.
The purpose of spatially aligning longitudinal images to the half-
way space was to ensure that the degree of blurring introduced by
the registration algorithm was similar among images, which
improves image subtraction.

Next, the SDC algorithm,14 implemented in Matlab R2020
(MathWorks) on a Linux Ubuntu 18.04 computer equipped with
a 64-bit Intel Core i9-9940X 3.30GHz CPU and 128 GB of RAM,
was applied to the registered and intensity-normalized FLAIR
images in the half-way space to detect brain voxels with positive
signal change (indicating new lesions or growth of existing
lesions). Briefly, for each voxel, the SDC test statistic was calcu-
lated from the FLAIR subtraction image over a 3-voxel connected
neighborhood and compared with a threshold (chosen to achieve
a false-positive rate of 0.0001) to generate a binary positive
change mask. Additional constraints were imposed on the mini-
mum lesion volume (15 mm3) and location (lesions located
within 2 voxels of the CSF border and the GM/WM tissue border
had to be part of a larger lesion that extended outside this border)
to reduce the number of false-positives. The constraint on the
lesion location was useful for eliminating the thin layer of bright
voxels lining the ventricles on the FLAIR image and also for deal-
ing with spurious voxels at the tissue edge on the FLAIR differ-
ence image due to imperfect subtraction.

Finally, the detected changed voxels were registered back to
the follow-up FLAIR image. A binary mask was generated by the
SDC algorithm, which was overlaid on the baseline and follow-
up FLAIR image pair to delineate potential new lesions with a red
box (Fig 1) to facilitate subsequent visual confirmation of the
detected new lesions by human readers. The processing time of
the SDC algorithm was recorded in 5 randomly chosen subjects.

Visual Identification of New Lesions
The registered baseline and follow-up FLAIR images, along with
the red boxes marking the potential new lesions detected by SDC
(Fig 1), were displayed side-by-side in the axial plane using ITK-
SNAP Version 3.8 software (www.itksnap.org).25 Two expert
readers, a board-certified neuroradiologist with 16 years of expe-
rience and an MR imaging physicist with 20 years of experience,
both of whom were blinded to clinical and other imaging
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information, jointly reviewed the FLAIR images with visual assis-
tance from SDC-detected areas of lesion growth to identify new
lesions on the basis of consensus (Reader 1 SDC method). The
readers assessed all available FLAIR images both inside and out-
side the areas of change detected by SDC algorithm. A lesion was
considered as new if it could be seen on the follow-up FLAIR
image but could not be ascertained on the baseline FLAIR image.

For comparison, the official radiology reports created by
board-certified neuroradiologists at the time of the clinical encoun-
ters were retrieved from the EPIC electronic medical record system
(Epic Systems) and manually parsed for the mention of at least 1
new lesion. In our clinical workflow occurring in the context of a
routine outpatient imaging practice affiliated with a large academic
health system, new lesions are detected on the basis of the visual
interpretation of baseline and follow-up native brain images
acquired with FLAIR as well as T1-weighted, T2-weighted, and
gadolinium-enhanced T1-weighted sequences (hereafter referred
to as the Reader method). In this setting, faculty neuroradiologists,
all of whom are board-certified, reviewed these brain MR imaging
studies as they appeared in real time on a clinical worklist. Cases
were variably interpreted alongside radiology clinical trainees
(diagnostic radiology residents and/or neuroradiology fellows)
with the benefit of full access to the electronic health record and all
patient records. During the time period of this study (approxi-
mately 4 years), all image interpretation was performed on a PACS
system. The total number of new lesions and their precise ana-
tomic locations were variably recorded in the reports, subject to
the clinical scenario and preferences of the interpreting radiologist.
Therefore, in this study, lesion detection outcome for the 3 meth-
ods (Reader, SDC, and Reader 1 SDC) was defined at a subject
level as a binary indicator of having at least 1 new lesion.

Statistical Analysis
All statistical analyses were performed in R statistical and com-
puting software, Version 4.1.2 (http://www.r-project.org).26 We

were interested in the detection of $1
new lesion at a subject level. A change
in size of existing lesions (growth or
shrinkage) and lesions of ,15 mm3

was excluded from the analysis. This
minimum lesion volume cutoff was cal-
culated assuming a spherical lesion
shape with a diameter of 3mm (3 vox-
els on our FLAIR image) using the for-
mula Vmin ¼ pd3 / 6 ¼ 14.1 mm3,
which is in accordance with the cur-
rently accepted minimum lesion
dimension on MR imaging.1 For each
subject and each method (Reader, SDC,
and Reader 1 SDC), a binary indicator
of the incidence of new lesions was cre-
ated. Contingency tables at a subject
level were investigated, and sensitivity,
specificity, and positive predictive value
(PPV) were assessed using the Reader1
SDC method as a reference. Exact bino-
mial 95% CIs were calculated for these
measures.27 Agreement among all the

methods was calculated with nonparametric bootstrapped 95%
CIs.28 For the Reader and SDC methods, the Breslow-Day test29

was used to test whether the OR was the same for the subject
group imaged on the same scanner versus the group imaged on
2 different scanners.

RESULTS
All 200 pairs of baseline and follow-up FLAIR scans were inter-
pretable. Of these, 80 pairs (40.0%) were acquired on the same
MR imaging scanner. The fully-automated SDC algorithm
detected 86 subjects (43.0%) with at least 1 potential new lesion.
The semiautomated Reader 1 SDC method, in which 2 readers
identified new lesions by comparing the 2 longitudinally regis-
tered FLAIR images with visual assistance from SDC showing
potential new lesions (Fig 1), detected 41 subjects (20.5%) with at
least 1 new lesion. After excluding lesions of,15 mm3, Reader1
SDC found 30 individuals (15.0%) with new lesions. In compari-
son, the traditional Reader method, performed by radiologists in
the routine clinical workflow, identified 20 subjects (10.0%) with
at least 1 new lesion.

Table 1 shows the contingency table for subject-level detection
of new lesions on FLAIR images obtained by the Reader and SDC
methods using the Reader 1 SDC method as a reference (note
that lesions of,15 mm3 were excluded from the statistical analy-
sis for SDC and Reader 1 SDC methods, while the Reader
method did not provide information on lesion size). In 200 cases
of MS, Reader failed to detect new lesions in 14/30 individuals,
resulting in a moderate sensitivity of 0.53 (95% CI, 0.34–0.72),
with an excellent specificity of 0.98 (95% CI, 0.94–0.99) and a
good PPV of 0.80 (95% CI, 0.56–0.94). Of these 14 cases, 13
(92.9%) had only 1 new lesion and one (7.1%) had 2 new lesions.
Most of these lesions were either periventricular (9/15, 60%) or in the
central semiovale (5/15, 33%). The 4 subjects who were identified as
having at least 1 new lesion by Reader but not by Reader 1 SDC

FIG 1. Longitudinal axial FLAIR images acquired from a patient with MS approximately
10.5months apart, showing an example of 3 new lesions detected by human readers who were
assisted visually by the SDC algorithm, which delineates brain areas containing potential new
lesions for human confirmation (red boxes) (referred to as Reader1 SDC method).
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in Table 1 were all found to have new lesions less than the 15-mm3

cutoff. In comparison, SDC was able to detect all 30/30 patients
with at least 1 new lesion, achieving a perfect sensitivity of 1.00
(95% CI, 0.88–1.00), though at the cost of a lower specificity of 0.67
(95% CI, 0.59–0.74) and a lower PPV of 0.35 (95% CI, 0.25–0.46).
The agreement on a subject level was found to be 0.91 (95% CI,
0.87–0.95) between Reader1 SDC and Reader; 0.72 (95% CI, 0.66–
0.78) between Reader 1 SDC and SDC; and 0.64 (95% CI, 0.57–
0.71) between Reader and SDC.

Table 2 shows the contingency tables for subject-level detec-
tion of new FLAIR lesions in the 2 groups of subjects who were
imaged on the same scanner (80/200) and on 2 different scanners
(120/200). Reader was found to perform better on FLAIR images
acquired on the same scanner compared with those acquired on
different scanners (sensitivity, 0.67; 95% CI, 0.38–0.88, versus
0.40; 95% CI, 0.16–0.68; specificity, 1.00; 95% CI, 0.94–1.00, ver-
sus 0.96; 95% CI, 0.91–0.99; and PPV 1.00; 95% CI, 0.69–1.00,
versus 0.60; 95% CI, 0.26–0.88). While SDC detected 15/15
patients with at least 1 new lesion (sensitivity, 1.00; 95% CI, 0.78–
1.00) in both groups, SDC correctly detected 49/65 patients with-
out a new lesion (specificity, 0.75; 95% CI, 0.63–0.85) in the
group scanned on the same scanner but only 65/105 patients
without a new lesion (specificity, 0.62; 95% CI, 0.52–0.71) in the
group scanned on 2 different scanners. Using the Breslow-Day
test, we found that the OR for Reader versus Reader 1 SDC

differed across the group imaged on the same scanner and the
one imaged on 2 different scanners (P¼ .036), indicating a differ-
ent performance. On the other hand, we did not find a statisti-
cally significant difference in the OR for the SDC versus Reader
1 SDC case with regard to scanner change (P¼ .762).

Figure 2 shows examples of 4 new lesions of various sizes and
locations from 4 different subjects with MS that were identified by
SDC and confirmed by Reader 1 SDC but were not detected by
Reader according to the radiology report. Figure 3 shows examples
of 2 new punctate lesions, both of which were gadolinium-enhanc-
ing, that were identified by Reader in the clinical workflow but
were not detected by SDC and Reader 1 SDC after applying a
minimum lesion volume threshold of 15 mm3.

On average, the longitudinal FLAIR registration took 120.6
(SD, 10.7) seconds, and the SDC new lesion detection took 2.5
(SD, 0.3) seconds per case.

DISCUSSION
In this single-center study evaluating the utility of the automated
SDC algorithm in assisting human readers to detect new lesions
on longitudinal FLAIR images, we found that SDC was able to
provide a perfect new lesion-detection sensitivity on a subject
level. SDC achieved this excellent level of detection sensitivity
while providing a moderate subject-level specificity of 0.67
(meaning about 2 of every 3 subjects without new lesion activity
were correctly classified). These operating characteristics allow
SDC to be used as a valuable screening tool and could accelerate
the interpretation time of cases in which no new lesions are iden-
tified by SDC. In our study, for example, 114 of 200 patients had
no new lesions on follow-up confirmed by SDC, suggesting that a
more rapid expert human review of these cases (57% of our entire
cohort) may be feasible. Such an increase in efficiency may enable
expert human readers to allocate more time to interpret MR
imaging cases flagged by SDC as being potentially positive for
new lesions.

In the conventional radiology workflow, detecting new
lesions that formed between 2 longitudinal scans of patients
with MS is often performed by radiologists and other clinicians

manually on a PACS monitor by com-
paring a large number of paired-but-
imperfectly aligned FLAIR images.
This approach is often time-consum-
ing, mentally demanding, and error-
prone, especially if there is a substantial
image misalignment due to the differ-
ence in head orientation between the 2
scans. SDC overcomes these challenges
by providing an automated detection of
potential new lesions, which are then vis-
ually indicated to the reader on a pair of
longitudinally registered images (Fig 1).
Conceptually, SDC is formulated as an
optimal change detector applied to the
subtraction image, which can be proved
mathematically by the Neyman-Pearson
lemma to provide the best detection
power for a given false-positive rate.30

Table 1: Contingency table comparing the subject-level detection
of new lesions obtained from longitudinal FLAIR images of 200
patients with MS using the Reader (manual), SDC (fully automated),
and Reader+ SDC (semiautomated) methodsa

Reader + SDC

TotalNew Lesions No New Lesions
Reader New Lesions 16 4 20

No new lesions 14 166 180
SDC New lesions 30 56 86

No new lesions 0 114 114
Total 30 170 200

a Reader 1 SDC was considered a reference method to provide the ground truth
for comparison.

Table 2: Contingency table comparing the subject-level detection of new lesions
obtained from longitudinal FLAIR images acquired on the same MR imaging scanner
from 80 patients with MS and those acquired on 2 different scanners from 120 patients
with MS using the Reader (manual), SDC (fully automated), and Reader + SDC (semiau-
tomated) methods

Reader + SDC

TotalNew Lesions No New Lesions
Same MR imaging scanner
from 80 patients with MS
Reader New lesions 10 0 10

No new lesions 5 65 70
SDC New lesions 15 16 31

No new lesions 0 49 49
Total 15 65 80
Two different scanners from
120 patients with MS
Reader New lesions 6 4 10

No new lesions 9 101 110
SDC New lesions 15 40 55

No new lesions 0 65 65
Total 15 105 120
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By design, SDC mimics a human reader in 2 key aspects:
First, it applies an adaptive intensity threshold to the subtraction
image on the basis of the level of noise in the image. For example,
the threshold for the longitudinal signal change is automatically
increased by SDC for more noisy images, which can be regarded
as equivalent to setting a higher level of trust as often performed
by a human reader when dealing with noise. Second, SDC uses
signal from voxels in a local neighborhood to calculate the test
statistic, helping to increase the detection reliability. Similar to
change detection by humans, spatially spurious signals on the
subtraction image are encoded by the algorithm to have a lower
likelihood of being identified as true change. By virtue of being

capable of operating at a very high sensitivity and a reasonable
specificity, SDC enables the new lesion identification problem to
be shifted from the traditionally difficult task of locating new
lesions on unmarked images to a much easier task of confirming
true-positives and eliminating false-positives in areas already
marked by SDC. Therefore, SDC has a great potential to shorten
new-lesion detection time while reducing reader fatigue.

Several studies have demonstrated the benefits of detecting
new lesions on a subject level on longitudinally registered or
subtracted standard 1-mm isotropic 3D FLAIR images. A study
by Galletto Pregliasco et al,15 performed in 94 patients with MS,
showed that using an automated coregistration-fusion method

FIG 2. Examples of new lesions varying in size and location on longitudinal FLAIR images obtained from 4 different subjects with MS. These
lesions were initially identified by SDC (marked by red boxes) and later confirmed by the Reader1 SDC method but were not detected by the
Reader method using the conventional radiology workflow.

FIG 3. Examples of new punctate lesions (arrows) on longitudinal FLAIR images acquired from 2 different subjects with MS, identified by the
Reader method in the clinical workflow but not detected by the SDC and Reader1 SDC methods after applying a minimum lesion volume cut-
off of 15 mm3. Both lesions were enhancing on the postgadolinium T1-weighted images.
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improved the detection rate of subjects with at least 1 new lesion
from 46% to 59%. In another study conducted by Eichinger et
al,13 in 106 patients with MS, 58% of subjects were identified as
having at least 1 new lesion on the FLAIR subtraction image, with
a similar proportion (59%) identified using the conventional
reading method. In this study of 200 patients with MS, we saw an
improvement from 8% by Reader to 15% by Reader 1 SDC in
the subject-level detection rate using a minimum lesion volume
threshold of 15 mm3. The observed relatively rare event of a new
lesion occurring in our cohort is likely related to different patient
characteristics.

Compared with the emerging neural network–based deep
learning approaches for new lesion detection, the SDC algorithm
does not require data labeling and specialized hardware (such as a
powerful graphics processing unit) for network training. SDC can
also be used as a computer-assisted detection and segmentation
tool to help humans create labeled image data for network train-
ing more efficiently. In addition to the ease of implementation,
SDC provides relatively fast processing of the subtraction image,
taking only a few seconds per case using our Matlab implementa-
tion, which can be further improved for interactive use by a C/
C11 implementation. However, the longitudinal registration
step to generate the subtraction image takes about 2minutes per
case in our processing pipeline. The development of rapid image
registration algorithms31-33 will, therefore, be essential for a suc-
cessful deployment of SDC in a routine interactive workflow.
Alternatively, SDC can be implemented as part of the image-recon-
struction process, assuming that images from the prior study
are available on the scanner. Further studies are needed to
evaluate the clinical feasibility of these approaches.

The coregistration steps involved in the SDC processing pipe-
line are key elements of the SDC approach and offer a highly pre-
cise registration not possible in routine image-interpretation
software solutions embedded in clinical PACS systems. In our
pipeline implementation, we chose to perform longitudinal
FLAIR image registration by registering the image to the T1-
weighted half-space for 2 reasons: 1) The T1-weighted image has
the same resolution (1-mm isotropic) but much better GM/WM
contrast than the FLAIR image, and 2) in our data, the T1-
weighted image has less noise than the FLAIR image because T1-
weighted imaging was acquired with an acceleration factor of 2,
while FLAIR was acquired with an acceleration factor of 4 (to
keep the scan time reasonable). Consequently, the longitudinal
registration was found to be generally more accurate when using
T1-weighted images rather than FLAIR images. While a 1-mm
isotropic 3D T1-weighted sequence is part of the MS brain MR
imaging protocol recommended by the most recent clinical con-
sensus,3 performing direct registration between the 2 longitudinal
FLAIR images is a viable option when such T1-weighted images
are not available.

This study has several limitations. First, the ground truth was
determined on the basis of expert readings from only 1 experi-
enced board-certified neuroradiologist in consensus with an MR
imaging physicist with expertise in MS brain image analysis.
Furthermore, because these readers were aware of the use of
SDC, our study design was unable to fully eliminate the possibil-
ity of reader bias. While this study design is appropriate for the

current early-stage evaluation of SDC technology development,
the diagnostic performance metrics such as sensitivity and speci-
ficity reported in this study require further clinical validation in
future multireader multicase studies34 involving multiple board-
certified radiologists and using a clinical consensus as the crite-
rion standard. This is a key validation step to ensure that image-
analysis techniques are ready for regulatory approval and clinical
adoption.

Second, intracortical and subpial GM lesions were not con-
sidered because these lesions are difficult to visualize reliably
with existing routine 3T imaging sequences, including FLAIR.35

Third, in the current study design, the Reader method was per-
formed in the routine clinical workflow by readers different
from those involved in the Reader1 SDC method. These differ-
ences make it difficult to determine the clinical significance, if
any, of discrepancies in new lesion identification noted between
the clinical radiologic report and retrospectively performed
SDC-enhanced readings. For example, the radiologist issuing
the clinical report in the Reader method had real-time access to
the electronic health record and contrast-enhanced imaging
while being subject to time constraints imposed in the clinical
workflow and being responsible for total brain MR imaging
interpretation, not only new lesion detection on FLAIR.

While our study design allows a direct comparison of SDC
with the radiology report, regarded as a clinically established
benchmark, future work will be focused on integrating the SDC
algorithm into the clinical workflow, which will allow prospective
comparison studies to be performed in a real-world setting. In
the context of active MS, this will also enable the comparison of
gadolinium-based T1-weighted sequences with emerging non-
contrast approaches for new acute lesion detection such as those
combining FLAIR subtraction with quantitative susceptibility
mapping.36 Fourth, a minimum lesion volume cutoff of 15 mm3

was used to mitigate the effect of noise on the false-positive rate
of the SDC algorithm. Such punctate MS lesions are often consid-
ered inconsequential,1 though further evidence on their role in
the disease progression and outcome may be needed. Fifth, the
PACS system used for clinical interpretations was not equipped
with the capability to adjust for differences in scan angle or
patient positioning or to coregister 3D images to enable section-
by-section comparisons accurately. This capability is being
enhanced in more modern PACS systems but was not readily
available in the version of the PACS system used during the time
of the study scanning. Sixth, validation on FLAIR images
acquired on MR imaging scanners from other vendors or with
different acquisition parameters is very important for successful
clinical translation of SDC and will be addressed in a future study.
Finally, linear longitudinal brain registration was used in this
study, which was deemed sufficiently accurate for the annual fol-
low-up interval in our cohort but may not capture nonlinear
changes in the brain morphology during a longer interscan pe-
riod. The use of a deformable motion model in the registration
algorithm may be considered in such scenario.12,24

CONCLUSIONS
The SDC algorithm can serve as a time-saving screening tool to
assist human readers in verifying 3D FLAIR images of patients
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with MS with suspected new lesions. Our promising results war-
rant further evaluation of SDC in prospective multireader clinical
studies.

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

Revolutionizing MS Monitoring: The Impact of
Postprocessing Techniques on Lesion Detection

MS is the most common chronic inflammatory disease of the
CNS, with approximately 2.5 million prevalent cases world-

wide. It is the leading cause of nontraumatic disability among
young adults. A major challenge in managing MS is monitoring
disease activity, progression, and treatment response across time.
However, detecting new brain lesions by side-by-side scrolling of
2 follow-up MR imaging examinations is time-consuming, prone
to reading errors, and can be extremely difficult in cases of high
lesion burden. With advancements in postprocessing techniques,
new digital tools have emerged to help radiologists enhance their
efficiency and reproducibility, while reducing reading time and
error rates. Several methods using coregistration, intensity stand-
ardization, fusion, or image subtraction have been proposed. These
tools have demonstrated substantial improvements in detecting
new MS brain lesions, with performance gains ranging from 35%
to 80%. A few studies have revealed that simple postprocessing
techniques, such as coregistration fusion of 3D FLAIR sequences
or coregistration subtraction with lesion color-coding of 2D
FLAIR sequences, could enhance the detection of new T2/FLAIR
hyperintense brain lesions in patients with MS.1-3

In recent years, there has been a shift toward reducing the use
of gadolinium contrast injection in MR images of patients with
MS due to concerns about potential long-term health effects,
making it even more critical for readers to detect new lesions on
unenhancedMR images.4 This shift has led to a demand for alter-
native techniques to monitor disease activity and progression in
patients with MS.5 The detection of new MS lesions is crucial in
managing this chronic neurologic disease because it directly
influences clinical decision-making and subsequent therapeutic
strategies. Monitoring the formation of new lesions enables neu-
rologists to assess the efficacy of the current treatment and, if nec-
essary, adjust the therapeutic approach to prevent further disease
progression. Early identification of new lesions allows the imple-
mentation of more aggressive treatment regimens, which have
been shown to reduce disability accumulation, suppress inflam-
matory activity, and enhance long-term outcomes for patients. In
this context, a vigilant approach to lesion detection is integral to
the practice of precision medicine in MS because it facilitates the
individualized tailoring of therapy to optimize patient outcomes
while minimizing the risk of treatment-associated adverse effects.

Recently, numerous neural network–based deep learning
approaches for new lesion detection have been developed to
further improve the follow-up of patients with MS. These tech-
niques can help identify new lesions and changes in lesion size
or location with higher sensitivity and specificity than traditional
imaging methods and can detect subtle and slight changes poten-
tially undetectable by a human reader.6 According to the 2020
international guidelines for MR imaging standardization and the
Magnetic Resonance Imaging in MS (MAGNIMS) consensus, the
development and standardization of such postprocessing tools to
aid radiologists in their interpretation would improve the follow-
up of patients with MS.7,8

In this AJNR-published study, Homssi et al9 evaluated a statis-
tical detection of change (SDC) algorithm for screening patients
with MS with new lesion activity on longitudinal brain MR imag-
ing. They demonstrated the effectiveness of their SDC algorithm
in assisting human readers in identifying new lesions in patients
with MS. The study found that a Reader 1 SDC method, which
combines the use of the SDC algorithm with human readers, out-
performed the Reader method, in which only human readers were
used, in detecting new lesions. Specifically, Reader 1 SDC identi-
fied 15.0% of subjects with at least 1 new lesion, while Reader
detected only 8.0%. Moreover, the study found that the SDC algo-
rithm achieved a perfect sensitivity of 1.00 and a moderate speci-
ficity of 0.67 as a subject-level screening tool. This outcome
suggests that the SDC algorithm can be a valuable tool in assisting
human readers in detecting new lesions in patients with MS and
can help save time and reduce the potential for errors. As the
authors emphasized, one of the advantages of the SDC technique
compared with neural network–based deep learning approaches is
that the SDC algorithm does not require data labeling and special-
ized hardware such as powerful graphics processing units for net-
work training. However, it is not yet integrated into routine
clinical practice, possibly limiting its adoption by radiologists
worldwide, compared with simple postprocessing tools like core-
gistration fusion or coregistration subtraction techniques, which
are widely accessible on most postprocessing devices.

The results of this study are promising and warrant further
evaluation of the SDC algorithm in prospective multireader clini-
cal studies. If the SDC algorithm proves to be effective in larger
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clinical studies, it could become an invaluable tool for diagnosing
and monitoring MS, leading to improved reader accuracy, effi-
ciency, confidence, and reproducibility. The use of these tools in
clinical practice aligns well with international guidelines oriented
toward a more unified and harmonized approach for the follow-
up of patients with MS, ultimately leading to improved patient
outcomes.
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ORIGINAL RESEARCH
ADULT BRAIN

NCCT Markers of Intracerebral Hemorrhage Expansion Using
Revised Criteria: An External Validation of Their Predictive

Accuracy
C. Ducroux, A. Nehme, B. Rioux, M.-A. Panzini, R. Fahed, L.C. Gioia, and L. Létourneau-Guillon

ABSTRACT

BACKGROUND AND PURPOSE: Several NCCT expansion markers have been proposed to improve the prediction of hematoma
expansion. We retrospectively evaluated the predictive accuracy of 9 expansion markers.

MATERIALS AND METHODS: Patients admitted for intracerebral hemorrhage within 24 hours of last seen well were retrospectively
included from April 2016 to April 2020. The primary outcome was revised hematoma expansion, defined as any of a $6-mL or
$33% increase in intracerebral hemorrhage volume, a $ 1-mL increase in intraventricular hemorrhage volume, or de novo intraven-
tricular hemorrhage. We assessed the predictive accuracy of expansion markers and determined their association with revised he-
matoma expansion.

RESULTS: We included 124 patients, of whom 51 (41%) developed revised hematoma expansion. The sensitivity of each marker for
the prediction of revised hematoma expansion ranged from 4% to 78%; the specificity, 37%–97%; the positive likelihood ratio, 0.41–
7.16; and the negative likelihood ratio, 0.49–1.06. By means of univariable logistic regressions, 5 markers were significantly associated
with revised hematoma expansion: black hole (OR ¼ 8.66; 95% CI, 2.15–58.14; P ¼ .007), hypodensity (OR ¼ 3.18; 95% CI, 1.49–6.93;
P ¼ .003), blend (OR ¼ 2.90; 95% CI, 1.08–8.38; P ¼ .04), satellite (OR ¼ 2.84; 95% CI, 1.29–6.61; P ¼ .01), and Barras shape
(OR ¼ 2.41, 95% CI; 1.17–5.10; P ¼ .02). In multivariable models, only the black hole marker remained independently associated with
revised hematoma expansion (adjusted OR ¼ 5.62; 95% CI, 1.23–40.23; P ¼ .03).

CONCLUSIONS: No single NCCT expansion marker had both high sensitivity and specificity for the prediction of revised hematoma
expansion. Improved image-based analysis is needed to tackle limitations associated with current NCCT-based expansion markers.

ABBREVIATIONS: EM ¼ expansion marker; HE ¼ hematoma expansion; ICH ¼ intracerebral hemorrhage; rHE ¼ revised hematoma expansion; sHE ¼ stand-
ard hematoma expansion

Spontaneous intracerebral hemorrhage (ICH) remains a major
cause of morbidity and mortality worldwide.1 Hematoma

expansion (HE) is a potentially modifiable predictor of outcome
and a promising therapeutic target.2,3 HE is most often defined as
a $ 6-mL absolute or $33% relative increase in ICH volume on
follow-up imaging performed 24–72 hours after a baseline NCCT

scan (herein considered a standard hematoma expansion [sHE]
definition).4 A recent study redefined HE to include new or
increasing intraventricular hemorrhage to capture HE that occurs
within the ventricles.5 This revised hematoma expansion (rHE)
definition better predicts 90-day functional outcomes than the sHE
definition.5-7
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The spot sign is among the most studied imaging-based predic-
tors of HE.3,8 However, a CTA is not routinely available in the
acute setting. The spot sign only mildly improves predictive accu-
racy when added to other established predictors of HE.8-10

Multiple NCCT hematoma expansion markers (EMs) have been
recently developed (Fig 1) in an attempt to mitigate those limita-
tions.4 These EMs may reflect the cascade phenomenon that
occurs during HE, in which secondary hemorrhagic foci lead to
irregular margins and heterogeneous density. They are classified as
shape (Barras shape, island, and satellite) and density markers
(Barras density, black hole, blend, fluid level, hypodensity, and
swirl). EMs are associated with sHE, with ORs ranging from 2.01
to 7.87.11 These markers may be integrated into prediction models

to select patients at higher risk of HE for
more intensive monitoring and/or treat-
ment or trials in acute ICH.12,13 They
could also be used when other predic-
tors of HE are not available, such as
time in unknown-onset ICH.14

In a meta-analysis, the sensitivity
and specificity of individual NCCT he-
matoma EMs for sHE varied substan-
tially between studies. The Barras shape
marker had the highest pooled sensitiv-
ity (68%), and the island marker had
the highest pooled specificity (92%).15

However, the authors of the meta-anal-
ysis found an important risk of bias in
the included studies. Whether the pre-
dictive accuracy of NCCT hematoma
EMs is generalizable to rHE and rou-
tine clinical practice remains unknown.
Despite recent standardized EM defini-
tions, most studies evaluating EMs
were conducted by expert readers who
took part in their development, without
external validation.4,16 Moreover, head-
to-head comparisons of all 9 EMs within
a single study are lacking. NCCT hema-
toma EMs are not currently used in rou-
tine clinical practice but could eventually
help select patients at high risk of HE in
future trials. To tackle these drawbacks
and externally validate EMs, we designed
a single-center retrospective diagnostic-
accuracy study to assess the predictive
accuracy of individual and combined
EMs for rHE. We also aimed to evaluate
whether EMs could improve the predic-
tion of rHE when added to other estab-
lished predictors of HE.

MATERIALS AND METHODS
This study was performed in accord-
ance with the Standards for Reporting
Diagnostic Accuracy Study (STARD)17

and the STrengthening the Reporting of
OBservational Studies in Epidemiology (STROBE) statement for
observational cohort studies.18 Our study was approved by our
institutional ethics review board, including a waiver of consent for
the use of deidentified patient data.

Study Population
We retrospectively identified consecutive patients with ICH
18 years of age or older who presented to the Centre Hospitalier
Universitaire de l’Université de Montréal between April 2016 and
April 2020. The Centre Hospitalier Universitaire de l’Université
de Montréal is a high-volume comprehensive stroke center and
primarily uses NCCT as initial imaging for patients presenting
with acute neurologic symptoms. At our institution, patients are

FIG 1. NCCT hematoma EMs. A, Blend sign: a relatively hypoattenuating area next to a hyperatte-
nuating area of the hematoma, with a well-defined margin and a density difference of .18 HU
between the 2 areas. B, Island sign: at least 3 scattered small hematomas all separate from the
main hematoma (black arrows) or at least 4 small hematomas, some or all of which may connect
with the main hematoma (dashed arrows), all visible on a single axial section. The white arrow
identifies both a hypodensity (any hypodense region strictly encapsulated within the hemorrhage
with any shape, size, and density) and a swirl sign (rounded, streak-like, or irregular region of
hypo- or isoattenuation compared with the brain parenchyma that does not have to be encapsu-
lated in the hematoma). C, Satellite sign: a small hematoma (diameter of ,10mm) separate from
the main hemorrhage in at least 1 section and distinct from the main hematoma by a 1- to 20-mm
separation (black arrows). D, Black hole sign: a hypoattenuating area with a density difference of
.28 HU compared with the surrounding hematoma, which has no connection with the surface
outside the hematoma (black arrow). This finding also corresponds to a hypodensity and a swirl
sign. For the 2 hypodense foci labeled with white arrows, because the density difference with
the hyperattenuating hematoma is ,28 HU, they cannot be considered black hole signs. E, Fluid
level: presence of 1 distinct hypoattenuating area (hypodense to the brain) above 1 hyperattenu-
ating area (hyperdense to the brain), below a discrete straight line of separation (dashed line), irre-
spective of its density appearance. F, Barras density and shape signs are evaluated on the axial
section showing the largest hematoma area and are based on a 5-point scale. Density is consid-
ered heterogeneous when there are$3 hypodensity foci within the hyperdense hematoma
(scale of III, IV, or V). Shape is considered irregular when there are $2 focal hematoma margin
irregularities, joined or separate from the hematoma edge (scale of III, IV, or V). Definitions from
Morotti et al.4
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worked up for a secondary etiology of ICH in the absence of clini-
cal or imaging findings that suggest small-vessel disease (ie, age,
history of hypertension, leukoaraiosis, microbleeds), according to
the physician’s judgment. Patients were identified from all hospi-
tal departments through discharge codes in the medical archives
and by query of our institution’s prospectively collected stroke re-
pository. We included patients with spontaneous ICH who were
diagnosed ,24 hours from symptom onset or last time seen well
and had an available follow-up NCCT performed,72hours after
the initial imaging. We did not specify a minimum time between
the initial and follow-up NCCT because patients may clinically
deteriorate and develop HE on a follow-up CT performed shortly
after the initial NCCT. Patients were excluded for the following
reasons: 1) if ICH was known to be due to an underlying macro-
vascular cause (eg, intracranial aneurysm, arteriovenous malfor-
mation, cerebral cavernous malformation, dural arteriovenous
fistula, or intracranial venous thrombosis), a brain neoplasm,
trauma, or hemorrhagic transformation of a cerebral infarct; and/
or 2) if patients underwent neurosurgical hematoma evacuation
or external ventricular drainage before a follow-up NCCT. We
used these criteria to enable adequate assessment of HE in our
sample. Baseline characteristics and the time interval from symp-
tom onset (or last seen well, if unknown) to the baseline NCCT
scan were collected by chart review.

Image Analysis
The presence or absence of 9 EMs was evaluated by study investi-
gators on baseline NCCT using standardized definitions.4 Images
were pseudonymized and analyzed on a dedicated research plat-
form to blind raters to subject identity, clinical information, and
follow-up images as well as the other readers’ interpretations. The
Barras shape and density markers (5-point ordinal scales) were
dichotomized to positive (3–5) versus negative (0–2), as previ-
ously published.4 Interobserver agreement was substantial to
almost perfect for most EMs except for Barras density (reader 1
versus 2) and Barras shape (reader 1 versus 3) for which estimates
were in the moderate-agreement range (Online Supplemental
Data). Disagreements were resolved by adjudication of the third
investigator.

Two study investigators, blinded to the double-read results
of the EM assessment, measured ICH and intraventricular
hemorrhage volumes on pseudonymized baseline and follow-
up NCCT using semi-automated manual segmentation techni-
ques (3D Slicer, Version 4.11; http://www.slicer.org) (Online
Supplemental Data). If multiple NCCTs were available within
72 hours after the initial imaging, we selected the first available
NCCT if rHE occurred and the latest available NCCT if rHE
did not occur.

Outcomes
We evaluated the predictive accuracy of EMs for rHE as the pri-
mary outcome and sHE as a secondary end point. rHE was
defined as any of the following: a$ 6-mL absolute or$33% rela-
tive increase in ICH volume, a $ 1-mL increase in intraventricu-
lar hemorrhage volume, or de novo intraventricular hemorrhage.
sHE was defined as a$ 6-mL absolute or$33% relative increase
in ICH volume.2

Statistical Analyses
The sample size was based on a convenience sample of all avail-
able data within the specified timeframe. Baseline characteristics
were compared using the x2 test of independence or the Fisher
exact test for categoric variables and Student t test for continuous
variables. We built 7 independent a priori composite variables
using a combination of markers to evaluate a potential gain in the
prediction of HE: 1) any shape marker (ie, at least 1 of Barras
shape, island, or satellite), 2) any density marker (ie, at least 1 of
Barras density, black hole, blend, fluid level, hypodensity, or
swirl), 3) any EM, 4) shape count (ie, total number of shape
markers), 5) density count (ie, total number of density markers),
6) EM count (ie, total number of EMs), and 7) the previously
reported “expansion-prone hematoma” ($1 of black hole, blend,
or island).19

To evaluate the predictive accuracy of individual and com-
bined EMs for rHE, we calculated their sensitivity, specificity,
positive predictive value, negative predictive value, positive and
negative likelihood ratios, diagnostic ORs, and accuracy. To
determine the association between EMs and rHE, we calculated
ORs with 2 sets of models using logistic regressions with maxi-
mum likelihood estimations. In our first set of models, we deter-
mined the association of each EM with rHE using univariable
logistic regression. In our second set of models, we determined
the added predictive value of each EM with likelihood ratio tests,
used to compare a reduced model (established predictors of HE)
nested into a full model (established predictors of HE plus 1
EM).20 Established predictors of HE include antiplatelet use, anti-
coagulant use, ICH volume on baseline imaging, and time from
symptom onset to baseline imaging, which were based on the
findings of a large meta-analysis of individual patient-level data.8

We used time from last seen well to imaging in our analyses
instead of time from symptom onset to include patients with
unclear symptom onset, who are also at risk for HE.14 We used
median imputation to replace missing values for last time seen
well to imaging (n ¼ 10). Otherwise, all other variables had com-
plete data. We subsequently explored the potential incremental
value of the EMs that were found to be independently associated
with rHE (Online Supplemental Data). We replicated all analyses
using sHE as a secondary end point. Statistical significance was
defined as a P, .05, without adjustment for multiple compari-
sons. All analyses were performed with R Studio (Version 1.4;
http://rstudio.org/download/desktop) and R statistical and com-
puting software (Version 4.2.2; http://www.r-project.org/).

RESULTS
Demographics and Outcomes
A total of 270 patients with spontaneous ICH were identified dur-
ing the study period. After we excluded 146 patients (Fig 2), the
study population encompassed 124 patients, of whom 51 (41%)
developed rHE and 35 (28%) developed sHE seen on follow-up
CT. The median initial ICH volume was 16mL (interquartile
range: 6–37 mL). The median time from last-seen-well to initial
CT was 107minutes (interquartile range: 75–228 minutes).
Twenty-six patients (21%) were treated with anticoagulants
(Online Supplemental Data). A CT or MRA was performed in
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100 patients (81%). A brain MR imaging and a DSA were per-
formed in 40 (32%) and 4 patients (3%), respectively.

Predictive Accuracy of NCCT EMs
On baseline NCCT, 104 patients (84%) had at least 1 EM, 93
(75%) had at least 2 EMs, and 70 (56%) had $3 EMs. The most
prevalent EMs were the swirl (69%), satellite (65%), and Barras

shape (50%) markers. The other 6
markers were present in,50% of cases.

No marker had both high sensitivity
and specificity for the prediction of rHE.
The satellite marker had the highest sen-
sitivity (78%; 95% CI, 65%–89%), while
the black hole marker had the highest
specificity (97%; 95% CI, 90%–100%)
(Fig 3). Only the black hole marker had
a positive likelihood ratio of.5, though
it had a wide CI (7.16; 95% CI, 1.64–
31.30). The negative likelihood ratios of
individual EMs ranged from 0.49 to
1.06. All measures of predictive accuracy
for rHE are available in the Online
Supplemental Data.

The presence of any marker had a
high sensitivity (90%; 95% CI, 79%–
97%) for the prediction of rHE but low
specificity (21%; 95% CI, 12%–32%).
Nevertheless, with an estimated negative
likelihood ratio of 0.48, the absence of
any marker would only shift the proba-
bility of rHE from 41% (pretest proba-
bility, ie, prevalence) to 25% (posttest
probability). Specificity for the predic-
tion of rHE increased slightly with the
number of positive EMs. However, com-
binations of 2–6 positive EMs had low
sensitivity for rHE (6%–22%) (Fig 4).

Association of NCCT EMs with rHE
The results of logistic regressions are pre-
sented in the Table. In univariable logistic
regressions, 5 markers were significantly
associated with rHE: hypodensity (OR ¼
3.18; 95% CI, 1.49–6.93; P ¼ .003), blend
(OR¼ 2.90; 95% CI, 1.08–8.38; P¼ .04),
black hole (OR ¼ 8.66; 95% CI, 2.15–
58.14; P ¼ .007), satellite (OR ¼ 2.84;
95% CI, 1.29–6.61; P ¼ .01), and Barras
shape (OR ¼ 2.41; 95% CI, 1.17–5.10;
P¼ .02). After adjustment for established
predictors of HE, only the black hole
marker (adjusted OR ¼ 5.62; 95% CI,
1.23–40.23; P ¼ .03) remained signifi-
cantly associated with rHE.We replicated
all our analyses on the original data set
without median imputation and obtained
similar results (data not shown).

All analyses were replicated using the sHE definition. Most
predictive performance metrics were similar to the ones obtained
using the rHE definition (Online Supplemental Data).

DISCUSSION
Our study provides an independent assessment of 9 NCCT he-
matoma EMs in a single cohort, including both standard and

FIG 2. Flowchart.

FIG 3. Sensitivity and specificity of NCCT expansion markers for rHE.

FIG 4. Sensitivity and specificity of expansion marker count for rHE.
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revised definitions of HE.5,7 The predictive performance of preva-
lence-insensitive metrics (sensitivity, specificity, and positive and
negative likelihood ratios) did not differ on the basis of both defi-
nitions. Combining EMs did not improve the predictive accuracy
for rHE compared with the top-performing EMs. Only 5 of 9
EMs were associated with rHE, with ORs similar to those in a
recent meta-analysis.12 After we adjusted for established predic-
tors of HE, only the black hole marker remained significantly
associated with rHE.

In a meta-analysis of individual patient data, the strongest
predictors of HE were time from symptom onset to baseline
imaging, baseline ICH volume, and antithrombotic medication
use.8 A new image-based prediction biomarker for HE should
ideally improve on such established predictors. In our study, only
the black hole marker remained associated with rHE in the multi-
variate analysis, and its added value in the full prediction model
was only marginally significant, with an adjusted OR that had
wide confidence intervals, partially resulting from its low preva-
lence. However, previous studies have shown that multiple other
EMs (blend, hypodensity, island) are significant predictors of
sHE and rHE.7,21 The latter studies did not include patients
treated with anticoagulants, which could partially explain the dif-
ference from our findings. The impact of anticoagulation on the
predictive performances of EMs is unknown, but at least 1 study
suggested that EMs can be used in patients treated with anticoa-
gulants.22 NCCT EMs may be necessary when other established
markers are unavailable, such as the time from symptom onset in
patients with an unwitnessed ICH.14

In addition to its independent association with rHE, the black
hole marker had the highest specificity, positive likelihood ratio,
and positive predictive value among EMs, in line with previous
studies that evaluated this marker using the sHE23 and rHE defi-
nitions.7 High specificity is important to reduce the rate of false-
positive expansion predictions in a future trial, especially if the

experimental treatment is associated
with serious adverse events, such as
thrombotic complications. However,
EMs with low sensitivity, such as the
black hole marker, would miss a large
proportion of patients at risk of rHE.
Using the EMs with a low prevalence
as an inclusion criterion in clinical tri-
als could slow down recruitment. This
issue was noticed in previous trials
using the spot sign as an inclusion
criterion.10

To improve the predictive accuracy
of individual EMs, we evaluated differ-
ent combinations of markers.24 Li et al19

introduced the expansion-prone hema-
toma to tackle the low sensitivity associ-
ated with the most specific markers
(black hole, blend, island) by allowing
the presence of any of the latter. We
found that the expansion-prone hema-
toma had lower sensitivity and specific-
ity than previously reported, with its

estimated negative likelihood ratio not in a range that is generally
considered clinically useful. The lack of improvement in predictive
accuracy with such EM combinations has been described in some
studies.21,25 One potential explanation is that different imaging
markers capture similar information, with diminishing returns in
predictive value when combined.

In our study, the swirl marker had lower specificity than pre-
viously reported.26 Its higher than previously reported preva-
lence in our results may result from our inclusion of more
diverse patients with ICH (ie, patients hospitalized in neurosur-
gery, patients treated with anticoagulants) or from a different
interpretation of the marker by the raters in our study. This dis-
crepancy raises the question of whether the predictive accuracy
of EMs is generalizable to all patients with spontaneous ICH
and whether the reliability of EMs is generalizable to all raters.27

The heterogeneity of sensitivity and specificity metrics found in
recent meta-analyses of EMs may partly reflect this issue.15

Thus, despite a positive association between EMs and HE, such
markers might not be robust enough to guide medical decisions
in clinical practice. A potential approach to improve the accu-
racy and reliability of NCCT-based HE prediction could include
emerging machine learning approaches, such as those from the
fields of radiomics or deep learning.28 Finally, it is possible that
outcome prediction based on baseline imaging might be inher-
ently limited. Even though EMs have a pathophysiologic ration-
ale, the fact that CT is only a snapshot of a dynamic process
might limit its potential value as a predictive biomarker, despite
optimal imaging analysis.29 Likewise, it is also possible that the
predictive performances of EMs decrease as the delay after
stroke onset increases, similar to the spot sign.30

Strengths and Limitations
The main strengths of our study include appraisal of all patients
with ICH for inclusion, blinded evaluation of EMs and HE, and
assessment of the 9 standardized EMs. Our results should be

Association of EMs with rHEa

EM
Unadjusted Adjustedb

OR (95% CI) P Value OR (95% CI) P Value
Barras density 1.96 (0.95–4.08) .07 1.11 (0.46–2.66) .81
Black hole 8.66 (2.15–58.14) .007c 5.62 (1.23–40.23) .03c

Blend 2.90 (1.08–8.38) .04c 1.45 (0.43–4.99) .55
Fluid level 0.38 (0.06–1.67) .25 0.35 (0.05–1.60) .18
Hypodensity 3.18 (1.49–6.93) .003c 2.01 (0.77–5.31) .15
Swirl 1.91 (0.87–4.37) .12 1.20 (0.48–3.05) .70
Barras shape 2.41 (1.17–5.10) .02c 1.48 (0.63–3.51) .37
Island 1.37 (0.53–3.55) .51 0.49 (0.12–1.72) .27
Satellite 2.84 (1.29–6.61) .01c 1.73 (0.68–4.57) .25
Combined EMs
Any shape marker 2.90 (1.26–7.18) .02c 1.87 (0.69–5.38) .22
Any density marker 1.76 (0.74–4.44) .21 0.93 (0.34–2.68) .90
Shape marker count 1.57 (1.11–2.27) .01c 1.17 (0.73–1.87) .51
Density marker count 1.51 (1.16–1.99) .003c 1.27 (0.87–1.86) .21
Any EM 2.38 (0.85–7.75) .12 1.33 (0.41–4.87) .64
EM count 1.33 (1.12–1.60) .002c 1.20 (0.91–1.58) .20
Expansion-prone hematoma 2.50 (1.16–5.50) .02c 1.30 (0.45–3.69) .63

a Revised hematoma expansion was defined as any of a$ 6-mL or$33% increase in ICH volume, a$ 1-mL increase
in intraventricular hemorrhage volume, or de novo intraventricular hemorrhage.
b Adjusted for antiplatelet use, anticoagulant use, baseline ICH volume, and last-seen-well to initial CT.
c P , .05.
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interpreted with caution due to our relatively small sample size,
which resulted in imprecise estimation of the prevalence of EMs
and therefore of their predictive accuracy. Our small sample size
also precluded a more comprehensive assessment of incremental
prediction values, the detection of smaller associations, and the
conduct of subgroup analyses. The time interval between the ini-
tial and follow-up NCCT was variable but was not associated
with rHE. This study was performed at a single institution and
should be repeated in a multicenter setting to mitigate potential
selection biases inherent to a tertiary care center. In addition, we
used a consensus evaluation of NCCT EMs in a retrospective set-
ting, which differs from the acute setting and could impact the
predictive performances. We included only patients with sponta-
neous ICH who did not undergo surgery before follow-up imag-
ing, which may have potentially excluded patients with larger
baseline ICH volumes. Similarly, we did not include patients who
died before follow-up CT, which also may have led to a depletion
of patients more likely to have HE.

Because of these exclusion criteria, the prevalence of rHE may
be underestimated. The median ICH volume was low (16mL)
but similar to that reported in large trials.31,32 We did not evalu-
ate functional outcome due to a significant proportion of missing
follow-up data, because many patients were transferred to sec-
ondary stroke centers after their follow-up imaging. The estab-
lished predictors of HE included in our models were initially
reported with the sHE and not the rHE definition.8 However, the
rHE definition is a refinement of the sHE definition and evaluates
the same underlying process. We did not evaluate the interaction
between time from ICH onset and the predictive performances of
EMs. Finally, we performed multiple analyses without accounting
for multiplicity, possibly having led to false-positive findings.

CONCLUSIONS
Most NCCT EMs were not found to be significantly associated
with rHE after adjustment for established predictors of HE. No
individual or combined NCCT EMs provided both the high sen-
sitivity and specificity that would be required to identify patients
at risk of HE. Larger and ideally multicenter studies are needed to
further evaluate an NCCT-based approach to HE prediction
before implementing these markers for decision-making in acute
ICH.

Data Sharing
Data, analytic methods, and study materials will be made avail-
able to any researcher for reproducing the results or replicating
the procedure. Requests to receive these materials should be sent
to the corresponding author, who will maintain their availability.

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

Evaluation of Motion-Corrected Multishot Echo-Planar
Imaging as an Alternative to Gradient Recalled-Echo for

Blood-Sensitive Imaging
J.A. Murchison, D. Shoshan, M.B. Ooi, Z. Li, and J.P. Karis

ABSTRACT

SUMMARY: We evaluated motion-corrected multishot EPI compared with gradient recalled-echo imaging to determine whether it
can be used as a faster technique for blood-sensitive imaging in the emergency department setting. Multishot EPI was found to be
superior to gradient recalled-echo (P, .05) in motion artifacts, overall image quality, and lesion detection. These results and reduced
scan time make motion-corrected multishot EPI a viable alternative for blood-sensitive imaging in the emergency department setting.

ABBREVIATIONS: GRE ¼ gradient recalled-echo; msEPI ¼ multishot echo-planar imaging

MR imaging of the brain performed in the emergency depart-
ment requires time-efficient acquisition protocols to provide

timely patient care and maintain patient throughput.1 In addition, a
T2*-sensitive series that demonstrates pathologic hemorrhage is
critically important when performing emergency department MR
imaging examinations. Gradient recalled-echo (GRE) imaging is
favored over SWI at our institution as a more time-efficient tech-
nique for obtaining T2*-weighted images. The GRE sequence at our
institution uses approximately 30% of the total examination time
(approximately 2minutes of an 8-minute examination). We previ-
ously attempted to implement a T2* sequence using a multishot EPI
(msEPI) technique, which permits more rapid image acquisition
(�50% faster compared with GRE); however, the sequence was par-
ticularly vulnerable to patient motion (unpublished data). Recently
developed motion-correction techniques for msEPI use a navigator
echo that can reduce motion and phase errors, which are common
in patients with acute medical conditions (Fig 1).2-4 In this study,
we evaluated a novel 2D interleaved motion-corrected msEPI
sequence to determine whether it can be used as a faster technique
for blood-sensitive imaging in the emergency department.

MATERIALS AND METHODS
Patient Population
This prospective study was performed at a single clinical site, was
approved by the institutional review board, and was compliant with

the Health Insurance Portability and Accountability Act. Patients in
the emergency department undergoing nonemergent imaging for
stroke were eligible for inclusion. Informed consent was waived for
this minimum-risk study, and motion-corrected msEPI sequences
were obtained in addition to the standard GRE sequences.

Imaging Methods
The msEPI sequence and reconstruction algorithm were devel-
oped by Li et al.5 The study was performed on a single Ingenia
MR imaging scanner (Philips Healthcare) with a standard hard-
ware configuration. A standard-of-care GRE sequence with com-
pressed sensing was obtained, with a 230� 230 mm2 FOV,
1.0� 1.1 mm2 resolution, 5-mm section thickness, 1-mm section
gap, 18° flip angle, 18-ms TE, �25–32 slices, compressed sensing
factor of 2, and �105Hz/pixel frequency-direction receiver band-
width. The TR and total scan time varied with the number of pre-
scribed slices. The typical TR used was �860ms, and the typical
scan time was �2minutes 15 seconds. The proposed motion-cor-
rected msEPI with a navigator echo scan was then obtained with
matched geometric parameters. The image echo was acquired with
an echo-train length of 27, eight shots, 24-ms TE, �945Hz/pixel
frequency direction, and �27Hz/pixel phase-direction receiver
bandwidths. The navigator echo was collected with an echo-train
length of 23, sensitivity encoding acceleration factor of two, 72-ms
TE, 2 signal averages, and �1-minute scan time. Because the ra-
diofrequency pulse must be refocused, T1-related tissue signal re-
covery is interrupted, resulting in altered tissue contrast compared
with msEPI without a navigator echo. A 120° flip angle and
�3500-ms TR were chosen to match tissue contrast.

Radiologic Assessment
Two radiologists (1 staff neuroradiologist and 1 neuroradiology
fellow) reviewed all subjects, and consensus scoring was obtained.

Received October 26, 2022; accepted after revision April 27, 2023.

From the Department of Neuroradiology (J.A.M., D.S., Z.L., J.P.K.), Barrow
Neurological Institute, St. Joseph’s Hospital and Medical Center, Phoenix, Arizona;
and Philips Healthcare (M.B.O.), Houston, Texas.

This work was partially supported by Barrow Neurological Foundation.

Please address correspondence to John P. Karis, MD, c/o Neuroscience Publications;
Barrow Neurological Institute, St. Joseph’s Hospital and Medical Center, 350 W
Thomas Rd, Phoenix, AZ 85013; e-mail: Neuropub@barrowneuro.org

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7892

AJNR Am J Neuroradiol 44:665–67 Jun 2023 www.ajnr.org 665

https://orcid.org/0000-0001-7995-7494
https://orcid.org/0000-0001-5632-7422
https://orcid.org/0000-0003-2221-4926
https://orcid.org/0000-0003-1085-5734
https://orcid.org/0000-0003-4181-4185
mailto:Neuropub@barrowneuro.org


For each subject, the matching pairs of GRE and motion-corrected
msEPI were compared and scored relative to one another on
motion artifacts, skull base susceptibility artifacts, overall image
quality, and lesion conspicuity (marked NA if no lesion was visi-
ble). Each metric was scored on a 5-point Likert scale, in which 1
indicated that GRE was much better than msEPI, 2 indicated that
GRE was better than msEPI, 3 indicated that the 2 modes were
comparable, 4 indicated that msEPI was better than GRE, and 5
indicated that msEPI was much better than GRE. The position in
which GRE and motion-corrected msEPI scans were presented
was randomized (left versus right) and anonymized for review.
Additional sequences were made available when requested to con-
firm the presence of a lesion. Susceptibility artifacts associated
with adjustable shunt valves and postoperative pneumocephalus
were also included in the evaluation of skull base susceptibility
artifacts because they degrade image quality. Lesions bright on T2-
weighted imaging (eg, arachnoid cysts and cystic encephalomala-
cia without hemosiderin staining) and lesions originating from the
skull base were not considered for scoring lesion conspicuity

because these lesions do not show susceptibility and thus were not
considered a T2* imaging lesion.

Statistical Analysis
Statistical analysis was performed using R statistical and com-
puting software (Version 4.1.3; http://www.r-project.org).
Nonparametric statistics were used because of the use of ordinal
data. A 1-sample Wilcoxon signed-rank test was used to compare
GRE versus motion-corrected msEPI. We tested the null hypoth-
esis, H0: D ¼ 3; where D is the average of the 2 scores over the
subject population for a given metric because a score of 3 means
that msEPI is comparable with GRE. Rejection of the null hy-
pothesis suggests that the scoring distribution is not symmetric
around 3 but in favor of either GRE D,3 or msEPI D.3.
Significance was set at P, .05.

RESULTS
Imaging was performed and analyzed for a total of 137 subjects
with 53 subjects having T2* lesions. The cohort included 57 male
patients and 80 female patients (mean age, 50.9 years; range, 9–
90 years). Motion-corrected msEPI was superior to GRE in
motion artifacts (P , .001), image quality (P , .001), and lesion
conspicuity (P , .001). However, GRE was superior to motion-
corrected msEPI in skull base artifacts (P, .001) (Fig 2). Detailed
assessment scores are included in the Online Supplemental Data.

DISCUSSION
Although the reduced overall signal due to the decreased scan
time of the motion-corrected msEPI could have resulted in sub-
optimal imaging, we found that motion-corrected msEPI dem-
onstrated improved overall image quality compared with GRE.
Both reviewers noted that although overall signal intensity was
less for motion-corrected msEPI compared with GRE, contrast
resolution and sharpness were better with msEPI. Contrast
between the lesions and the surrounding tissues was measured,
and the mean values were 0.675 (range, 0.183–0.987) for GRE
and 0.800 (range, 0.367–0.994) for msEPI. The results from 18

FIG 1. Axial MR images in a patient with a large left thalamic hemorrhage showing the effects of motion artifacts on standard GRE imaging (A)
compared with non–motion-corrected (B) and motion-corrected (C) msEPI. Also note the increased conspicuity of a small parenchymal hemor-
rhage (arrow) in the right parietal region on msEPI compared with standard GRE. Reprinted with permission from the Barrow Neurological
Institute, Phoenix, Arizona.

FIG 2. Results of scoring between GRE and msEPI for a total of 137
subjects with 53 subjects having T2* lesions. Motion-corrected msEPI
was superior to GRE imaging in motion artifacts (P, .001), image qual-
ity (P , .001), and lesion conspicuity (P , .001). However, GRE was
superior to motion-corrected msEPI in skull base artifacts (P , .001).
Reprinted with permission from the Barrow Neurological Institute,
Phoenix, Arizona.
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measurable lesions showed that the msEPI had a greater differ-
ence between lesions and surrounding tissue compared with
GRE, though this difference was not statistically significant. The
lack of statistical significance might be partially due to the lim-
ited sample size.

Motion-corrected msEPI was rated as superior to GRE for
motion artifacts. When significant motion artifacts were present,
some GRE images were nondiagnostic and were repeated accord-
ing to the protocol. This repeat sequence resulted in longer over-
all examination times for those patients. Only 3 subjects had
worse motion artifacts associated with msEPI compared with
GRE, possibly because of randomly increased patient motion
during msEPI acquisition compared with during the GRE acqui-
sition. Additional images of GRE and msEPI with and without
motion correction are presented in the Online Supplemental
Data.

Motion-corrected msEPI was also rated as superior to GRE
for lesion detection. Every lesion identified on GRE was also
identified on msEPI, but msEPI identified some lesions that were
not identified on GRE (Fig 3).

As expected, GRE was found to have less susceptibility at the
skull base compared with motion-corrected msEPI due to a
designed longer effective TE resulting in increased susceptibility-
induced signal loss. Skull base susceptibility artifact assessment
also served as an internal control to ensure appropriate T2*
weighting of msEPI. Note that increased skull base susceptibility
artifacts did not negatively affect image quality or lesion detec-
tion. Although 3D msEPI provides fine section coverage and a
high signal-to-noise ratio, it is still prone to motion artifacts,
which are of great concern in the emergency department setting.

Motion-corrected 2D msEPI can
potentially alleviate this concern
through the use of a navigator echo.

Motion-corrected msEPI performed
better than GRE in motion artifacts,
overall image quality, and lesion detec-
tion. Skull base susceptibility artifacts
were more prominent on msEPI than
on GRE, consistent with the longer
effective TE of msEPI, resulting in
increased susceptibility-induced signal
loss.

CONCLUSIONS
For institutions that have attempted
implementation of non-motion-corrected
msEPI but have been unsuccessful due
to image degradation from patient
motion, the improved image quality
and reduced scan time achieved by
replacing GRE with motion-corrected
msEPI makes this new technique a via-

ble alternative for blood-sensitive imaging in the emergency
department.
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ORIGINAL RESEARCH
INTERVENTIONAL

Medical Imaging Compatibility of Magnesium- and Iron-
Based Bioresorbable Flow Diverters

A.A. Oliver, E.K. Koons, P.S. Trester, J.E. Kleinow, R.S. Jonsgaard, A.J. Vercnocke, C. Bilgin, R. Kadirvel, S. Leng,
A. Lu, D. Dragomir-Daescu, and D.F. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: Bioresorbable flow diverters are under development to mitigate complications associated with con-
ventional flow-diverter technology. One proposed advantage is the ability to reduce metal-induced artifacts in follow-up medical
imaging. In the current work, the medical imaging compatibility of magnesium- and iron-based bioresorbable flow diverters is
assessed relative to an FDA-approved control in phantom models.

MATERIALS AND METHODS: Bioresorbable flow diverters, primarily composed of braided magnesium or antiferromagnetic iron
alloy wires, were compared with an FDA-approved control flow diverter. The devices were assessed for MR imaging safety in terms
of magnetically induced force and radiofrequency heating using 1.5T, 3T, and 7T field strength clinical scanners. The devices were
deployed in phantom models, and metal-induced image artifacts were assessed in the 3 MR imaging scanners and a clinical CT
scanner following clinical scan protocols; device visibility was assessed under fluoroscopy.

RESULTS: The magnesium-based bioresorbable flow diverter, iron-based bioresorbable flow diverter, and the control device all
demonstrated MR imaging safety in terms of magnetically induced force and radiofrequency heating at all 3 field strengths. The
bioresorbable flow diverters did not elicit excessive MR imaging artifacts at any field strength relative to the control. Furthermore,
the bioresorbable flow diverters appeared to reduce blooming artifacts in CT relative to the control. The iron-based bioresorbable
flow diverter and control device were visible under standard fluoroscopy.

CONCLUSIONS:We have demonstrated the baseline medical imaging compatibility of magnesium and antiferromagnetic iron alloy
bioresorbable flow diverters. Future work will evaluate the medical imaging characteristics of the bioresorbable flow diverters in
large-animal models.

ABBREVIATIONS: BRFD ¼ bioresorbable flow diverter; FD ¼ flow-diverting device; FeBRFD ¼ iron-based bioresorbable flow diverter; MgBRFD ¼ magne-
sium-based bioresorbable flow diverter; RF ¼ radiofrequency; Tg ¼ gravitational torque; Tmax ¼ maximum torque

An estimated 5% of the US population has an intracranial an-
eurysm. Approximately 30,000 rupture annually, resulting

in the death of one-half the patients within 6 months.1 Therefore,
it is critical to treat intracranial aneurysms before their rupture.

Flow-diverting devices (FDs) are a rapidly growing endovascular
approach for the treatment of intracranial aneurysms due to their
high aneurysm occlusion rates in the clinic.2 However, all FDA-
approved FDs are composed of permanent materials that will
remain in the patients for the duration of their lives. This outcome
exacerbates complications such as device-induced thromboembo-
lism3,4 and stenosis of the parent artery.5-7 Another limitation of
FDs is metal-induced imaging artifacts.8 These artifacts impede
noninvasive follow-up CT and MR imaging of FD performance.9

Metal-induced artifacts can obstruct the radiologist’s view of tis-
sues adjacent to the device, making it difficult to assess aneurysm
healing, the degree of stenosis, and the presence of thrombi.

Bioresorbable flow diverters (BRFDs) are emerging as the next

generation of FD technology to mitigate these complications.10

BRFDs aim to serve their transient function of healing and occlud-

ing the aneurysm and subsequently to be safely resorbed into the

body. BRFDs show promise in reducing metal-induced image
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artifacts for 2 reasons: First, before any resorption, the innate ma-
terial properties of many bioresorbable materials induce fewer
metal artifacts than conventional FD materials.11-13 Second, the
progressive and eventual complete resorption reduces device vol-
ume and, therefore, metal-induced artifacts with time.14

We have previously developed BRFDs out of magnesium
(MgBRFD) and iron (FeBRFD) alloys.15 In the current work, we
evaluate the medical imaging compatibility of the MgBRFD and
FeBRFD relative to an FDA-approved control FD. MR imaging
safety and both MR imaging and CT artifacts induced by the devi-
ces are assessed using phantommodels. Device visibility for fluoros-
copy-guided delivery is assessed using the same phantom models.
This work serves as a baseline demonstration of the medical imag-
ing compatibility of metallic bioresorbable vascular devices.

MATERIALS AND METHODS
Devices
The MgBRFDs and FeBRFDs have been previously described in
detail.15 In short, the MgBRFDs and FeBRFDs contained 32 and 48
braided wires, respectively. Three-quarters of the wires in each de-
vice are composed of bioresorbable magnesium (50-mm diameter)
or iron (25-mm diameter) alloys. The iron alloy is composed of an
austenitic crystal structure, theoretically resulting in antiferromag-
netic properties.16-18 The remaining wires are tantalum (30-mm di-
ameter) to provide radiopacity during device delivery in vivo. The
MgBRFDs and FeBRFDs were 4.75mm in diameter and 10mm in
length. Wire subcomponents for both BRFDs were manufactured
by Fort Wayne Metals. The Pipeline Embolization Device
(Chestnut Medical) was used as the FDA-approved control FD.
The control FD was composed of a braid of 36 cobalt chromium
alloy and 12 platinum-tungsten wires (25- to 32-mm diameter). The
control FD was 3.75mm in diameter and 10mm in length.

MR Imaging Evaluations
Magnetically Induced Force and Torque. The force induced on
the devices by the magnetic field of clinical MR imaging scanners
was evaluated with reference to ASTM F 2052–15 (ASNI
Webstore).19 The devices were hung from a stand using a string
of negligible mass. The stand started at a position 90 cm away
from the bore opening to the MR imaging scanner. The stand
was then advanced toward the bore opening in 10 increments
until it was 13 cm within the bore. Advancing the stand further
within the bore obstructed the view of the device and made it
impossible to assess the deflection angle. At every increment, the
deflection angle was assessed using a protractor attached to the
stand, as previously described.14 Deflection angle estimations
were rounded up to the nearest 5° increment to conservatively
assess the magnetically induced force. Magnetically induced force,
Fm, was calculated using the equation: Fm¼m� g� tan(a), where
m is the mass of the device, g is the acceleration of gravity, and
a is the deflection angle.14 This process was repeated for the
MgBRFD, FeBRFD, and control FD using 1.5T (Signa HDxt;
GE Healthcare), 3T (Signa Premier; GE Healthcare), and 7T
(Magnetom Terra; Siemens) clinical MR imaging scanners. The
maximum spatial gradient within our area of measurement was
320, 550, and 500 G/cm for the 1.5T, 3T, and 7T scanners,
respectively.

Magnetically induced torque on the implant was calculated
using magnetically induced force in accordance with ASTM
F2213 (ANSI Webstore).20 The maximum torque (Tmax) was esti-
mated using the equation: Tmax ¼ (Bsat � Fm) / (4 � dB/dz),
where Bsat is the magnetic saturation of the device material, Fm is
the magnetically induced force described above, and dB/dz is the
maximum spatial gradient within our area of measurement. The
Bsat of the device materials was unknown and was, therefore, con-
servatively estimated at 2.2T, the value for pure iron. Maximum
gravitational torque (Tg) was calculated by multiplying the force
of gravity acting on the device length.

Radiofrequency Heating. Radiofrequency (RF)-induced heating
of the devices was evaluated with reference to ASTM F 2182–
1121 (ASTM). An MgBRFD, FeBRFD, or control FD was placed
in a phantom composed of 1.32 g/L of NaCl and 10 g/L of polya-
crylic acid in deionized water to simulate physiologic electrical
and thermal properties.21 Two temperature probes were placed
on the surface of the device, with one in the middle and one at
the end of the device. The device was held in place in the phan-
tom using a wooden dowel. A third temperature probe was
placed in the phantom far from the device to measure back-
ground fluctuations in phantom temperature. The phantom and
the device were placed as laterally as possible on the patient table
where potential RF heating is expected to be worse than in the
center of the bore. Each device type or phantom was imaged
using a T1-weighted fast spin-echo sequence on the 1.5T, 3.T,
and 7T clinical MR imaging scanners. Specific scan parameters
are presented in the Online Supplemental Data. Temperature was
measured for 2minutes before the scan and for the duration of
the scan sequence. For each temperature probe, the difference in
average temperature between the prescan and scan duration was
calculated. The temperature changes from the 2 probes at the de-
vice surface were averaged together, and the temperature change
from the background probe was subtracted from this average.

Imaging Artifacts. An MgBRFD, FeBRFD, or control FD was
placed within the phantom described above and imaged with a
T1-weighted fast spin-echo sequence and a gradient-echo
sequence using the 1.5 T, 3T, and 7T clinical MR imaging scan-
ners. The specific scan parameters for both sequences are pre-
sented in the Online Supplemental Data. All scans were
completed in first level operating mode.

CT Artifacts. An MgBRFD, FeBRFD, or a control FD was
deployed within silicone sidewall aneurysm models. The aneu-
rysm neck was 4mm, and the height and width were 8mm. The
parent artery diameter was 4mm for the MgBRFD and FeBRFD
and 3.75mm for the control FD to appropriately match the de-
vice diameters. The devices containing aneurysm models were
perfused with Omnipaque iodine contrast (GE Healthcare)
diluted to a concentration of 20mg/mL using deionized water
and placed within a 20-cm water phantom to mimic contrast-
enhanced neurovasculature and attenuation in the human head.
The samples were scanned using a clinical energy-integrating de-
tector CT scanner (Somatom Force; Siemens) following the dual-
source, dual-energy clinical circle of Willis protocol at our institu-
tion. The scan parameters are presented in the Online

AJNR Am J Neuroradiol 44:668–74 Jun 2023 www.ajnr.org 669



Supplemental Data. The first scan before any device resorption
was considered the 0-week time point.

The models containing MgBRFDs and FeBRFDs were then
incorporated into a flow loop mimicking the physiologic environ-
ment to simulate device resorption using methods previously
described in detail.15 At 1-, 5-, and 12-week time points, the devi-
ces were removed from the flow loop and imaged using a micro-
CT scanner (SkyScan 1276; Bruker) to quantify reductions in de-
vice volume across time, as previously described.15 Immediately
following micro-CT imaging, the device-containing models were
perfused with contrast and re-imaged with the clinical CT scan-
ner using the same technique as the 0-week time point. Following
each scan, the device-containing models were re-incorporated
into the flow loop until the next scan. This step allowed us to
investigate changes in clinical CT artifacts associated with device
resorption with time.

Fluoroscopy. A MgBRFD, FeBRFD, and control FD were
deployed within the same silicone aneurysm models and placed
within the 20-cm water phantom described above. The devices
were then imaged using an Artis Zee angiography unit (Siemens)
to assess their visibility for fluoroscopy-guided delivery. The devi-
ces containing the silicone aneurysm models were then removed
from the 20-cm water phantom and imaged directly on the tab-
letop to more clearly depict the devices. The same x-ray tube
position and angle were used for the water phantom and tabletop
tests. The distance of the x-ray tube to aneurysm models was also
standardized.

RESULTS
Magnetically Induced Force, Torque, and RF Heating
The deflection angles of the control FD, MgBRFD, and FeBRFD
at various locations relative to the bore opening of 1.5T, 3T, and
7T clinical MR imaging scanners are presented in Fig 1. The mag-
netic fields of the MR imaging scanners did not induce any de-
tectable deflection for the control FD and the MgBRFD at any

field strength. The FeBRFD deflected 5° and 15° at the bore open-
ing of the 3T and 7T strength scanners, respectively. The calcu-
lated force of gravity (Fg), magnetically induced force (Fm) at the
bore opening, and the ratio Fm/Fg are presented in the Online
Supplemental Data for all device types and field strength scan-
ners. Although the FeBRFD experienced detectable deflection at
the bore opening of the 3T and 7T scanners, the magnetically
induced force acting on the device from the MR imaging scanner
was less than one-third of the force of gravity acting on the device
(Fm/Fg ¼ 0.09 at 3T, Fm/Fg ¼ 0.27 at 7T) in the area tested.
Because the highest spatial gradient of the magnetic field is ,3
times the maximum spatial gradient within the area of our meas-
urements, the magnetically induced force, therefore, does not
present a notable safety concern for the control FD, MgBRFD,
and FeBRFD.

In theory, the austenitic crystal structure of the iron alloy used
in FeBRFD should result in a completely nonferromagnetic de-
vice and consequently no magnetically induced force. The small
observed deflections are likely due to tiny ferromagnetic impur-
ities within the crystal structure of the iron alloy. The Tmax on the
devices was estimated using Fm, Tmax, and Tg, and the ratio of
Tmax/Tg is presented in Online Supplemental Data for all device
types and field strength scanners. No torque was estimated for
the control FD and MgBRFD at any scanner strength. The esti-
mated Tmax of the FeBRFD was less than the gravitational torque
in the 3T scanner, but approximately 3 times greater than Tg in the
7T scanner (Tmax/Tg ¼ 0.8 at 3T, Tmax/Tg ¼ 2.8 at 7T). These esti-
mations indicate that the FeBRFD is MR imaging–conditional at 3T,
and further considerations would be required for evaluating safety at
7T. However, our Tmax estimations are likely overestimates, because
the Bsat for the antiferromagnetic resorbable iron alloy is likely much
less than the 2.2T value conservatively used on the basis of pure
iron.

For the evaluation of RF heating, no device type at any field
strength resulted in a change in temperature of .0.34°C. The
small observed RF heating temperature changes are within the
range of fluctuations in room temperature and are negligible

FIG 1. Deflection angle of the control FD, MgBRFD, and FeBRFD at various locations relative to the bore opening of 1.5T, 3T, and 7T field strength
clinical MR imaging scanners. Negative values are outside the bore, with 0 cm representing the bore opening. Deflection angle estimates are
rounded up to the next highest 5° increment.
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from a physiologic safety standpoint. Therefore, these data sug-
gest that the control FD, MgBRFD, and FeBRFD are MR imag-
ing–conditional and can be safely scanned at the tested field
strengths from the RF heating perspective.

MR Imaging Artifacts
MR imaging artifacts from the control FD, MgBRFD, and
FeBRFD using both a T1-weighted fast spin-echo sequence and a
gradient-echo scan sequence for all 3 field strength MR imaging
scanners are presented in Fig 2. The MgBRFD imaged with the
fast spin-echo sequence and the control FD for both scan sequen-
ces are barely detectable at 1.5T. Generally, for each device type,
the gradient-echo sequence induced larger artifacts than the fast
spin-echo sequence. However, the actual size of the artifacts

depends on many acquisition parameters such as TE, echo-train
length, acquisition bandwidth, the orientation of the device in the
scanner bore, and so forth. The FeBRFD appeared to induce
slightly more artifacts than the control FD and MgBRFD when
matched for scan sequence and scanner strength. Overall, MR
imaging artifacts induced by the MgBRFD and FeBRFD are not
excessive relative to the control FD, suggesting suitable MR imag-
ing compatibility for the bioresorbable devices.

CT Artifacts
Representative CT images of the control FD, MgBRFD, and
FeBRFD, as well as reductions in resorbable material volume are
presented in Fig 3. The control FD induced the most blooming
artifacts, resulting in the device appearing larger than its physical

FIG 2. MR imaging artifacts induced by the control FD, MgBRFD, and FeBRFD using a fast spin-echo sequence with T1 weighting (FSE T1) and a
gradient recalled-echo (GRE) scan sequence with 1.5T, 3T, and 7T field strength clinical MR imaging scanners.

FIG 3. Representative CT images of the control FD, MgBRFD, and FeBRFD and reduction in resorbable device volume with time. A represents
the aneurysm sac, L represents the lumen of the parent artery, and B represents trapped air bubbles. The arrows indicate examples of crossing
tantalum marker wires. The scale bar is 5mm.
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size. No struts were visible in the control FD, making it appear as
a solid cylinder due to blooming artifacts of highly attenuating
metals. This feature obstructed the view of the aneurysm neck
and made the parent vessel appear more stenosed. For the
MgBRFD and FeBRFD, the only apparent struts were the tanta-
lum radiopaque marker wires. Representative images for the
MgBRFDs and FeBRFDs were selected at locations where the tan-
talum wires within the braid crossed, making it appear as if there
were half the amount of tantalum wires than physically present.
These locations were selected to create larger regions of biore-
sorbable wires unimpeded by the blooming of adjacent tantalum
wires. The magnesium alloy resorbable wires were not detected at
0weeks because their CT numbers were very similar to the con-
trast within the aneurysm model. Consequently, their resorption
with time and near-complete resorption at 5weeks did not have
any visible implications for image quality. It is difficult to discern
whether the iron alloy resorbable wires are detectable between
the tantalum struts or if the increased CT number relative to the
contrast is caused by blooming of the adjacent tantalum wires. A
reduction down to 65% of the initial bioresorbable iron alloy vol-
ume as determined by micro-CT at 12weeks did not appear to
influence the resulting images.

Fluoroscopy
Fluoroscopy images of the MgBRFD, FeBRFD, and the control
FD are presented in Fig 4. When placed in the 20-cm water phan-
tom (FOV ¼ 32 cm, kV¼ 70, mA ¼ 258), the MgBRFD is barely
detectable. The FeBRFD is more visible, owing to the greater
number of tantalum wires within the braid in addition to the
higher density of the iron alloy over the magnesium alloy. The
control FD is the most apparent. When removed from the water
phantom, all 3 devices are detectable, and the braided structure
becomes more visible (FOV ¼ 32 cm, kV ¼ 70, mA ¼ 31). Our
incorporation of twelve 30-mm-diameter tantalum wires in the
FeBRFD resulted in an overall device radiopacity that would
likely be suitable for fluoroscopy-guided delivery. However, these
images also suggest that the device design could be improved in
this respect. The ideal FD design requires a balance between fluo-
roscopic visibility and minimal CT artifacts.

DISCUSSION
In the current work, we demonstrate the medical imaging com-
patibility of a novel MgBRFD and FeBRFD relative to an FDA-
approved control FD. With reference to the FDA guidance docu-
ment “Testing and Labeling Medical Devices for Safety in the
Magnetic Resonance Environment,”22 all 3 devices were MR
imaging–conditional from a magnetically induced force and RF
heating standpoint at all MR imaging scanner strengths. The
FDA suggests that passive devices such as FDs ,2 cm in all
dimensions and ,3 cm away from other implants do not require
RF heating evaluations at #3T, because they are not expected to
generate a temperature change of .2°C.22 Our results validate
this point and expand it up to a 7T scanner. The magnetically
induced torque of all 3 devices was less than the Tg in all 3 scan-
ners, other than the FeBRFD in the 7T scanner. Devices with a
lower magnetically induced torque than Tg are considered MR
imaging conditional.22 However, a greater magnetically induced
torque may still be acceptable depending on the type of tissue ad-
jacent to the device and how the device is fastened within it.22 In
the case of stents and FDs, it may be necessary to wait several
months until the device is encapsulated by tissue before obtaining
MR images. Finally, the MgBRFD and FeBRFD did not induce
excessive MR imaging artifacts relative to the control FD.

The MgBRFD and FeBRFD appeared to reduce blooming
artifacts in CT images relative to the control FD, and the FeBRFD
was still visible under fluoroscopy. This feature may result in a
more accurate assessment of healing at the aneurysm neck and
device-induced stenosis in follow-up imaging. The only obvious
CT artifacts in the MgBRFD and FeBRFD images were caused by
the tantalum marker wires. This feature suggests that an optimal
BRFD design should contain the minimum volume of radiopaque
markers required for fluoroscopy-guided delivery, while maximiz-
ing the amount of resorbable magnesium or iron alloy compo-
nents within the device. Magnesium and iron alloys are regularly
applied to other vascular scaffolding applications, such as coro-
nary stenting.23 This work can also serve as a baseline demonstra-
tion of medical imaging compatibility for these devices.

Other groups have investigated the medical imaging compatibil-
ity of BRFDs. Morrish et al11 demonstrated suitable visibility for flu-
oroscopy-guided device delivery of their primarily polymer-based
BRFD. Furthermore, they demonstrated a quantitative reduction in
device-induced artifacts in MR imaging and CT images when their
BRFD was compared with an FDA-approved control FD. They also
showed that their BRFDs improved the image quality of MR imag-
ing when assessed by 8 blinded neuroradiologists. Their work
showcased the ability of BRFDs to reduce device-induced artifacts
and improve medical imaging quality. Our work investigates and
extends these results to the imaging compatibility of metallic
BRFDs. Bian et al14 investigated the MR imaging compatibility of a
bioresorbable iron–based coronary stent. Their stent was primarily
composed of a ferromagnetic nitrided iron backbone. The ferro-
magnetic properties resulted in magnetically induced forces from
the MR imaging scanners that were substantially larger than the
force of gravity acting on the devices. However, RF heating and
image artifacts were negligible relative to industry-standard con-
trols. Most notably, their devices demonstrated the ability to reduce
artifacts with their progressive resorption across time in vivo.

FIG 4. Fluoroscopic images of the MgBRFD, FeBRFD, and control FD
placed within a 20-cm water phantom (top) and directly onto the
tabletop (bottom). The scale bar is 5mm.
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DSA is currently the criterion standard follow-up technique
because its quality is not affected by device-related metallic arti-
facts.24 However, DSA is an invasive procedure with potential
complications that include cerebral microembolism and puncture
site hematoma and pseudoaneurysm.24 Therefore, there has been
growing interest in the use of noninvasive techniques such as CT
and MR imaging in the follow-up of aneurysms treated by endo-
vascular means. The current literature indicates that noninvasive
imaging methods are safer and more cost-effective compared
with DSA as a primary follow-up technique.25,26 However, CT
and MR imaging are susceptible to metal artifacts, which can
affect the quality of scan and assessment. Vascular device design
and material selection have implications for CT and MR imaging
compatibility.9,27,28 Halitcan et al8 recently reported that nitinol
FDs are advantageous for clinical TOF MR angiography follow-
up of FD performance over cobalt-chromium FDs. In CT imag-
ing, both the strut thickness and material selection affect the
degree of x-ray attenuation and consequently the extent of metal-
induced artifacts.29,30 Additionally, the improvement of medical
imaging technology to mitigate metal-induced image artifacts
and enhance the image quality of endovascular devices remains a
growing topic of research.31,32 Follow-up quality assessment of
medical imaging should be considered in the development and
engineering of endovascular devices.

A limitation of the study was that the available control FD
was 1mm smaller in diameter than the MgBRFD and FeBRFD.
However, the slightly decreased metal volume and dimensions in
the control FD acted as a slightly more conservative benchmark
standard for the BRFDs. Another limitation was the accuracy of
deflection angle measurements, which were assessed visually rela-
tive to a mounted adjacent protractor. However, all observed
deflection angles at multiple distances to the bore at all 3 field
strengths and resulting calculations of magnetically induced force
were less than one-third of the force of gravity acting on the devi-
ces; therefore, all measurement errors were negligible in the over-
all assessment of MR imaging safety.

Future work will focus on assessing the long-term aneurysm
occlusion rates of the bioresorbable FDs relative to permanent
controls in the rabbit elastase–induced aneurysm model.33 A
major direction for the field is to determine the optimal device
resorption rate that allows the device to maintain structural integ-
rity long enough for the aneurysm to heal before notable resorp-
tion.10 The medical imaging characteristics of the MgBRFD and
FeBRFD relative to a control FD will also be assessed using animal
models. Blinded interventional neuroradiologists will assess the
deployability and image quality of the MgBRFDs and FeBRFDs
relative to the control FDs using Likert scales. Future work will
also focus on improving the MgBRFD and FeBRFD design by
reducing the amount of radiopaque marker wires within the braid
and/or adding platinum pledgets on either end of the device, with
the intention of minimizing image artifacts at the aneurysm neck
without sacrificing deployability.

CONCLUSIONS
We have demonstrated the MR imaging compatibility of magne-
sium- and antiferromagnetic iron alloy–based BRFDs. Furthermore,
the BRFDs appeared to reduce metal-induced CT blooming artifacts

relative to the FDA-approved control FD. These data suggest that
minimizing the volume of radiopaque markers required for fluoros-
copy-guided device delivery, while maximizing the amount of biore-
sorbable metal components in the device, could reduce CT artifacts.
This work serves as a baseline demonstration of the medical imaging
compatibility of bioresorbable magnesium and antiferromagnetic
iron alloy vascular devices. Future work will investigate the medical
imaging characteristics of the BRFDs using large-animal models.
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Comprehensive Venous Outflow Predicts Functional
Outcomes in Patients with Acute Ischemic Stroke Treated

by Thrombectomy
G. Adusumilli, T.D. Faizy, S. Christensen, M. Mlynash, Y. Loh, G.W. Albers, M.G. Lansberg, J. Fiehler, and J.J. Heit

ABSTRACT

BACKGROUND AND PURPOSE: Cortical venous outflow has emerged as a robust measure of collateral blood flow in acute ische-
mic stroke. The addition of deep venous drainage to this assessment may provide valuable information to further guide the treat-
ment of these patients.

MATERIALS AND METHODS: We performed a multicenter retrospective cohort study of patients with acute ischemic stroke
treated by thrombectomy between January 2013 and January 2021. The internal cerebral veins were scored on a scale of 0–2. This
metric was combined with existing cortical vein opacification scores to create a comprehensive venous outflow score from 0 to 8
and stratify patients as having favorable-versus-unfavorable comprehensive venous outflow. Outcome analyses were primarily con-
ducted using the Mann-Whitney U and x 2 tests.

RESULTS: Six hundred seventy-eight patients met the inclusion criteria. Three hundred fifteen were stratified as having favorable
comprehensive venous outflow (mean age, 73 years; range, 62–81 years; 170 men), and 363, as having unfavorable comprehensive ve-
nous outflow (mean age, 77 years; range, 67–85 years; 154 men). There were significantly higher rates of functional independence
(mRS 0–2; 194/296 versus 37/352, 66% versus 11%, P, .001) and excellent reperfusion (TICI 2c/3; 166/313 versus 142/358, 53% versus
40%, P, .001) in patients with favorable comprehensive venous outflow. There was a significant increase in the association of mRS
with the comprehensive venous outflow score compared with the cortical vein opacification score (�0.74 versus �0.67, P ¼ .006).

CONCLUSIONS: A favorable comprehensive venous profile is strongly associated with functional independence and excellent post-
thrombectomy reperfusion. Future studies should focus on patients with venous outflow status that is discrepant with the eventual
outcome.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; COVES ¼ cortical vein opacification score; CVO ¼ comprehensive venous outflow; CVO1 ¼ favorable
comprehensive venous outflow; CVO– ¼ unfavorable comprehensive venous outflow; ICV ¼ internal cerebral vein; IQR ¼ interquartile range; LVO ¼ large-
vessel occlusion; VO ¼ venous outflow

Collateral blood flow supplies critical blood flow to the pe-
numbra and limits growth of the ischemic core in patients

presenting with acute ischemic stroke (AIS).1-4 Robust collaterals
are associated with higher rates of successful reperfusion and bet-
ter clinical outcomes in patients with AIS with large-vessel occlu-
sion (AIS-LVO) after endovascular thrombectomy.5,6 Although

collateral blood flow is governed by both arterial inflow and ve-
nous outflow (VO), arterial collaterals have historically been used
to measure collateral robustness. More recently, the importance
of cortical VO as a measure of collateral blood flow through is-
chemic brain tissue and into the veins draining this tissue has
been recognized.6-18

Currently VO is measured by the cortical vein opacification
score (COVES), which characterizes opacification of the superfi-
cial middle cerebral vein, vein of Labbé, and sphenoparietal sinus,
each on a scale of 0–2, with 0 representing zero opacification and
2 representing complete opacification and robust VO.10 Favorable
cortical VO (dichotomized as COVES 3–6) is independently asso-
ciated with excellent tissue reperfusion and favorable long-term
functional outcomes.6,13,18 Although COVES has proved to be an
excellent measure of ischemic brain perfusion and long-term out-
comes, it measures only cortical venous drainage that represents
just a portion of the venous egress from theMCA territory.

Received January 31, 2023; accepted after revision April 22.

From the Department of Radiology (G.A.), Massachusetts General Hospital, Boston,
Massachusetts; Department of Neuroradiology (T.D.F., J.F.), University of Hamburg-
Eppendorf, Hamburg, Germany; Stanford Stroke Center (S.C., M.M., G.W.A., M.G.L.)
and Department of Radiology (J.J.H.), Stanford University, Stanford, California; and
Comprehensive Stroke Center (Y.L.), Swedish Neuroscience Institute, Seattle,
Washington.

Please address correspondence to Jeremy Heit, MD, PhD, Center for Academic
Medicine, Department of Radiology, MC:5659, 453 Quarry Rd, Palo Alto, CA 94304;
e-mail: jheit@stanford.edu; @JeremyHeitMDPHD

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7879

AJNR Am J Neuroradiol 44:675–80 Jun 2023 www.ajnr.org 675

https://orcid.org/0000-0003-1707-6370
https://orcid.org/0000-0002-1631-2020
https://orcid.org/0000-0001-7483-8699
https://orcid.org/0000-0002-3545-6927
https://orcid.org/0000-0001-8533-7478
https://orcid.org/0000-0003-1055-8000
mailto:jheit@stanford.edu
https://mobile.twitter.com/JeremyHeitMDPHD


The basal ganglia and striatum derive their arterial supply
from the lenticulostriate arteries that arise from the M1 segment
of the MCA, and the venous drainage of this territory is predomi-
nately into the internal cerebral veins (ICVs).19,20 It is unclear
whether assessment of venous opacification of the ICVs to the
existing COVES score provides additional information to cortical
venous outflow assessment.

In this study, we evaluated whether a comprehensive VO score
that includes both cortical (COVES) and deep (ICV) veins that
drain the MCA territory predicts favorable outcomes in patients
with AIS-LVOwho are treated by endovascular thrombectomy.

MATERIALS AND METHODS
Data generated or analyzed during the study are available from
the corresponding author by request.

Study Design
We performed a multicenter retrospective cohort study of con-
secutive patients undergoing thrombectomy triage for AIS treat-
ment at 2 comprehensive stroke centers between January 2013 and
January 2021. The STrengthening the Reporting of OBservational
studies in Epidemiology (STROBE) guidelines were followed to
conduct this study.

Standard Protocol Approvals, Registrations, and Patient
Consent
The study protocol was approved by the institution review boards of
both study centers, complied with the Health Insurance Portability
and Accountability Act, and followed the guidelines of the
Declaration of Helsinki. Patient informed consent was waived by
our review boards for this retrospective study.

Patient Inclusion and Exclusion Criteria
Patients were identified from prospectively maintained stroke
databases at each center that had previously been processed for
patients who underwent thrombectomy within 16hours of stroke
onset and had appropriate follow-up imaging. Demographic,
imaging, and clinical data were obtained from the electronic
medical records. Inclusion and exclusion criteria are detailed in
the Online Supplemental Data.

Imaging Analysis
All CT and MR perfusion studies were
automatically analyzed with RApid
processing of PerfusIon and Diffusion
(RAPID; iSchemaView). The ischemic
core was defined as the volume of tis-
sue with a 70% reduction in CBF rela-
tive to the contralateral cerebral
hemisphere on CTP or the volume of
tissue with restricted diffusion (ADC
,620� 10�6 mm2/s) on DWI.21

In all included patients, COVES had
previously been scored by 2 neuroradi-
ologists. The new ICV opacification
metric was scored by 2 independent

radiologists on both the ipsilateral and contralateral ICVs in align-
ment with the COVES scoring system: 0¼ not visible, 1¼moder-
ate opacification, and 2¼ full opacification (Fig 1).

COVES and the ICV metric were consolidated into a new
comprehensive VO (CVO) score that measures both the cortical
and deep venous opacification score. The CVO ranged from 0
(no opacification of the 1 deep and 3 cortical venous pathways)
to 8 (full opacification of the 1 deep and 3 cortical venous path-
ways). Analogous to existing VO thresholds, the new CVO was
defined as favorable (CVO1) by a score of 4–8 and unfavorable
(CVO–) by a score of 0–3.

Postthrombectomy TICI scores were previously interpreted
on DSA images. Successful reperfusion status was defined as
TICI$ 2b (50%–100% revascularization).22 Excellent reperfusion
status was defined as TICI 2c/3 (95%–100% revascularization).23

Infarct volume was acquired by manual segmentation on
noncontrast CT images or b ¼ 1000 DWIs using the software
package Horos Project (Version 3.3.6; Horos) by a single neuro-
radiologist. Final infarct volumes were acquired on noncontrast
CT images 48–72 hours after thrombectomy.

Readers were blinded to the clinical and outcome information
of each patient during the scoring process.

Outcome Measures
Our primary outcome was functional independence at 90-day fol-
low-up, defined by an mRS score of 0–2.24 This score was previ-
ously obtained from each patient by a stroke neurologist or
specialized study nurse at follow-up. Secondary outcomes
included successful reperfusion status, excellent reperfusion sta-
tus, excellent functional outcome (mRS 0–1), baseline ischemic
core volume, final infarct volume, and change in infarct volume
from the initial to follow-up examination.

Statistical Analyses
All statistical analyses were performed with SPSS Statistics, Version
29.0 (IBM). Patient demographics and imaging variables including
infarct volume were compared between patients with CVO1 and
CVO– by the Mann-Whitney U test; x 2 analysis was performed to
determine statistically significant differences in mRS and TICI
score distributions between the 2 groups. The Kendall t bivariate
correlations were used to assess the relationships of CVO scores
with mRS, TICI, baseline ischemic core volume, final infarct

FIG 1. Degrees of internal cerebral vein opacification. From left to right, zero opacification of the
ICV, moderate opacification of the ICV, and full opacification of the ICV.
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volume, and change in infarct volume. Significant differences in
correlations between COVES versus CVO against these variables
were evaluated by converting the Kendall t to the Pearson coeffi-
cient by the equation r ¼ sin (0.5 � p � t ) and performing a
Fisher Z-test for comparison. We set a at the .05 level for signifi-
cance and reported 2-tailed results for all tests.

RESULTS
Patient Inclusion and Exclusion
Of 722 patients who underwent thrombectomy and had appro-
priate follow-up imaging, 678 met the inclusion criteria (Fig 2).
Twenty-two patients were excluded due to the occlusion being in
the third segment of the MCA or in the posterior circulation.
Fifteen patients were excluded due to poor CT angiogram quality,
and 7 patients were excluded due to poor CTP image quality.

COVES versus CVO for VO Grading
COVES and the ICV metric were combined to create a new CVO
score, as detailed in the Materials and Methods. Per the original
COVES scoring, there would be 261 patients in the VO1 group

(38%) and 417 patients in the VO–
group (62%). With the new CVO scor-
ing, 315 patients were assigned to the
favorable venous outflow group repre-
sented by CVO1 (46%), a significantly
higher proportion than by the COVES
scoring (P, .001). Accordingly, there
were 363 patients in the CVO– group
(54%). Interrater agreement for ICV
opacification scoring on the affected
side was substantial, k ¼ (0.77; 95% CI,
0.60–0.94). Interrater agreement for
ICV opacification scoring on the con-
tralateral side was almost perfect,
k ¼ (0.90; 95% CI, 0.71–1.00).

Patient Demographics
Compared with patients with CVO–,
those with CVO1 were younger (me-
dian age, 73 years; interquartile range
[IQR], 62–81 years versus 77 years;
IQR, 67–85 years; P, .001), presented
with fewer baseline deficits (median
NIHSS, 11; IQR, 7–17 versus 17; IQR,
12–20; P, .001), and were more likely
to have received IV tPA (189/311 ver-
sus 148/355, 61% versus 42%; P, .001)
(Table 1). There were fewer women in
the CVO1 group than the CVO–
group (145/315 versus 209/363, 46%
versus 58%; P¼ .003).

Imaging Characteristics
The median baseline ischemic core vol-
ume in the CVO1 group was signifi-
cantly smaller than in the CVO– group
(5 versus 18mL; P, .001). The final

infarct volume at 48–72 hours in the CVO1 group was also sig-
nificantly smaller than in the CVO– group (12.4 versus 54.3mL;
P, .001). Concordantly, ischemic core volume growth occurred
to a significantly less extent in the CVO1 group (15.9 versus
132.1mL; P, .001) (Table 2).

Cortical and Deep VO Associated with Functional Outcomes
A total of 648 patients presented for 90-day follow-up and had
recorded mRS scores. The Kendall t for the association of COVES
with mRS was�0.47, which indicates a moderate negative correla-
tion. The Kendall t for the association of the ICV metric with
mRS was �0.49, which denotes a similar relationship. With regard
to the combined CVO score, the association with mRS was slightly
stronger at�0.53. The values of t for COVES and CVO were con-
verted to Pearson r, resulting in �0.67 and �0.74, respectively.
The increase in the association of mRS with CVO compared with
COVES was significant at a Z-test statistic of 2.5 by the Fisher test
(P¼ .006).

There were 296 patients in the CVO1 group and 352 patients
in the CVO� group with recorded mRS scores. There was a

FIG 2. Patient screening and inclusion flowchart.

Table 1: Demographic profile of patients by VO status
CVO+
(n = 315)

CVO–

(n = 363) P Value
Age (median) (IQR) (yr) 73 (62–81) 77 (67–85) ,.001
Female (No.) (%) 145 (46%) 209 (58%) .003
Atrial fibrillation (No.) (%) (n ¼ 311, 361) 115 (37%) 148 (41%) .287
Hypertension (No.) (%) (n ¼ 313, 361) 203 (65%) 261 (72%) .037
Blood glucose level (median) (IQR) (mg/dL)
(n ¼ 272, 309)

117 (103–144) 123 (106–154) .028

Diabetes (No.) (%) (n ¼ 313, 360) 53 (17%) 78 (22%) .122
Hyperlipidemia (No.) (%) (n ¼ 276, 317) 82 (30%) 93 (29%) .921
Smoker (current/prior) (No.) (%) (n ¼ 292, 342) 85 (29%) 79 (23%) .085
NIHSS score on presentation (median) (IQR) 11 (7–17) 17 (12–20) ,.001
tPA administration (No.) (%) (n ¼ 311, 355) 189 (61%) 148 (42%) ,.001
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significantly different distribution of mRS scores in the CVO1
group compared with the CVO– group (P, .001), with a greater
proportion of favorable mRS scores observed in the CVO1 group.
Concordantly, there were significantly higher rates of functional in-
dependence (mRS 0–2; 194/296 versus 37/352, 66% versus 11%;
P, .001) and excellent functional outcome (mRS 0–1; 142/296 ver-
sus 26/352, 48% versus 7%; P, .001) in patients with CVO1 com-
pared with those with CVO–. The mRS score distribution in
patients with CVO1 versus those with CVO– is shown in Fig 3A.
Level-by-level datamay be found in the Online Supplemental Data.

Cortical and Deep VO Associated with Angiographic
Success
The TICI was scored on a total of 671 patients after thrombec-
tomy. There were 313 patients in the CVO1 group and 358
patients in the CVO– group. There were significantly higher rates

of successful reperfusion (TICI $ 2b;
270/313 versus 271/358, 86% versus
76%; P¼ .001) and excellent reperfusion
(TICI 2c/3; 166/313 versus 142/358,
53% versus 40%; P , .001) in patients
with CVO1 compared with those with
CVO–. The TICI score distribution in
patients with CVO1 versus those with
CVO– is shown in Fig 3B. Level-by-
level data may be found in the Online
Supplemental Data.

DISCUSSION
In this study, we describe a new com-
prehensive venous outflow score
(CVO) for the assessment of venous
outflow in patients with anterior circu-
lation AIS-LVO. We found that CVO
was strongly associated with functional
outcomes to a significantly greater
degree than the superficial cortical ve-
nous outflow (COVES) scale, and
patients with favorable CVO (CVO1)
were more likely to achieve functional
independence and excellent functional
outcome by 90-day follow-up com-
pared with those with unfavorable
CVO (CVO–).

Recently, the importance of consid-
ering collateral blood flow as a more
complete cascade of blood flow15,16 or
as a collaterome unit7,9 rather than as a
dichotomous assessment of pial arteries
has been appreciated. For example, the
cerebral collateral cascade provides a
complete assessment of collateral blood
flow through the pial arteries, tissue-
level collaterals, and VO. Each of these
3 components of collateral blood flow
may be assessed through specific imag-
ing parameters to determine the overall

robustness of collateral blood flow through ischemic brain tissue.
Work on the cerebral collateral cascade ultimately showed that
patients with a favorable metric in at least one of these components
had significantly better functional outcomes than patients with a
comprehensively unfavorable cerebral collateral cascade. However,
these prior studies have not considered a more comprehensive
assessment of VO from the anterior circulation that includes both
deep venous and superficial cortical venous egress from this vascu-
lar territory.

Our finding that CVO1 has such a strong correlation with
favorable functional outcomes further underscores VO as an im-
portant measure of collateral blood flow in patients with AIS-
LVO. The association of CVO1 with favorable functional out-
comes was stronger than that of superficial venous outflow
(COVES) alone.6,10,13,18 These results parallel the evolution in
thinking about collateral blood flow through the ischemic brain

Table 2: Imaging metrics at baseline and follow-up by VO status
CVO+
(n = 315)

CVO2
(n = 363) P Value

ASPECTS (median) (IQR) 8 (7–10) 7 (6–9) ,.001
Baseline infarct volume (median) (IQR)
(n ¼ 309, 359)

5 (0–17.5) 18 (3–48) ,.001

Follow-up infarct volume (median) (IQR)
(n ¼ 304, 343)

12.4 (4.8–34.2) 54.3 (22.1–120.3) ,.001

Change in infarct volume (median) (IQR)
(n ¼ 298, 340)

15.9 (�0.4–22.1) 132.1 (4.1–82.7) ,.001

FIG 3. mRS score (A) and TICI score (B) distribution of patients with CVO1 versus CVO–. Within
each mRS or TICI score category, the percentage of patients with that score is noted.
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more comprehensively, and the robustness of the correlation with
CVO and outcome suggests that VO may be the most important
component of collateral blood flow. Validation of these findings
with prospective studies is warranted.

We also found that patients with CVO1 were significantly
more likely to achieve successful (TICI 2b/2c/3) and excellent
reperfusion (TICI 2c/3) after thrombectomy. This association of
CVO with reperfusion success is a major finding because several
prior studies have failed to demonstrate reperfusion differences
between patients with favorable-versus-unfavorable collateral
scores. Work on Endovascular Therapy Following Imaging
Evaluation for Ischemic Stroke (DEFUSE 3) showed that good
pial arterial collaterals alone were not predictive of reperfusion
success or functional outcomes in patients with AIS.25 The Tan
score on pial arterial collaterals and the American Society of
Interventional and Therapeutic Neuroradiology/Society of
Interventional Radiology (ASITN/SIR) score of collaterals on
DSA similarly were not able to distinguish reperfusion differen-
ces.26,27 Favorable cortical VO, however, has been independently
associated with excellent vessel reperfusion after thrombectomy,
regardless of arterial collateral status. Venous biomarkers of CBF
may indeed be more sensitive for the assessment of tissue perfu-
sion and collateral robustness because they reflect blood flow af-
ter ischemic tissue has been permeated.6 Our CVO scale
increases the robustness of venous profile evaluation and contrib-
utes further to this association.

We also found baseline ischemic core volume, final infarct
volume, and change in the infarct volume to be significantly
lower in patients with CVO1. Although favorable cortical VO
has already been associated with slower progression of infarct
edema and lower rates of reperfusion hemorrhage, there is key in-
formation missing in cortical VO scoring.12,14 Cerebral tissue
drained predominantly by deep veins, such as the striatocapsular
region, often has a dearth of collateral supply and may be more
susceptible to edema and reperfusion hemorrhage after mechani-
cal thrombectomy. Robust deep venous outflow through the
ICVs may, thus, play a key role in limiting infarct edema, decreas-
ing the risk of reperfusion hemorrhage, and ultimately minimiz-
ing the evolution of the ischemic core in patients with stroke
affecting those regions.19,20 Deep VO may, thus in part, explain
the significantly better functional status of patients with favorable
CVO at 90-day follow-up.

An additional interesting finding must be noted; patients with
favorable and unfavorable CVO had similar rates of technical
success of 50%–95% vessel reperfusion. The uncoupling of reper-
fusion success with functional outcomes at 90 days in this group
comparison suggests the potential futility of sub-100% reperfu-
sion in patients with poor CVO. This result warrants additional
study because CVOmay prove crucial in defining a population of
high interest for neuroprotective trials.

Several limitations of our study must be noted. The retrospec-
tive design inherently introduces bias and may not be optimal at
determining thresholds on scoring systems such as COVES or
CVO.28 Future prospective studies evaluating cortical and deep
VOmay be important in testing the thresholds we have discussed
in this article. There may also be confounding variables that were
not accounted for in the initial data collection, such as prior

carotid stenosis and endarterectomy, characteristics of atrial fi-
brillation in patients with this condition, prior history of venous
thrombosis, or a history of cerebral endovascular or open proce-
dures. This limitation cannot be corrected in a retrospective analysis
of this nature. The imaging protocols at 2 separate comprehensive
stroke centers were standardized, but given the variability of ve-
nous opacification with subtle changes in the timing of the con-
trast injection, this limitation must also be noted. Finally, single-
phase CTA was used in this study, which may limit the evaluation
of the entire venous phase. A recent study evaluated ICV opacifi-
cation at different phases to stratify the degree of venous outflow,
and this would be a valuable addition to our scoring system with
the availability ofmultiphase imaging in future studies.29

Considering the findings of our study and the poor collaterals
of deep venous outflow regions, future work focusing on deep
VO alone as a predictor of safety and functional outcomes would
be valuable. Patients with reperfusion success but unfavorable
VO should also be stratified further to determine what may,
nonetheless, predict a good functional outcome at 90 days.

CONCLUSIONS
The addition of deep VO scoring to the COVES resulted in the
new CVO score, which demonstrated a significantly greater asso-
ciation with functional outcomes at 90 days than COVES alone.
Patients with favorable CVO had significantly higher rates of
long-term functional independence and excellent reperfusion
and significantly less baseline ischemic core burden and evolution
by 48–72hours. Our findings suggest that CVO is the most pre-
dictive marker of collateral blood flow and patient success after
mechanical thrombectomy to date. Future work should study the
uncoupling of reperfusion success with functional outcomes in
patients with poor VO and evaluate deep VO by itself as a predic-
tor of functional and reperfusion outcomes in patients with AIS.

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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Femoral Access-Site Complications with Tenecteplase versus
Alteplase before Mechanical Thrombectomy for Large-

Vessel-Occlusion Stroke
P. Hendrix, M.K. Collins, O. Goren, G.M. Weiner, S.S. Dalal, I. Melamed, M.J. Kole, C.J. Griessenauer, A. Noto,

and C.M. Schirmer

ABSTRACT

BACKGROUND AND PURPOSE: IV thrombolysis with alteplase before mechanical thrombectomy for emergent large-vessel-occlu-
sion stroke is associated with access-site bleeding complications. However, the incidence of femoral access-site complications with
tenecteplase before mechanical thrombectomy requires exploration. Here, femoral access-site complications with tenecteplase ver-
sus alteplase before mechanical thrombectomy for large-vessel-occlusion stroke were compared.

MATERIALS AND METHODS: All patients receiving IV thrombolytics before mechanical thrombectomy for large-vessel-occlusion
stroke who presented from January 2020 to August 2022 were reviewed. In May 2021, our health care system switched from alteplase
to tenecteplase as the primary thrombolytic for all patients with stroke, facilitating the comparison of alteplase-versus-tenecteplase
femoral access-site complication rates. Major (requiring surgery) and minor (managed conservatively) access-site complications were
assessed.

RESULTS: One hundred thirty-nine patients underwent transfemoral mechanical thrombectomy for large-vessel-occlusion stroke, of
whom 46/139 (33.1%) received tenecteplase and 93/139 (66.9%) received alteplase. In all cases (n ¼ 139), an 8F sheath was inserted
without sonographic guidance, and vascular closure was obtained with an Angio-Seal. Baseline demographics, concomitant antith-
rombotic medications, and periprocedural coagulation lab findings were similar between groups. The incidence of conservatively
managed groin hematomas (2.2% versus 4.3%), delayed access-site oozing requiring manual compression (6.5% versus 2.2%), and ar-
terial occlusion requiring surgery (2.2% versus 1.1%) was similar between the tenecteplase and alteplase groups, respectively (P ¼
not significant). No dissection, arteriovenous fistula, or retroperitoneal hematoma was observed.

CONCLUSIONS: Tenecteplase compared with alteplase before mechanical thrombectomy for large-vessel-occlusion stroke is not
associated with an alteration in femoral access-site complication rates.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; CSC ¼ comprehensive stroke center; INR ¼ international normalized ratio; LVO ¼ large-vessel-occlusion;
MT ¼ mechanical thrombectomy; PT ¼ prothrombin time; TPA ¼ alteplase; TNK ¼ tenecteplase

Transfemoral access is the predominant route for mechanical
thrombectomy (MT) of large-vessel-occlusion (LVO) acute

ischemic stroke (AIS).1 Access-site complications are potentially
underreported in the literature due to a lack of rigorous clinical
assessment and charting.2,3 A set of prospective LVO MT land-
mark trials, with mostly (68%–73%)4,5 or exclusively (100%)6-9

concomitant alteplase (TPA) administration, provided access-
site complication rates in the endovascular treatment arm. A
pooled incidence of 1.7% (range, 1.2%–2.9%)4,6,7 for severe and
7.0% (range, 3.0%–11.7%)2,4,5,8,9 for overall femoral access-site
complications provides a framework for TPA-associated access-
site complications in LVO MT. More recent trials investigating
the safety and efficacy of MT with IV thrombolysis versus MT
alone also reported femoral access-site complications. Femoral
hematomas10-13 and pseudoaneurysms10-12 were observed in
0.3%–7.9% and 1.2%–4.4% of the MT with TPA groups com-
pared with 0.7%–4.2% and 0.5%–1.1% of the MT-alone groups,
respectively.

The third-generation thrombolytic tenecteplase (TNK) is a
bioengineered variant of TPA. It overcomes some of the major
shortcomings of TPA, resulting in a decreased plasma clearance,
higher fibrin specificity, and improved resistance against plasminogen
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activator inhibitor 1.14,15 Recently, TNK has received increasing
attention as a thrombolytic medication in AIS treatment.16-24 On
the basis of the mounting evidence and advantages of TNK over
TPA, our health care system underwent a system-wide transition
of thrombolytic medication from TPA to TNK. Recently, we
reported our first-year experience with TNK compared with
TPA.25 Compatible with the trial findings of Tenecteplase Versus
Alteplase Before Endovascular Therapy for Ischemic Stroke
(EXTEND-IA TNK), significantly higher spontaneous recanaliza-
tion rates with TNK versus TPA in patients with LVO AIS (about
20% versus 10%) were observed.26 Despite similar overall safety
profiles (intracranial hemorrhage and mortality), the impact of
TNK use on extra- and intracranial hemorrhagic complications in
LVO AIS is yet to be explored. Here, we seek to compare the inci-
dence of and analyze risk factors for access-site-related complica-
tions with TNK versus TPA before MT for LVO stroke.

MATERIALS AND METHODS
Consecutive patients with LVO AIS admitted to 2 North
American comprehensive stroke centers (Geisinger Medical
Center, and Geisinger Wyoming Valley Medical Center), part of
the same health care system, were reviewed following local insti-
tutional review board approval (No. 2022–0571). Patient con-
sent was waived for the retrospective analysis. All patients
presenting between January 2020 and August 2022 who had
received IV thrombolysis before MT were assessed in the analy-
sis (Figure). In May 2021, our health care system switched from
TPA to TNK as the primary thrombolytic for all patients with

AIS, facilitating a comparison of TPA-versus-TNK femoral
access complication rates.

Technical Details on Femoral Access
In the hybrid operating room, femoral access was obtained via a 21-
ga micropuncture or an 18-ga access needle at the physician’s dis-
cretion to insert an 8F short sheath. Sonography was used at the
physician’s discretion in all upper extremity accesses (usually radial)
but only in selected cases for femoral access. In this cohort, all fem-
oral accesses were obtained without sonography. No patients
underwent sonographically guided femoral access in the study pe-
riod, and none were, therefore, excluded. Vascular closure for 8F
sheath access is routinely performed with Angio-Seal (Terumo
Medical), following a typical femoral artery angiogram to assess the
sheath placement. An Angio-Seal was used in all cases.

Each patient had received IV thrombolytic medication accord-
ing to current guidelines, which included platelets,.100,000/mm3,
international normalized ratios (INRs),# 1.7, prothrombin times
(PTs),# 15, and activated partial thromboplastin times, # 40. IV
thrombolysis with TPA (0.9mg/kg) and TNK (0.25mg/kg) was
administered according to contemporary guidelines. Eligible
patients received TPA or TNK either at an outside facility with sec-
ondary transfer to the CSC for MT or in the emergency department
of the CSC before transfer to the hybrid angio suite. At both CSCs,
bridging thrombolysis was performed in each patient eligible for IV
thrombolysis. Concomitant antithrombotic medication such as as-
pirin, clopidogrel, and warfarin (Coumadin), as well as their combi-
nations, did not abrogate the decision to administer IV
thrombolysis if coagulation profiles were in range. Following MT
and with achievement of access-site hemostasis, patients were trans-
ferred to the intensive care unit. To assess potential lasting disrup-
tions of the coagulation system due to the IV thrombolysis, we
assessed INRs, PTs, and activated partial thromboplastin times in
all patients. For the presented analysis, we considered labs
drawn,8hours since groin access to approximate coagulation
profiles,12hours since IV thrombolysis administration. However,
labs were only available in a subset of patients because the timing of
additional laboratory panels, including coagulation profiles after
MT, was based on the discretion of the on-call critical care team.

Access-Site Complication Types
Minor access-site complications comprised the following: all con-
servatively managed groin hematomas, conservatively managed
pseudoaneurysms, and delayed access-site oozing. Delayed oozing
was defined as minor bleeding starting in the post-MT phase in
the intensive care unit requiring additional manual compression to
achieve hemostasis. Groin hematomas were diagnosed by bedside
physical examination. Any bleeding complication was assessed as a
composite variable of groin hematomas and delayed oozing.

Major access-site complications were defined as groin hemato-
mas requiring transfusion, pseudoaneurysms requiring thrombin
injection or surgical repair, dissections, arterial occlusions, and arte-
riovenous fistulas. Sonography in conjunction with additional con-
trast-enhanced CT was performed if indicated. Vascular surgery
was consulted in all cases of suspected and diagnosed major access-
site complications. Any groin complication was assessed as a com-
posite variable of any minor or major access-site complication.

FIGURE. Patient flowchart. “Pts” indicates patients.
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Statistical Analysis
The x 2, Fisher exact, and Mann-Whitney U tests were performed
to compare TNK groups with TPA groups, with P, .05 consid-
ered statistically significant. SPSS, Version 25 (IBM), was used to
analyze the data.

RESULTS
A total of 148 patients (TNK n ¼ 51, TPA n ¼ 97) were identi-
fied. Seven patients experienced rapid neurologic recovery avert-
ing emergent MT and thus femoral access. In addition, 2 patients
underwent upper extremity access (radial �1, brachial �1) due
to previous femoral artery operations. Finally, 139 patients

underwent transfemoral access for
LVOMT and were thus included in the
analysis (Table 1). If one contrasted
TNK (n¼ 46) and TPA (n¼ 93) cases,
age, sex, and cardiovascular risk fac-
tors except for arterial hypertension
were similar between groups. Arterial
hypertension was numerically more
frequent in the TNK group (84.8%)
compared with the TPA group (69.6%)
(P ¼ .05). Significantly more patients
primarily presented to the CSC in the
TNK group compared with the TPA
group (P ¼ .004). Last known well to
IV thrombolysis and IV thrombolysis
to groin puncture times were similar
in both groups (P ¼ .28 and
P ¼ .07, respectively). The overall rate
of concomitant antithrombotic medi-
cation was 50% in the TNK and 48.4%
in the TPA group (P ¼ .86).

Coagulation labs within 12hours of
IV thrombolysis were available in a
subset of patients (Table 1). The me-
dian INR and PT were higher in the
TPA subgroups compared with TNK
subgroups, compatible with 8/93 (8.6%)
patients receiving TPA and 2/46 (4.3%)
receiving TNK who had been on
Coumadin on admission.

Femoral Access-Site Complications
Nonmajor groin hematomas were
observed in 1/46 (2.2%) patients on
TNK and 4/93 (4.3%) on TPA (P ¼

1.0) (Table 2). None of these hematomas caused a relevant he-
moglobin drop, required transfusion, required surgery or
intervention or a prolonged stay, or affected the clinical out-
come. In 3/46 (6.5%) and 2/93 (2.2%) TNK and TPA cases,
respectively, delayed access-site oozing occurred, hence,
requiring additional manual compression at the bedside with
subsequent hemostasis in all cases (P ¼ .33). A pseudoaneu-
rysm was identified in 1 patient with TPA who also presented
with a groin hematoma (1/93, 1.1%). Conservative manage-
ment was sufficient to treat the pseudoaneurysm. Among the
major groin complications, an acute lower extremity ischemia
due to arterial occlusion at the access-site occurred in 1/46
(2.2%) patients receiving TNK and 1/93 (1.1%) receiving TPA
(P ¼ 1.0). Both cases required emergent vascular surgery. If
one contrasted the TNK-versus-TPA groups, the occurrence of
any groin complication (P ¼ .53) and any groin bleeding
(0.73) was similar. No dissection, arteriovenous fistula, or ret-
roperitoneal hematoma was observed.

A trend was observed for the associations of coronary artery
disease with any groin bleeding complication (P ¼ .05) and
chronic kidney disease with any groin complication (P ¼ .09).
Additional analysis demonstrated no significant associations.

Table 1: Femoral access-site complications

TNK (n = 46) TPA (n = 93) P Value
Baseline
Age (IQR) 73 (64–79) 74 (62–83) .62
Female 24 (52.2%) 44 (64.7%) .59
Risk factors
Arterial hypertensiona 39 (84.8%) 64 (69.6%) .05
Type 2 diabetesa 11 (23.9%) 19 (20.7%) .66
Dyslipidemiaa 29 (63.0%) 49 (53.3%) .27
Coronary artery diseasea 10 (21.7%) 22 (23.9%) .78
Atrial fibrillationa 13 (28.3%) 38 (41.3%) .14
Chronic kidney diseasea 8 (17.4%) 13 (14.1%) .62
Ischemic strokeb 9 (19.6%) 22 (23.7%) .59
Smoking (ever)c 26 (56.5%) 40 (44.0%) .16

Primary presentation at CSC 26 (56.5%) 29 (31.2%) .004
LKW to IV thrombolytic (IQR) 109 (90–149) 119 (91–172) .28
IV thrombolytic to groin puncture (IQR) 74 (48–109) 91 (66–136) .07
Antithrombotics 23 (50.0%) 45 (48.4%) .86
Aspirin 18 (39.1%) 31 (33.3%)
Aspirin and Clopidogrel 3 (6.5%) 5 (5.4%)
Clopidogrel 0 (0.0%) 1 (1.1%)
Coumadin 1 (2.2%) 4 (4.3%)
Aspirin and Coumadin 0 (0.0%) 1 (1.1%)
Clopidogrel and Coumadin 1 (2.2%) 3 (3.2%)
Periprocedural
8F femoral sheath 46 (100.0%) 93 (100.0%) NA
Sonographically guided access 0 (0.0%) 0 (0.0%) NA
Angio-Seal closure device 46 (100.0%) 93 (100.0%) NA
Coagulation labs, 12h
INR (IQR)d 1.07 (0.99–1.12) 1.18 (1.09–1.31) .001
PT (IQR)e 14 (13–15) 15 (14–16) .001
aPTT (IQR)f 30 (28–31) 29 (28–32) 1.00

Note:—IQR indicates interquartile range; LKW, last known well; aPTT, activated partial thromboplastin times; NA,
not available.
aData missing in 1 TPA.
bData missing in 3 TPAs.
cData missing in 5 TPAs.
dData available in 22 and 45 patients with TNK and TPA, respectively.
eData available in 22 and 46 patients with TNK and TPA, respectively.
fData available in 18 and 29 patients with TNK and TPA, respectively.

Table 2: Femoral access-site complications

Access-Site Complications
TNK

(n = 46)
TPA

(n = 93) P Value
Minor
Groin hematoma 1 (2.2%) 4 (4.3%) 1.00
Delayed oozing 3 (6.5%) 2 (2.2%) .33
Pseudoaneurysm (conservative) 0 (0.0%) 1 (1.1%) 1.00
Major
Arterial occlusion 1 (2.2%) 1 (1.1%)
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DISCUSSION
TNK use for AIS is rapidly increasing in the United States, yet it
remains to be determined how it will affect the thrombectomy
landscape of emergent LVO. This US 2-center study compares
rates of femoral access-site complications with TNK versus TPA
before MT. Notably, about half of the TNK and TPA cohorts had
concomitant antithrombotic medication. The overall incidence of
access-site complications was low, and no significant differences
were observed between the TNK and TPA groups.

Thrombolytic medication is the cornerstone of AIS treatment
in the 4.5-hour time window. Currently, TNK is only approved
for acute ST-elevation myocardial infarction. However, recent
studies point to TNK being a noninferior alternative to TPA in
AIS treatment.16-24 Genetic modifications at 3 sites of the TPA
molecule facilitate decreased clearance of TNK, higher fibrin
specificity, and improved resistance against plasminogen activa-
tor inhibitor 1. Clinically, these features translate into a longer
half-life of TNK paired with improved thrombolytic potency
without the additional disruption of the coagulation cascade or
bleeding complications.14,15 The ideal clot-dissolving agent pref-
erentially acts on solid-phase fibrin bound by plasminogen.
Eventually, the thrombolytic medication initiates fibrinolysis by
activating plasminogen to plasmin. However, uncontrolled and
excessive systemic lysis activates fluid-phase plasminogen, which
eventually consumes fibrinogen, plasminogen, and a2-antiplas-
min.14 Huang et al15 have demonstrated that TPA more than
TNK affects coagulation, especially fibrinolytic cascades. In the
present study, a subset of patients had coagulation labs within
12 hours of thrombolysis. We did not identify clinically relevant
alterations or differences in coagulation lab findings in either
group.

Unless rigorously followed, nonmajor access-site complica-
tions such as conservatively managed groin hematomas are likely
underrecognized, reflected by only some studies containing
detailed information. In the Multicenter Randomized Clinical
Trial of Endovascular Treatment for Acute Ischemic Stroke in
the Netherlands (MR CLEAN)-NO IV trial, 252/266 patients
in the MT with TPA group eventually underwent femoral punc-
ture. The authors reported groin hematomas in 20 patients
(7.9%). In the MT alone group, 261/273 patients underwent fem-
oral puncture, and groin hematomas were nonsignificantly lower
(11/261; 4.2%).12 Catapano et al27 reported, in a recent retrospec-
tive study on patients receiving TPA undergoing MT, that groin
hematomas after transfemoral access were observed in only 1.4%
(4/293) of patients. Concomitant use of antithrombotic medica-
tion was not addressed. In the present study, half of the patients in
both the TNK and TPA cohorts were on antithrombotics before
admission. The groin hematoma rates were 2.2% and 4.3% in the
TNK and TPA groups, respectively, thus in agreement with the lit-
erature. Delayed oozing from the access-site is a known clinical
issue not yet dedicatedly reported in the stroke literature. The
herein observed rates were low and similar to those observed in
cardiology.28 Nevertheless, in the TNK group, delayed oozing was
3 times more frequent than in the TPA group (6.5% versus 2.2%).
Whether this finding is related to not enough manual compres-
sion after closure device deployment, or disruption of the fibrino-
lytic cascade cannot be explained with this study.

In the EXTEND-IA TNK study, groin hematomas were
observed in 3/101 (3%) in the TPA before MT group and in 1/101
(1%) in the TNK before MT group. One patient in the TPA before
MT group (1/101, 1%) had a pseudoaneurysm.26 Pseudoaneurysms
in the TPA before MT groups compared with the MT-alone groups
in the MR CLEAN-NO IV, Solitaire with the intention for throm-
bectomy plus IV t-PA versus direct Solitaire stent-retriever throm-
bectomy in acute anterior circulation stroke (SWIFT DIRECT),
and Direct Endovascular Thrombectomy vs Combined IVT and
Endovascular Thrombectomy for Patients With Acute Large Vessel
Occlusion in the Anterior Circulation (DEVT) trials were observed
in 1.2% versus 1.1%, 2.4% versus 0.5%, and 4.4% versus 0.9%,
respectively.10-12 In the present study, 1 patient receiving TPA (1/
93, 1.1%) with a groin hematoma was also found to have a small
pseudoaneurysm that did not require any intervention and, thus,
was considered minor. In summary, reported minor femoral
access-site complication rates varied among studies, but differences
between TPA and TNKwere not apparent.

Major (serious) access-site complications are commonly
defined as events causing a relevant hemoglobin drop, requiring
blood transfusion, surgery, or an intervention; a prolonged stay;
or death. In the prospective stroke trials Endovascular Treatment
for Small Core and Anterior Circulation Proximal Occlusion with
Emphasis on Minimizing CT to Recanalization Times (ESCAPE),
EXTEND-IA, and Mechanical Thrombectomy After Intravenous
Alteplase Versus Alteplase Alone After Stroke (THRACE), the se-
rious access-site complication rates were 1.2%, 2.9%, and 2.1% in
the endovascular treatment arm, respectively.4,6,7 In the Direct
Intraarterial Thrombectomy in Order to Revascularize Acute
Ischemic Stroke Patients with Large Vessel Occlusion Efficiently
in Chinese Tertiary Hospitals: a Multicenter Randomized Clinical
Trial (DIRECT MT) trial, major femoral bleeding was encoun-
tered in 1/312 (0.3%) patients in the MT with TPA group and in
2/299 (0.7%) in the MT without TPA group.13 Gerschenfeld et
al29 analyzed a cohort of 588 patients with emergent LVO who
received TNK. Major systemic bleeding from the groin puncture
was reported in 1 patient. In EXTEND-IA TNK, 1 patient in the
TNK before the MT group developed leg ischemia requiring an
intervention for femoral artery occlusion.26 In the present study, 1
patient in the TNK (2.2%) and 1 patient in the TPA (1.1%) cohort
experienced arterial occlusion and required emergent open vascu-
lar surgery. IV thrombolysis per se does not represent a risk factor
for arterial occlusion. However, in the acute setting, the threshold
to not place a closure device after insertion of an 8F sheath into
the femoral artery is likely high, especially when considering that
the patient received IV thrombolysis and is on concomitant
antithrombotic medication.

Catapano et al27 observed the occurrence of retroperitoneal
hematomas in 1.7% of transfemoral cases. Although not observed
in the present study, retroperitoneal hematomas have been asso-
ciated with common femoral artery punctures that are too high
and represent a significant risk factor of femoral access-site-
related morbidity and mortality.30 While closure devices appear
to reduce the risk of pseudoaneurysm after femoral access, they
do not appear to mitigate the risk of retroperitoneal hemato-
mas.30,31 A shift toward other access sites, such as radial access,
may prove beneficial.27,32 While radial access has gained significant
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attention for cerebral angiography and elective neurointervention,
its adoption in emergent stroke care is not as uniformly present in
the literature.1,33

Despite the high rate of concomitant antithrombotics in the
present study, the overall femoral access-site complication rate
was low and similar between the IV thrombolytics TNK and
TPA. If TNK continues to prove valuable in stroke treatment, it
might replace TPA due to lower cost, ease of administration, and
clinical noninferiority. Hence, the data herein provide a frame-
work for the safety of TNK compared with the current standard
TPA regarding femoral access-site-related complications sur-
rounding MT for emergent LVO stroke.

Strengths and Limitations
The study is among the first to report real-world data on femoral
access-site complication rates with TNK compared with TPA
from a recent treatment period in the United States. The femoral
accesses analyzed here are homogeneous because, in all cases, so-
nography use was waived, an 8F sheath was inserted, and the ar-
teriotomy was closed with the same vascular closure device (8F
Angio-Seal). The study is predominantly limited by its non-
randomized, retrospective character; small sample size; and low
event number. Adjustments for potential confounders were con-
sidered. Additional, larger, multicenter studies are required to
further explore and compare the safety of TNK and TPA before
transfemoral MT.

CONCLUSIONS
Despite the high rate of concomitant antithrombotics in the pres-
ent study, the overall femoral access-site complication rate was
low and similar between the IV thrombolytic TNK and TPA.

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

REFERENCES
1. Siddiqui AH, Waqas M, Neumaier J, et al. Radial first or patient

first: a case series and meta-analysis of transradial versus transfe-
moral access for acute ischemic stroke intervention. J Neurointerv
Surg 2021;13:687–92 CrossRef Medline

2. Oneissi M, Sweid A, Tjoumakaris S. Access-site complications in
transfemoral neuroendovascular procedures: a systematic review
of incidence rates and management strategies. Oper Neurosurg
(Hagerstown) 2020;19:353–63 CrossRef Medline

3. Shapiro SZ, Sabacinski KA, Mantripragada K, et al. Access-site com-
plications in mechanical thrombectomy for acute ischemic stroke:
a review of prospective trials. AJNR Am J Neuroradiol 2020;41:477–
81 CrossRef Medline

4. Goyal M, Demchuk AM, Menon BK, et al; ESCAPE Trial Investigators.
Randomized assessment of rapid endovascular treatment of ischemic
stroke.N Engl J Med 2015;372:1019–30 CrossRef Medline

5. Jovin TG, Chamorro A, Cobo E, et al; REVASCAT Trial Investigators.
Thrombectomy within 8 hours after symptom onset in ischemic
stroke. N Engl J Med 2015;372:2296–306 CrossRef Medline

6. Campbell BCV, Mitchell PJ, Kleinig TJ, et al; EXTEND-IA Investigators.
Endovascular therapy for ischemic stroke with perfusion-imaging
selection.N Engl J Med 2015;372:1009–18 CrossRef Medline

7. Bracard S, Ducrocq X, Mas JL, et al; THRACE Investigators.
Mechanical thrombectomy after intravenous alteplase versus alte-
plase alone after stroke (THRACE): a randomised controlled trial.
Lancet Neurol 2016;15:1138–47 CrossRef Medline

8. Saver JL, Goyal M, Bonafe A, et al; SWIFT PRIME Investigators.
Stent-retriever thrombectomy after intravenous t-PA vs. t-PA alone
in stroke.N Engl J Med 2015;372:2285–95 CrossRef Medline

9. Broderick JP, Palesch YY, Demchuk AM, et al; Interventional
Management of Stroke (IMS) III Investigators. Endovascular therapy
after intravenous t-PA versus t-PA alone for stroke. N Engl J Med
2013;368:893–903 CrossRef Medline

10. Fischer U, Kaesmacher J, Strbian D, et al; SWIFT DIRECT
Collaborators. Thrombectomy alone versus intravenous alteplase
plus thrombectomy in patients with stroke: an open-label, blinded-
outcome, randomised non-inferiority trial. Lancet 2022;400:104–15
CrossRef Medline

11. Zi W, Qiu Z, Li F, et al; DEVT Trial Investigators. Effect of endovascu-
lar treatment alone vs intravenous alteplase plus endovascular treat-
ment on functional independence in patients with acute ischemic
stroke: the DEVT randomized clinical trial. JAMA 2021;325:234–43
CrossRef Medline

12. LeCouffe NE, Kappelhof M, Treurniet KM,et al; MR CLEAN–NO IV
Investigators. A randomized trial of intravenous alteplase before
endovascular treatment for stroke. N Engl J Med 2021;385:1833–44
CrossRef Medline

13. Yang P, Zhang Y, Zhang L, et al; DIRECT-MT Investigators.
Endovascular thrombectomy with or without intravenous alteplase
in acute stroke.N Engl J Med 2020;382:1981–93 CrossRef Medline

14. Tanswell P, Modi N, Combs D, et al. Pharmacokinetics and pharma-
codynamics of tenecteplase in fibrinolytic therapy of acute myocar-
dial infarction. Clin Pharmacokinet 2002;41:1229–45 CrossRef Medline

15. Huang X, Moreton FC, Kalladka D, et al. Coagulation and fibrino-
lytic activity of tenecteplase and alteplase in acute ischemic stroke.
Stroke 2015;46:3543–46 CrossRef Medline

16. Tsivgoulis G, Katsanos AH, Christogiannis C, et al. Intravenous
thrombolysis with tenecteplase for the treatment of acute ischemic
stroke. Ann Neurol 2022;92:349–57 CrossRef Medline

17. Mahawish K, Gommans J, Kleinig T, et al. Switching to tenecteplase
for stroke thrombolysis: real-world experience and outcomes in a
regional stroke network. Stroke 2021;52:e590–93 CrossRef Medline

18. Zhong CS, Beharry J, Salazar D, et al. Routine use of tenecteplase for
thrombolysis in acute ischemic stroke. Stroke 2021;52:1087–90
CrossRef Medline

19. Gerschenfeld G, Liegey JS, Laborne F-X, et al. Treatment times,
functional outcome, and hemorrhage rates after switching to ten-
ecteplase for stroke thrombolysis: insights from the TETRIS regis-
try. EurStroke J 2022;7:358–64 CrossRef Medline

20. Menon BK, Buck BH, Singh N, et al; AcT Trial Investigators.
Intravenous tenecteplase compared with alteplase for acute ischae-
mic stroke in Canada (AcT): a pragmatic, multicentre, open-label,
registry-linked, randomised, controlled, non-inferiority trial. Lancet
2022;400:161–69 CrossRef Medline

21. Li S, Pan Y, Wang Z, et al. Safety and efficacy of tenecteplase versus
alteplase in patients with acute ischaemic stroke (TRACE): a multi-
centre, randomised, open label, blinded-endpoint (PROBE) con-
trolled phase II study. Stroke Vasc Neurol 2022;7:47–53 CrossRef
Medline

22. Ma P, Zhang Y, Chang L, et al. Tenecteplase vs. alteplase for the treat-
ment of patients with acute ischemic stroke: a systematic review and
meta-analysis. J Neurol 2022;269:5262–71 CrossRef Medline

23. Katsanos AH, Psychogios K, Turc G, et al.Off-label use of tenecteplase
for the treatment of acute ischemic stroke: a systematic review and
meta-analysis. JAMA Netw Open 2022;5:e224506 CrossRef Medline

24. Yogendrakumar V, Beharry J, Churilov L, et al. Tenecteplase improves
reperfusion across time in large vessel stroke. Ann Neurol 2023;93:489–
99 CrossRef Medline

25. Hendrix P, Collins MK, Griessenauer CJ, et al. Tenecteplase versus
alteplase before mechanical thrombectomy: experience from a US
healthcare system undergoing a system-wide transition of primary
thrombolytic. J Neurointerv Surg 2022 Nov 22. [Epub ahead of print]
CrossRef Medline

AJNR Am J Neuroradiol 44:681–86 Jun 2023 www.ajnr.org 685

http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/June%202023/0033.pdf
http://www.ajnr.org
http://dx.doi.org/10.1136/neurintsurg-2020-017225
https://www.ncbi.nlm.nih.gov/pubmed/33632879
http://dx.doi.org/10.1093/ons/opaa096
https://www.ncbi.nlm.nih.gov/pubmed/32365203
http://dx.doi.org/10.3174/ajnr.A6423
https://www.ncbi.nlm.nih.gov/pubmed/32079599
http://dx.doi.org/10.1056/NEJMoa1414905
https://www.ncbi.nlm.nih.gov/pubmed/25671798
http://dx.doi.org/10.1056/NEJMoa1503780
https://www.ncbi.nlm.nih.gov/pubmed/25882510
http://dx.doi.org/10.1056/NEJMoa1414792
https://www.ncbi.nlm.nih.gov/pubmed/25671797
http://dx.doi.org/10.1016/S1474-4422(16)30177-6
https://www.ncbi.nlm.nih.gov/pubmed/27567239
http://dx.doi.org/10.1056/NEJMoa1415061
https://www.ncbi.nlm.nih.gov/pubmed/25882376
http://dx.doi.org/10.1056/NEJMoa1214300
https://www.ncbi.nlm.nih.gov/pubmed/23390923
http://dx.doi.org/10.1016/S0140-6736(22)00537-2
https://www.ncbi.nlm.nih.gov/pubmed/35810756
http://dx.doi.org/10.1001/jama.2020.23523
https://www.ncbi.nlm.nih.gov/pubmed/33464335
http://dx.doi.org/10.1056/NEJMoa2107727
https://www.ncbi.nlm.nih.gov/pubmed/34758251
http://dx.doi.org/10.1056/NEJMoa2001123
https://www.ncbi.nlm.nih.gov/pubmed/32374959
http://dx.doi.org/10.2165/00003088-200241150-00001
https://www.ncbi.nlm.nih.gov/pubmed/12452736
http://dx.doi.org/10.1161/STROKEAHA.115.011290
https://www.ncbi.nlm.nih.gov/pubmed/26514192
http://dx.doi.org/10.1002/ana.26445
https://www.ncbi.nlm.nih.gov/pubmed/35713213
http://dx.doi.org/10.1161/STROKEAHA.121.035931
https://www.ncbi.nlm.nih.gov/pubmed/34465202
http://dx.doi.org/10.1161/STROKEAHA.120.030859
https://www.ncbi.nlm.nih.gov/pubmed/33588597
http://dx.doi.org/10.1177/23969873221113729
https://www.ncbi.nlm.nih.gov/pubmed/36478758
http://dx.doi.org/10.1016/S0140-6736(22)01054-6
https://www.ncbi.nlm.nih.gov/pubmed/35779553
http://dx.doi.org/10.1136/svn-2021-000978
https://www.ncbi.nlm.nih.gov/pubmed/34429364
http://dx.doi.org/10.1007/s00415-022-11242-4
https://www.ncbi.nlm.nih.gov/pubmed/35776193
http://dx.doi.org/10.1001/jamanetworkopen.2022.4506
https://www.ncbi.nlm.nih.gov/pubmed/35357458
http://dx.doi.org/10.1002/ana.26547
https://www.ncbi.nlm.nih.gov/pubmed/36394101
http://dx.doi.org/10.1136/jnis-2022-019662
https://www.ncbi.nlm.nih.gov/pubmed/36414389


26. Campbell BC, Mitchell PJ, Churilov L, et al; EXTEND-IA TNK
Investigators. Tenecteplase versus alteplase before thrombectomy for
ischemic stroke.N Engl J Med 2018;378:1573–82 CrossRef Medline

27. Catapano JS, Rumalla K, Farhadi DS, et al. Safety and efficacy of radial
versus femoral artery access for mechanical thrombectomy proce-
dures following intravenous administration of tissue plasminogen
activator. Stroke Vasc Interv Neurol 2022;2:e000238 CrossRef

28. Wu PJ, Dai YT, Kao HL, et al. Access site complications following
transfemoral coronary procedures: comparison between tradi-
tional compression and angioseal vascular closure devices for hae-
mostasis. BMC Cardiovasc Disord 2015;15:34 CrossRef Medline

29. Gerschenfeld G, Smadja D, Turc G; et al; TETRIS Study Group.
Functional outcome, recanalization, and hemorrhage rates after
large vessel occlusion stroke treated with tenecteplase before
thrombectomy. Neurology 2021;97:e2173–84 CrossRef Medline

30. Farouque HM, Tremmel JA, Raissi Shabari F, et al. Risk factors for the
development of retroperitoneal hematoma after percutaneous coronary
intervention in the era of glycoprotein IIb/IIIa inhibitors and vascular
closure devices. J Am Coll Cardiol 2005;45:363–68 CrossRef Medline

31. Naddaf A, Williams S, Hasanadka R, et al. Predictors of groin access
pseudoaneurysm complication: a 10-year institutional experience.
Vasc Endovascular Surg 2020;54:42–46 CrossRef Medline

32. Kwok CS, Kontopantelis E, Kinnaird T, et al.Retroperitoneal hemorrhage
after percutaneous coronary intervention: incidence, determinants, and
outcomes as recorded by the British Cardiovascular Intervention
Society.Circ Cardiovasc Interv 2018;11:e005866 CrossRef Medline

33. Shaban S, Rastogi A, Phuyal S, et al.The association of transradial access
and transfemoral access with procedural outcomes in acute ischemic
stroke patients receiving endovascular thrombectomy: a meta-analysis.
Clin Neurol Neurosurg 2022;215:107209 CrossRef Medline

686 Hendrix Jun 2023 www.ajnr.org

http://dx.doi.org/10.1056/NEJMoa1716405
https://www.ncbi.nlm.nih.gov/pubmed/29694815
http://dx.doi.org/10.1161/SVIN.121.000238
http://dx.doi.org/10.1186/s12872-015-0022-4
https://www.ncbi.nlm.nih.gov/pubmed/25956814
http://dx.doi.org/10.1212/WNL.0000000000012915
https://www.ncbi.nlm.nih.gov/pubmed/34635558
http://dx.doi.org/10.1016/j.jacc.2004.10.042
https://www.ncbi.nlm.nih.gov/pubmed/15680713
http://dx.doi.org/10.1177/1538574419879568
https://www.ncbi.nlm.nih.gov/pubmed/31578127
http://dx.doi.org/10.1161/CIRCINTERVENTIONS.117.005866
https://www.ncbi.nlm.nih.gov/pubmed/29445000
http://dx.doi.org/10.1016/j.clineuro.2022.107209
https://www.ncbi.nlm.nih.gov/pubmed/35290788


ORIGINAL RESEARCH
INTERVENTIONAL

Early-versus-Late Endovascular Stroke Treatment: Similar
Frequencies of Nonrevascularization and Postprocedural
Cerebrovascular Complications in a Large Single-Center

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

P. Maeder, G. Saliou, and P. Michel

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular treatment of acute ischemic stroke is now performed more frequently in the late
window in radiologically selected patients. However, little is known about whether the frequency and clinical impact of incomplete
recanalization and postprocedural cerebrovascular complications differ between early and late windows in the real world.

MATERIALS AND METHODS:We retrospectively reviewed all patients with acute ischemic stroke receiving endovascular treatment
within 24 hours from 2015 to 2019 and included in the Acute STroke Registry and Analysis of Lausanne. We compared rates of
incomplete recanalization and postprocedural cerebrovascular complications (parenchymal hematoma, ischemic mass effect, and
24-hour re-occlusion) in the early (,6 hours) versus late window (6–24 hours, including patients with unknown onset) populations
and correlated them with the 3-month clinical outcome.

RESULTS: Among 701 patients with acute ischemic stroke receiving endovascular treatment, 29.2% had late endovascular treatment.
Overall, incomplete recanalization occurred in 56 patients (8%), and 126 patients (18%) had at least 1 postprocedural cerebrovascular compli-
cation. The frequency of incomplete recanalization was similar in early and late endovascular treatment (7.5% versus 9.3%, adjusted P =.66),
as was the occurrence of any postprocedural cerebrovascular complication (16.9% versus 20.5%, adjusted P ¼ .36). When analyzing single
postprocedural cerebrovascular complications, rates of parenchymal hematoma and ischemic mass effect were similar (adjusted P ¼ .71,
adjusted P ¼ .79, respectively), but 24-hour re-occlusion seemed somewhat more frequent in late endovascular treatment (4% versus
8.3%, unadjusted P ¼ .02, adjusted P ¼ .40). The adjusted 3-month clinical outcome in patients with incomplete recanalization or postpro-
cedural cerebrovascular complications was comparable between early and late groups (adjusted P ¼ .67, adjusted P ¼ .23, respectively).

CONCLUSIONS: The frequency of incomplete recanalization and of cerebrovascular complications occurring after endovascular
treatment is similar in early and well-selected late patients receiving endovascular treatment. Our results demonstrate the technical
success and safety of endovascular treatment in well-selected late patients with acute ischemic stroke.

ABBREVIATIONS: adj ¼ adjusted; AIS ¼ acute ischemic stroke; EVT ¼ endovascular treatment; IME ¼ ischemic mass effect; IR ¼ incomplete revascularization;
IVT ¼ intravenous thrombolysis; PH ¼ parenchymal hematoma; PPCC ¼ postprocedural cerebrovascular complication; RCT ¼ randomized controlled trial; unadj ¼
unadjusted

The benefit of endovascular treatment (EVT) with stent
retrievers or with a direct aspiration first-pass technique for

acute ischemic stroke (AIS) is largely confirmed.1,2 For the late time
window, randomized controlled trials (RCTs) have also proved
their effectiveness in radiologically selected patients with anterior
circulation stroke,3-5 with favorable treatment effects across multi-
ple subgroups.6

However, the effectiveness of EVT is potentially reduced by
technical problems and complications during EVT, such as embo-
lization into a nonischemic territory or arterial perforation. They
can also occur afterward in the form of incomplete recanalization
(IR), arterial re-occlusion, and reperfusion injury (ie, parenchymal
hematoma [PH] and ischemic mass effect [IME]). In large RCTs,
IR was observed in 12%–34.3% of attempted EVTs.3-5,7-10 The
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rate of the other complications during and after EVT was 6%–
18.6%.3-5,7-10 The large heterogeneity in definitions, neuroimaging
techniques, and scales used may explain these variations.

Data on recanalization and postprocedural complications in
late-treated patients are scarce11,12 and may vary from data in the
early time window because patients are selected differently. We
had already analyzed intraprocedural complications like arterial
access damage, embolization in nonischemic territory, or SAH in
early and late EVT.13 In this previous study, we found similar
complication rates independent of the time window and similar
long-term outcomes despite worse short-term deficits in patients
with complicated late EVT. When analyzing predictors of intra-
procedural complications of EVT, we identified off-hour inter-
ventions and smoking to be associated.14

We now aimed to compare the frequency of complications at
the end (IR) and after EVT, ie, postprocedural cerebrovascular
complications (PPCCs), between patients treated in the early and
late time windows. Such PPCCs include arterial re-occlusion after
the end of the procedure, PH, and IME.

MATERIALS AND METHODS
Study Design and Patient Selection
We used the prospectively constructed Acute STroke Registry and
Analysis of Lausanne (ASTRAL),15 which contains all consecutive
adults with AIS admitted to Lausanne University Hospital within
24hours. Here, we retrospectively extracted all patients from
January 2015 to December 2019 (modern thrombectomy era) in
whom EVT was attempted within 24hours of last proof of good
health, including patients in whom the target occlusion was not
reached or was already re-canalized at the time of angiography.
Patients with atherosclerotic occlusions due to intracranial stenoses
were not excluded. For the current analysis, we considered EVT as
“early” if initiated within 6hours after onset or last proof of good
health and as “late” if initiated 6–24hours after these time points.

The variables collected in ASTRAL, including nonrecanaliza-
tion and complications during and after EVT, are prespecified as
described previously.15 They include a large range of parameters,
such as demographics, medical history, active cerebrovascular
risk factors, current medication, clinical symptoms, stroke sever-
ity measured by the NIHSS, vital signs, metabolic parameters and
stroke mechanism.

Neuroimaging
Until April 2018, the initial neuroimaging of choice on admission
was CT (256–detector row Revolution CT; GE Healthcare) and
3T MR imaging thereafter (Magnetom Vida; Siemens). Acute
imaging was assessed for ASPECTS and posterior circulation
ASPECTS16 on noncontrast CT or DWI. CTA or MRA was per-
formed before EVT in all patients. After EVT, control cerebral
imaging by CT/CTA or MR imaging/MRA was obtained for all
patients at 12–48hours as part of routine clinical practice to eval-
uate recanalization status. Imaging was also repeated for any non-
palliative patient when clinically indicated, such as a$ 2 NIHSS
points worsening.

At least 1 senior neuroradiologist (P. Maeder, V.D.) and a sen-
ior vascular neurologist (P. Michel) evaluated baseline neuroimag-
ing in a nonblinded fashion to clinical information, but blinded to

each other’s results. Controversial situations were reviewed jointly
to reach a consensus. Assessment of subacute PH, IME, and re-
occlusion was performed jointly. At least 1 interventional neurora-
diologist (B.B., S.D.H., F.P., G.S.) assessed all DSA images regard-
ing IR.

EVT Procedure, Recanalization, and Hemicraniectomy
EVT was usually preceded by intravenous thrombolysis (IVT) if
the latter could be given within 4.5 hours after onset and there
were no contraindications.2,17 For later-arriving patients, IVT was
given before EVT as per the decision of the treating neurologist,
given the absence of randomized trials to judge its added value.
EVT was initiated within 6hours (and up to 8hours since May
2017)18 in the presence of a disabling deficit,8 a proximal intracra-
nial vessel occlusion,17,19 and an ASPECTS of$5 in MCA circula-
tion strokes, similar to the European criteria.20 Patients arriving
later or with an unknown stroke onset were offered treatment if
the CTP or DWI-PWI mismatch ratio was .2.0. Since May 2017,
late-arriving patients were treated according to modified DWI or
CTP assessment with Clinical Mismatch in the Triage of Wake-Up
and Late Presenting Strokes Undergoing Neurointervention With
Trevo (DAWN) criteria, ie, with NIHSS$ 10 and ASPECTS$ 7
or if the stroke was disabling, NIHSS 1–10 and ASPECTS$ 8.4

Since January 2018, late-arriving patients were also offered EVT if
the core was ,70mL and the mismatch ratiowas .1.8 on perfu-
sion imaging, in accordance with Endovascular Therapy Following
Imaging Evaluation for Ischemic Stroke (DEFUSE 3) European2

and American criteria.21

In basilar artery occlusions, EVT was performed up to 6hours
in the absence of extensive brainstem infarct on CT or MR imag-
ing. Since May 2017, this time window was prolonged to 8hours if
posterior circulation ASPECTS was$7 on CT and up to 24hours
if no transverse irreversible brainstem ischemia was present on
MR imaging. The interventional neuroradiology team consisted of
3 senior neuroradiologists until 2019 and 4 thereafter.

A large range of EVT data were analyzed, including time met-
rics (Online Supplemental Data), technical parameters of the pro-
cedure, and degree of reperfusion at the end of the procedure.
Decompressive hemicraniectomy for IME was performed accord-
ing to national guidelines.22

Primary End Points
We compared the following 4 co-primary end points between
patients with early and late windows undergoing EVT, according
to the current literature:23

1) IR at the end of EVT: recanalization,2b on modified TICI.
2) Arterial re-occlusion on 24-hour neuroimaging, ie, MRA or

CTA: re-occlusion of the initially recanalized intracranial ar-
tery with a modified TICI of 2b or 3 at the end of EVT.24

Extracranial re-occlusions were not considered.
3) PH within 7 days: either PH type 1 or PH type 2 according to

the second European Cooperative Acute Stroke Study
(ECASS-II),25 independent of clinical worsening; PH was
preferred as an end point over symptomatic intracerebral
hemorrhage because even PH type 1 is associated with less
favorable outcomes.26
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4) IME within the first 7 days: radiologic supratentorial mass effect
causing a $5-mm midline shift or cerebellar stroke with
obstruction of the fourth ventricle and/or basal cisterns or com-
pression of the brainstem, independent of clinical worsening.

Re-occlusion, IME, and PH within 7 days of EVT were to-
gether considered as “any PPCC.”

We also compared, as further outcome, disability at 3months.
A noninterventional neurologist (or neurologist in specialty train-
ing) evaluated all patients before EVT and after EVT. The disability
at 3months was estimated in the outpatient stroke clinic by non-
blinded stroke neurologists or in a nonblinded structured tele-
phone interview27 by mRS-certified medical personnel. We did not
examine SAH or other intraprocedural EVT complications in the
current project, given the specific focus on PPCC and our previous
publication on such intraprocedural complications.13

Secondary End Points
Using unadjusted analyses, we also compared the rate of reperfu-
sion injury (PH or IME), symptomatic intracranial hemorrhage
according to ECASS-II,28 D-NIHSS at 24 hours (difference
between NIHSS at 24 hours and on admission), ischemic stroke
and TIA recurrence of,7 days, length of hospitalization, and dis-
position and mortality at 3 and 12 months. Furthermore, we
compared the D-NIHSS at 24 hours and the mRS at 3 months in
the early-versus-late EVT populations. Finally, we reported the
rates of IR and PPCC separately for the posterior circulation, bas-
ilar artery occlusion, and patients with anterior circulation stroke.

Statistical Analysis and Ethical Considerations
Differences between the early and late EVT groups were explored
using appropriate statistical testing such as Mann-Whitney U,
x 2, or Fisher exact tests.

We analyzed each of the 4 co-primary end points separately
(IR, re-occlusion at 24 hours, PH, IME) using 4 logistic regression
models. We initially performed unadjusted univariate analysis,
fitting models with the late/early indicator as the only explanatory
variable. Then, we fitted multivariate models, adjusting for cova-
riates selected using stepwise variable selection methods with a
.20 significance threshold in univariate analysis.

Clinical long-term outcome for patients who had IR or any of
the 3 PPCCs was analyzed using the mRS at 3months as an ordinal
variable (modified Rankin score), ie, with an ordinal logistic regres-
sion analysis in which all 6 levels of the mRS were considered.29

Seventy-two patients (10.2%) were lost to 3-month follow-up.
Regarding secondary outcomes, the short-term (D-NIHSS)

impact of IR and all combined PPCCs was also compared with-
out adjustments (because of low numbers) in the overall cohorts
with/without complications, in the overall cohort comparing
patients in early-versus-late windows, and in the complication
cohort comparing patients with early and late windows.

Given the 4 primary end points, the P value threshold was set
at .125 for significance (Bonferroni correction).

ASTRAL is registered with our institution. Patient written in-
formation is collected where it is stated that routinely collected
clinical data may be used for scientific purposes. Any patient’s de-
cision to opt out was respected. Before analysis, the data were ano-
nymized following the principles of the Swiss Human Research

Ordinance. Given that only anonymized data were used, there was
no need for local ethics commission approval or patient consent
according to the Swiss Federal Act on Research Involving Human
Beings. The anonymized data of this study are available from the
authors on reasonable request. For reporting, the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
checklist was applied.

RESULTS
All 701 consecutive patients with AIS receiving EVT during the
observation period were included; 70.8% (n ¼ 496) were treated
early, and 29.2% (n ¼ 205), late. Among the 205 late-treated
patients, 46 (22.4%) were treated according to a mismatch ratio
of .2.0 on CTP (until May 2017), 20 (9.8%) according to modi-
fied DAWN criteria (from May 2017 to January 2018), and 139
(67.8%) according to DEFUSE 3 criteria (after January 2018).
Most baseline characteristics were similar between patients
receiving early versus late EVT (Online Supplemental Data), but
men were underrepresented and late EVT patients received less
often IVT.

Frequency of Primary Outcomes
The global rate of incomplete recanalization at the end of the EVT
procedure was 8% (n ¼ 56). Any cerebrovascular complication
within 7days of EVT occurred in 18% (n ¼ 126) of all patients
receiving EVT. Radiologic IME within the first 7 days was the most
common complication, observed in 9.1%, followed by PH (7.1%)
and arterial re-occlusion (5.3%) (Online Supplemental Data).

Comparing patients undergoing early-versus-late EVT, IR
rates were similar (adjusted OR [ORadj] for early-versus-late IR ¼
0.85; 95% CI, 0.41–1.80; adjusted P [Padj] ¼ .66) (Online
Supplemental Data and Table). Also, no significant difference
was observed in rates of any PPCC (ORadj for early-versus-late
EVT¼ 0.70; 95% CI, 0.33–1.52; Padj¼ .36).

This absence of differences between early-and-late EVT per-
sisted in separate adjusted analyses of PH (ORadj for early-versus-
late EVT ¼ 0.82; 95% CI, 0.29–1.94; Padj ¼ .71), IME (ORadj for
early-versus-late EVT ¼ 0.90; 95% CI, 0.43–1.95; Padj= .79), and
their combination (reperfusion injury, unadjusted P [Punadj] ¼
.91). Arterial re-occlusion at 24 hours was 2 times more frequent
in patients treated early versus late (4% versus 8.3%, Punadj ¼ .02);
this difference did not reach statistical significance in the adjusted
analysis (ORadj ¼ 0.66; 95% CI, 0.29–2.51; Padj ¼ .40) (Online
Supplemental Data). Late EVT was preceded in 66/205 (32.2%)
by IVT; this feature did not increase the risk of PH (P value ¼
.58) or influence re-occlusion rates (P value¼ .43).

Clinical Impact
Overall, patients with IR and those with a PPCC had less favor-
able short-term and 3-month outcomes in unadjusted analysis
(Online Supplemental Data).

When comparing patients with IR with early-versus-late EVT,
the adjusted analysis of functional 3-month outcome showed no
difference (Table). Similarly, when comparing patients with
PPCC with early-versus-late EVT, the long-term clinical outcome
was similar (Table).
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Secondary End Points
The short-term clinical outcome (D-NIHSS) in patients with IR
with early-versus-late EVT (P ¼ .18) and with PPCC was similar
(P¼ .49, Online Supplemental Data).

In patients with IR, disposition and mortality at 3 and
12months were similar (Online Supplemental Data). Mortality at
7 days was nonsignificantly higher in the patients with early EVT.
Early stroke recurrence occurred in only 1 patient (from the late
EVT group). In the population having at least 1 EVT PPCC, sec-
ondary end points were also similar.

When we compared the entire early-versus-late EVT popula-
tions (with or without complications), D-NIHSS at 24 hours
seems less favorable in late EVT. However, the 3-month mRS was
similar (Online Supplemental Data).

IR and PPCC in EVT for basilar artery occlusion were similar
to EVT for anterior circulation stroke (7.4% and 7.4% versus
8.7% and 14.7%, P ¼ 1.000 and P ¼ .405, respectively). IR and
PPCC for any posterior circulation stroke also did not differ from
anterior circulation EVT (13.8% and 13.8% versus 8.7% and
14.7%, P¼ .177 and P¼ 1.000, respectively).

DISCUSSION
In 701 consecutive patients with AIS receiving EVT, we found no
difference in the frequency of IR or PPCC between early and late
time windows. Long-term clinical outcome in patients with IR or
PPCC was also similar in early and late groups.

Our overall rate of IR of 8.7% seems lower than the 12%–
41.3% reported in RCTs3,4,9,10,30-32 and in a recent large retro-
spective analysis.33 This rate may be related to technical progress
and improving operator skills, which may also be responsible for
the high recanalization rates in our and other recent studies.13,34

The similar IR rate is reassuring and adds further support for late
EVT.

The overall rate of 3 PPCCs of 18% is similar to the 6.0%–
18.6% rate in published early and late EVT RCTs,3-5,7-10 with no
important difference in the frequency or the clinical outcomes
between early-versus-late EVT. Specifically, the PH rate of 7.1%
correlates with reported rates in early5,8-10 and late EVT.3,4 In fact,
causality of PH from EVT remains unproven,35 and the risk of PH
after EVT depends on numerous factors.12,36

Second, the observed rate of IME of 9.1% seems lower than
that in the Multicenter Randomized Clinical Trial of Endovascular
Treatment for Acute Ischemic Stroke in the Netherlands (MR
CLEAN) study, reporting a midline shift in 46.8%,30 but higher
than the 0.9% in DAWN.4 An increased risk of reperfusion injury
(PH or IME) from prolonged ischemia in patients with late EVT
seems to have been counterbalanced by DAWN study’s stricter
radiologic selection criteria such as a smaller core.

Third, the overall 24-hour re-occlu-
sion rate of 5.3% after EVT is in accord-
ance with reported rates.24,37 Most
interesting, this complication was non-
statistically more frequent in late EVT;
the higher IVT rate in the early EVT
group seems an unlikely explanation.
Possible mechanisms of 24-hour re-
occlusion include an unstable occlusion

site with residual thrombus fragments that act as a nidus of highly
concentrated platelets and coagulation factors, vessel stenosis that
can disrupt the endothelial wall, and multiple recanalization
attempts that may induce vessel wall damage.

Similar to published randomized trials,38 basilar artery occlu-
sion and any posterior circulation EVT had IR and PPCC rates
similar to those of anterior circulation EVTs, but our sample size
might be too small to detect significant differences for this
comparison.

Additional important findings of our study were the absence of
differences in the duration of hospitalization and mortality
between patients with early and late EVT with complications.

The main clinical implication of our study is the confirma-
tion of the relative safety of EVT performed late or in patients
with an unknown-onset stroke; this finding should further en-
courage physicians to offer this treatment whenever the criteria
are fulfilled.

The strengths of the study are the enrollment of a large number
of consecutive patients with prespecified assessment of complica-
tions by noninterventional neurologists. The limitations of our
study are its retrospective, nonrandomized character in a single
stroke center with an elderly, white population. Second, the defini-
tions of some of the cerebrovascular complications might be con-
tested, given the lack of a precise consensus.23 Third, the
investigated PPCCs are not necessarily causally related to EVT but
may be due to the nature of the stroke. Fourth, early-and-late EVT
decisions were based on either CT or MR imaging as initial imag-
ing, making the sample more heterogeneous. Also, selection crite-
ria for late EVT differed from those in early EVT because the latter
is usually decided without considering perfusion imaging and mis-
match criteria. Furthermore, late EVT criteria changed somewhat
during the observation period, related to new scientific evidence
(DAWN and DEFUSE 3 studies). Even though patients with late
EVT had significantly lower ASPECTS on admission brain imag-
ing, IR and PPCC were similar. Due to radiologic selection of
patients with late EVT, the overall infarct size was relatively low in
both early- and late-presentation groups; thus, the results may not
be generalizable to patients with larger infarcts at presentation.
Finally, there were a limited number of study outcomes (IR and
PPCC), increasing the chance of a type 2 error and a potential risk
of overfitting the adjustments for certain outcomes (such as re-
occlusions and PH) in the multivariate analysis.

CONCLUSIONS
The frequency of IR and of PPCC after EVT is similar in patients
with early and late EVT, as is the clinical outcome after compli-
cated EVT. Our results confirm the safety of EVT in well-selected

Clinical outcome at 3months: shift analysis of mRS comparing early-versus-late EVT
Co-Primary End Points Unadjusted OR (95%CI) Adjusted OR (95%CI)
3-Month mRS if IR 2.15 (0.45–15.71) 0.31 (0.00–82.83)a

3-Month mRS if PPCC 1.17 (0.45–3.33) 2.64 (0.57–14.67)b

a Adjusted for age, admission NIHSS score, ASPECTS, prehospitalization mRS, hyperglycemia, pre-EVT-thrombolysis,
general anesthesia, and year that the EVT was performed.
b Adjusted for age, admission NIHSS score, prehospitalization mRS, ASPECTS, pre-EVT-thrombolysis, hyperglycemia,
general anesthesia, year that the EVT was performed, and start time of groin puncture.
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patients with late AIS and strengthen the evidence provided by
the late EVT RCTs.

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

Ultrasound-Guided Radiofrequency Ablation versus
Thyroidectomy for the Treatment of Benign Thyroid

Nodules in Elderly Patients: A Propensity-Matched Cohort
Study

L. Yan, X.Y. Li, Y. Li, and Y. Luo

ABSTRACT

BACKGROUND AND PURPOSE: Ultrasound-guided radiofrequency ablation has been recommended as an alternative to surgery for
benign thyroid nodules. However, little is known about the benefit from the application of radiofrequency ablation for benign thy-
roid nodules in elderly patients. The purpose of this study was to compare the clinical outcomes of radiofrequency ablation versus
thyroidectomy for elderly patients with benign thyroid nodules.

MATERIALS AND METHODS: This retrospective study evaluated 230 elderly patients (60 years of age or older) with benign thyroid
nodules treated with radiofrequency ablation (R group, n ¼ 49) or thyroidectomy (T group, n ¼ 181). Complications, thyroid func-
tion, and treatment variables, including procedural time, estimated blood loss, hospitalization, and cost, were compared after pro-
pensity score matching. The volume, volume reduction rate, symptoms, and cosmetic score were also evaluated in the R group.

RESULTS: After 1:1 matching, each group had 49 elderly patients. The rate of overall complications and hypothyroidism was 26.5%
and 20.4% in the T group, respectively, but these complications were totally absent from the R group (P, .001, P ¼ .001). Patients
in the R group had a significantly shorter procedural time (median, 4.8 versus 95.0 minutes, P, .001) and lower cost (US $1979.02
versus US $2208.80, P ¼ .013) than those treated by thyroidectomy. After radiofrequency ablation, the volume reduction rate was
94.1%, and 12.2% of nodules had completely disappeared. The symptom and cosmetic scores were both significantly reduced at the
last follow-up.

CONCLUSIONS: Radiofrequency ablation could be considered as a first-line treatment for elderly patients with benign thyroid
nodules.

ABBREVIATIONS: IQR ¼ interquartile range; PSM ¼ propensity score matching; PTMC ¼ papillary thyroid microcarcinoma; RFA ¼ radiofrequency ablation;
RLN ¼ recurrent laryngeal nerve; US ¼ ultrasound; VRR ¼ volume reduction rate

Thyroid nodules are common in general, with a prevalence of
20%–76% worldwide by ultrasound (US).1,2 Thyroid nodules

are more common in elderly individuals who have relatively large
nodules compared with their young counterparts.1,3 With the use
of US, Gietka-Czernal detected thyroid nodules in 10% of indi-
viduals approximately 20 years of age and in 50% of those older
than 60 years of age.4 Recently, a study investigated the preva-
lence of thyroid nodules in China from 6,985,956 individuals.
After analysis by age, the prevalence of nodules was decreased in
subjects from 18 years of age or younger (30.8%) to 26 years of

age (20.5%) and gradually increased after 26 years of age up to a
maximum 71.4% in participants 80 years of age or older.5

Most nodules were benign and asymptomatic and could be
managed with observation. Only a small proportion grew with
local cosmetic or compressive problems and required interven-
tion.6 Currently, surgery is the standard treatment for benign thy-
roid nodules. Because the high prevalence and large nodule size
in elderly patients were contributing to an increased number of
thyroid surgeries, the risk of general anesthesia and surgery-
related complications could not be ignored. Age was a risk factor
of complications after thyroid surgery.7,8 Any pre-existing
comorbidities also increased the risk of complications in elderly
patients.7,9 Grogan et al7 reported that the incidence of complica-
tions in young (16–64 years of age), elderly (65–79 years of age),
and superelderly (.79 years of age) patients was 1.0%, 2.2%, and
5.0%, respectively. Consequently, elderly patients were a vulnera-
ble population for surgery and often needed special consideration
and medical care.7 Moreover, some patients needed life-long
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thyroid hormone replacement after surgery. Thyroid hormone
replacement was associated with adverse effects on bones and car-
diovascular systems, which could be more prominent in elderly
patients and postmenopausal women.2,10 Thus, elderly patients of-
ten preferred the nonsurgical option rather than surgery, even if
general anesthesia was possible or a dedicated surgery team was
available.11

US-guided radiofrequency ablation (RFA) and other thermal
ablation techniques have been recommended as alternatives to sur-
gery for patients with benign thyroid nodules.12-16 Well-established
data from multiple centers demonstrated that a significant nodular
volume reduction could be achieved after ablation with relief of
local cosmetic concerns and compressive symptoms.17-24 Although
several studies compared the outcomes between RFA and surgery
for benign thyroid nodules,25,26 little is known about the benefit
from the application of RFA in benign thyroid nodules in elderly
patients.

Therefore, the purpose of this study was to compare the clini-
cal outcomes of RFA versus thyroidectomy for benign thyroid
nodules in elderly patients.

MATERIALS AND METHODS
The Institutional Review Board of the Chinese People’s Liberation
Army General Hospital approved this retrospective study. Written
information consent was obtained from all the patients before RFA
or thyroidectomy.

Patients
The inclusion criteria were as follows: 1) 60 years of age or older;
2) nodules confirmed as benign on 2 separate fine-needle aspira-
tion or core-needle biopsy procedures before treatment; 3) maxi-
mum diameter of. 2.0 cm; 4) no suspicious malignant features on
US, such as marked hypoechoic, irregular margins, taller-than-wide
shape, or microcalcifications;1 5) solid (#10% of fluid component)
or predominantly solid nodules (11%–50% of fluid component);27

6) cosmetic and/or symptomatic problems reported; 7) serum thy-
roid hormone and thyrotropin levels within normal ranges; and 8)
a follow-up period of .12months. The exclusion criteria were as
follows: 1) follicular neoplasm or malignancy reported by biopsy; 2)
nodule with benign results on biopsy but suspected malignancy on
US; and 3) coagulation disorder or serious heart, respiratory, liver,
or renal failure.

The electronic medical records of 602 elderly patients with be-
nign thyroid nodules confirmed by biopsy who underwent treat-
ment between May 2014 and December 2018 were reviewed.
After the exclusion of patients, 181 patients who underwent thy-
roidectomy (T group) and 49 patients treated with RFA (R group)
were included in this study (Fig 1).

Pretreatment Assessment
All patients underwent laboratory tests that included complete
blood count, coagulation tests, and thyroid function tests. The thy-
roid function tests were as follows: free triiodothyronine (normal
range ¼ 2.76–6.30 picomoles per liter [pmol/L]), free thyroxine
(normal range ¼ 10.42–24.32 pmol/L), and thyroid stimulating
hormone (normal range ¼ 0.23–5.50 milliunits per liter). Before
treatment, each nodule underwent US to evaluate the size, loca-
tion, component, margin, shape, echogenicity, calcification, and
vascularity. The nodular volume was calculated as follows: V ¼
pabc/6 (V is the volume, while a is the largest diameter, b and c
are the other 2 perpendicular diameters). The ACR Thyroid
Imaging, Reporting and Data System (TI-RADS) score was used
to evaluate each nodule.28 Measurements of symptomatic or cos-
metic problems was performed using a scoring system according
to Thyroid RFA Guidelines from the Korean Society of Thyroid
Radiology.12 The symptom score was self-measured by patients
using a 10-cm visual analog scale (grades 0–10).12 The cosmetic
score was evaluated by a physician (1, no palpable mass; 2, no cos-
metic problem but palpable mass; 3, a cosmetic problem on swal-
lowing only; and 4, a readily detected cosmetic problem).12

FIG 1. Study flow diagram.
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RFA
All ablation procedures were performed by an experienced US
physician with.20 years’ experience in thyroid US and interven-
tional US. Patients were treated under local anesthesia in an out-
patient clinic. A bipolar RFA generator (CelonLabPOWER;
Olympus Surgical Technologies Europe) and 18-ga bipolar readio-
frequency electrodes with 0.9- or 1.5-cm active tips were used
(CelonProSurge micro 100-T09; Olympus Surgical Technologies
Europe). RFA was performed using recommended ablation tech-
niques, including a hydrodissection technique, a transisthmic
approach, and a moving shot technique.12 The ablation procedure
was terminated when the entire nodule had become hyperechoic.
Contrast-enhanced sonography was performed immediately after
RFA to evaluate the ablated area, which was performed after a
bolus injection of SonoVue (2.4mL; Bracco), followed by 5mL of
normal saline flush. Additional complementary ablation could be
performed if any enhancement existed in the ablated area.29

After RFA, the clinical follow-ups were performed at 1, 3, 6, and
12months and every 12months thereafter. Volume, volume reduc-
tion rate (VRR), cosmetic score, symptom scores, and thyroid func-
tion were evaluated at each follow-up visit. The VRR was calculated
as follows: VRR ¼ [(initial volume-final volume)� 100%] / initial
volume. Technical success was defined as a .50% volume reduc-
tion at last follow-up.27

Thyroidectomy
The thyroidectomy procedures were performed by surgeons with
.20 years’ experience in thyroid surgery. Patients were treated
with lobectomy, with or without isthmusectomy, under general an-
esthesia in the operating room. After surgery, patients were regu-
larly followed up every 6–12months by US and thyroid function.

End Points and Definitions
The primary outcomes were complications and hypothyroidism.
Complications included were recurrent laryngeal nerve (RLN)
injury, hypoparathyroidism, and hypothyroidism. RLN injury
was the impaired movement of one or both vocal cords by laryn-
goscopy.30 Hypoparathyroidism was defined as a parathyroid
hormone level after treatment of ,15 pg/mL at 24 hours.
Permanent RLN injury or hypoparathyroidism was defined as no
recovery after 6months.30

Secondary outcomes were procedural time and treatment
cost. The procedural time of surgery was from incision to closure
without general anesthesia time. The procedural time of RFA was
defined from the electrode inserted in the tumor to ablation ter-
minated without the time of local anesthesia and hydrodissection.
The cost of the 2 treatments was based on the medical expenses
determined by the government. The cost of RFA included the
preoperative examination, ablation procedure, local anesthesia,
and radiofrequency needle costs. The cost of surgery included the
preoperative examination, surgery, general anesthesia, and hospi-
talization, such as the hospital bed, nursing costs, and postopera-
tive medication costs.

Statistical Analysis
Statistical analyses were performed using SPSS statistical soft-
ware, Version 25.0 (IBM) and R statistical and computing

software, Version 3.6.2 (http://www.r-project.org/). Because the
continuous data in this study were all non-normally distributed,
they were expressed as median with interquartile range (IQR)
and compared by the Mann-Whitney U test. Categoric data are
presented as numbers with percentages and compared by the x2

or Fisher exact test. Wilcoxon signed-rank tests were used to
compare the volume, symptom scores, and cosmetic scores before
and after RFA. The Bonferroni correction was used for multiple
comparisons. To control potential bias, we matched the 2 groups
using propensity score matching (PSM). The propensity to
undergo RFA versus thyroidectomy was estimated using a logistic
regression model based on age, sex, largest diameter, nodule vol-
ume, location, and ACR TI-RADS. The matching algorithm was
1:1 genetic matching with no replacement. Patients’ baseline
characteristics and primary and secondary outcomes in the 2
groups were compared before and after matching.

RESULTS
Patient Characteristics
Baseline characteristics of elderly patients in the 2 groups are
shown in the Online Supplemental Data. Before PSM, elderly
patients in the R group had tumors of smaller diameters (median,
4.1 cm; IQR, 1.6 cm versus median, 3.2 cm; IQR, 1.5 cm;
P, .001) and volume (median, 18.6 mL; IQR, 22.0 mL versus
median, 7.4 mL; IQR, 10.1 mL; P, .001) than those in the T
group. After 1:1 matching, 98 elderly patients were included, with
49 in each group (Fig 2).

Primary Outcomes
The comparisons of complications are summarized in the Online
Supplemental Data. Before PSM, the overall incidence of compli-
cations was 36.4% (66/181) in the T group and 0% in the R group
(P, .001). In the T group, 4 elderly patients (2.2%) experienced
transient RLN injury. After treatment by dexamethasone, they
recovered within 3months. Three elderly patients (1.7%) had
transient hypoparathyroidism and recovered after 7 days. One el-
derly patient (0.6%) experienced loss of consciousness once after
surgery. Three elderly patients (1.7%) had fever and recovered in
3 days after medication. Four elderly patients (2.2%) had wound
infection, which resolved in 5 days with antibiotics. One elderly
patient (0.6%) had respiratory dysfunction and recovered after
3 days on a ventilator. A total of 50 elderly patients (27.6%) in the
T group had hypothyroidism and needed thyroid hormone sup-
plementation. However, thyroid function was not affected in el-
derly patients after RFA (P, .001).

After PSM, the overall incidence of complications (0% versus
26.5%, P, .001) and hypothyroidism was significantly lower in
the R group than in the T group (0% versus 20.4%, P¼ .001).

Secondary Outcomes
The treatment-related variables are shown in the Online
Supplemental Data. After PSM, the procedural time (median,
4.8 minutes; IQR, 4.1 minutes versus median, 95.0 minutes;
IQR, 62.0 minutes; P, .001) and cost (median, US $1979.20;
IQR, US $268.40 versus median, US $2208.80; IQR, US $886.90;
P ¼ .013) in the R group were significantly lower than those in
the T group.
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Other Outcomes
All patients underwent a single-session RFA procedure. During
ablation, the median power was 7.5 W, and the mean energy
was 1550 J. The Online Supplemental Data show the volume
reduction during the follow-up for elderly patients treated by
RFA. After ablation, the median volume of the nodules
decreased significantly from 7.4 mL (IQR, 10.1 mL) to 0.3 mL
(IQR, 1.4 mL) with a VRR of 94.1 (15.0%). Technical efficacy
was achieved in all thyroid nodules. Nodule regrowth was not
detected. Six ablated nodules (12.2%) disappeared during the
follow-up. At the last follow-up, the symptom scores signifi-
cantly decreased from median, 3 (IQR, 2) to median, 1 (IQR, 1)
(P ¼ .001), and the median cosmetic scores significantly
decreased from median, 3 (IQR, 1.5) to median, 1 (IQR 1) (P ¼
.001). Figure 3 shows a nodule in an elderly patient before and
after RFA.

In the T group, the median hospitalization was 8.0 (IQR, 4.0)
days, and the median blood loss was 20.0 (40.0) mL. After sur-
gery, the symptom scores significantly decreased from median, 5
(IQR, 4) to median 2 (IQR, 2) (P, .001), and the cosmetic scores
significantly decreased from median, 4 (IQR, 2) to median, 0
(IQR, 0) (P ¼ .001). The final pathology in the T groups was as
follows: 113 nodular goiters, 60 thyroid adenomas, 6 Hürthle Cell
adenomas, and 2 cases of Hashimoto thyroiditis. Among 113
patients with nodular goiters, 2 patients also had a papillary thy-
roid microcarcinoma (PTMC) lesion of,2mm.

DISCUSSION
This study compared the clinical outcomes of RFA versus thy-
roidectomy for benign thyroid nodules in elderly patients. The
results were that the overall incidence of complications and hypo-
thyroidism was 26.5% and 20.4% in the T group, respectively, but
they were totally absent from the R group. The procedural time,
estimated blood loss, hospitalization, and cost were significantly
lower in the R group than in the T group. Moreover, the nodule
volume was significantly decreased after RFA with a median VRR
of 94.1%. The nodule-related symptoms and cosmetic problems
were also clinically improved.

Compared with young individuals, the elderly usually had a
relatively large nodule.1,3 Therefore, the pressure symptoms or
cosmetic problems in the neck including pain, dysphasia, foreign
body sensation, discomfort, cough, neck bulging, and tracheal
compression, were more prominent and needed treatment.
However, because of the complex anatomy in the thyroid and
neck, thyroid surgery had a relatively high risk of complications,
especially in elderly patients.2,7,8,26 RLN injury was the most com-
mon major complication of thyroidectomy, and the rate of tem-
porary and permanent injury was 0.4%–7.2% and 0–5.2%,
respectively.31 It was associated with not only the varied position
and intraoperative injury during surgery but also with increased
age.9,32 Patients 65 years of age or older had a significantly higher
rate of RLN injury compared with those younger than 65 years of
age (8.0% versus 5.4%, P, .001).9

FIG 2. Histogram of PSM.

696 Yan Jun 2023 www.ajnr.org



Hypoparathyroidism was another major complication, mainly
caused by the manipulation or incorrect removal of the parathyroid
glands. The reported rate of transient and permanent hypopara-
thyroidism was 25.9%–27% and 1%–2.7% after thyroidectomy,
respectively.8,33-35 To prevent hypoparathyroidism, the most prac-
tical approaches included the identification of the parathyroid
glands and protection of the vascular supply; however, these
approaches were not always possible during surgery.36 In this
study, 4 patients (2.2%) experienced transient RLN injury and 3
patients (1.7%) developed hypoparathyroidism in the T group. In
contrast, no patient in the R group had complications. The find-
ings were consistent with those in a previous meta-analysis that
reported the rate of temporary injury after RFA for benign thyroid
nodules as 0.9% and of permanent injury as 0.04%.37 Moreover,
hypoparathyroidism caused by RFA has not been reported yet.37

To avoid complications during ablation, we used several strat-
egies in this study. First, the physician can monitor the electrode
tip and treat the nodule accurately by real-time US. Second, the
moving shot technique, a transisthmic approach, and hydrodissec-
tion techniques were performed to minimize the thermal injury to
the adjacent critical structures.12 Third, the RFA procedure needed
only local anesthesia in the outpatient clinic with a shorter proce-
dural time, which also lowered the risk of complications.12

Hypothyroidism after RFA was rare,38 and the reported rate
of permanent hypothyroidism after RFA was 0.04%.37 This study
found that the thyroid function was well-maintained in all elderly
patients treated with RFA, whereas 27.6% of elderly patients in
the T group developed hypothyroidism and needed thyroid hor-
mone replacement. As a minimally invasive technique, only the
targeted nodule was treated during the RFA procedure, and most
normal thyroid parenchyma was spared without thermal injury.
However, a meta-analysis including 32 studies with 4899 patients

who underwent hemithyroidectomy
reported that the incidence of hypothyr-
oidism was from 5.7% to 48.9% and the
overall risk of hypothyroidism was
22%.39 Kuo et al40 also reported that
because of partial removal of the thyroid
parenchyma during the thyroidectomy,
22%–33% of patients developed hypo-
thyroidism and needed life-long thyroid
hormone replacement. Although thy-
roid hormone replacement is a safe and
generally successful therapy for hypo-
thyroidism, it was difficult to precisely
predict the correct replacement dose in
elderly individuals.41 The gastrointesti-
nal absorption of levothyroxine might
be lower in elderly patients.41 The pre-
existing comorbidities, such as diabetes,
cirrhosis, hypertension, coronary artery
disease, respiratory diseases, and malig-
nancy, might also lower the levothyrox-
ine dose required to normalize serum
thyroid-stimulating hormone levels.41

Furthermore, elderly patients were more
susceptible to the adverse effects of thy-

roid hormone replacement, especially arrhythmia and osteoporotic
fractures. These issues made it difficult to predict the appropriate
levothyroxine dose precisely and carefully in this population.10

RFA and other thermal ablation techniques have been recom-
mended as an alternative to surgery for benign thyroid nodules.12-16

High-level evidence from prospective studies or randomized clini-
cal trials revealed that after ablation, the nodule volume reduction
was significant with improvement of clinical symptomatic and
cosmetic problems.17-24 A meta-analysis reported that the pooled
proportion of VRR at 6, 12, 24, 36months, and last follow-up was
64.5%, 76.9%, 80.1%, 80.3%, and 92.2%, respectively.42 This study
found that after RFA, the volume was significantly decreased with
a median of 94.1% and a complete disappearance rate of 12.2%.
Technical efficacy was achieved in all nodules, and nodule-related
symptoms and cosmetic problems showed clinical improvement.
These results were in line with previous studies suggesting that the
efficacy of RFA was also satisfactory and sustainable for elderly
patients.42

In this study, 2 elderly patients in the T group were also found
to have occult PTMC, suggesting that some benign nodules might
have microscopic foci that could not be detected by preoperative
US evaluation.43 Therefore, surgery was still the current first-line
treatment for benign thyroid nodules.1 However, in the absence
of evidence of extrathyroidal extension, metastatic cervical lymph
nodes, or distant metastases, PTMC often had an indolent nature.
Current guidelines have recommended active surveillance as a
conservative management option to immediate surgery for low-
risk PTMC,1,44 and this has had favorable results.45-47 Although
older age was one of the most important factors predicting poor
prognosis, Ito et al48 reported that the proportion of PTMC pro-
gression was lowest in the elderly patients older than 60 years of
age and highest in the young patients (younger than 40 years of

FIG 3. US image of a 61-year-old woman with a benign thyroid nodule in the right thyroid lobe. A
and B, Before RFA, US image shows a solid benign nodule confirmed by biopsy in the right thyroid
lobe with an initial volume of 14.3mL (arrow). C and D, At 12months after RFA, the volume of the
ablated nodule was 2.0mL (arrow) with a VRR of 86.2%.
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age), suggesting that elderly patients with subclinical low-risk
PTMCmay be the best candidates for active surveillance.

This study had limitations. First, it was a retrospective study.
Second, the sample size was relatively small. Third, because el-
derly patients in the R group had smaller nodules than those in
the T group, large nodules in the T group were removed from
comparison by PSM. RFA and other thermal ablation techniques
have been used for large nodules and nodular retrosternal goiters
and have had favorable results.17-24,49 However, it was difficult to
treat the periphery of a nodule completely by a single-session
procedure. Patients with large nodules required multiple treat-
ment sessions to achieve complete ablation.50 The comparison
between multiple RFA sessions versus thyroidectomy for very
large nodules in elderly patients still needs further investigation.
Fourth, the baseline disease status of elderly patients in the 2
groups might be different, despite PSM being used in this study
to control potential biases. Fifth, because of medical insurance
policies, the hospitalization and cost in this study might be differ-
ent in other countries. In China, patients usually completed pre-
treatment examinations after hospitalization, and they were
discharged about 3 days after the surgery. Therefore, the hospital-
ization and cost of elderly patients in other countries need further
investigation.

CONCLUSIONS
For elderly patients with benign thyroid nodules, RFA could be
considered as a first-line treatment with advantages of a lower
incidence of complications and maintenance of thyroid function.

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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Improved Myelination following Camp Leg Power, a
Selective Motor Control Intervention for Children with
Spastic Bilateral Cerebral Palsy: A Diffusion Tensor MRI

Study
A. Vuong, S.H. Joshi, L.A. Staudt, J.H. Matsumoto, and E.G. Fowler

ABSTRACT

BACKGROUND AND PURPOSE: Children with spastic cerebral palsy have motor deficits associated with periventricular leukomalacia
indicating WM damage to the corticospinal tracts. We investigated whether practice of skilled lower extremity selective motor
control movements would elicit neuroplasticity.

MATERIALS AND METHODS: Twelve children with spastic bilateral cerebral palsy and periventricular leukomalacia born preterm
(mean age, 11.5 years; age range, 7.3–16.6 years) participated in a lower extremity selective motor control intervention, Camp Leg
Power. Activities promoted isolated joint movement including isokinetic knee exercises, ankle-controlled gaming, gait training, and
sensorimotor activities (3 hours/day, 15 sessions, 1 month). DWI scans were collected pre- and postintervention. Tract-Based Spatial
Statistics was used to analyze changes in fractional anisotropy, radial diffusivity, axial diffusivity, and mean diffusivity.

RESULTS: Significantly reduced radial diffusivity (P, . 05) was found within corticospinal tract ROIs, including 28.4% of the left and
3.6% of the right posterior limb of the internal capsule and 14.1% of the left superior corona radiata. Reduced mean diffusivity was
found within the same ROIs (13.3%, 11.6%, and 6.6%, respectively). Additionally, decreased radial diffusivity was observed in the left
primary motor cortex. Additional WM tracts had decreased radial diffusivity and mean diffusivity, including the anterior limb of
the internal capsule, external capsule, anterior corona radiata, and corpus callosum body and genu.

CONCLUSIONS: Myelination of the corticospinal tracts improved following Camp Leg Power. Neighboring WM changes suggest
recruitment of additional tracts involved in regulating neuroplasticity of the motor regions. Intensive practice of skilled lower ex-
tremity selective motor control movements promotes neuroplasticity in children with spastic bilateral cerebral palsy.

ABBREVIATIONS: ACR ¼ anterior corona radiata; AD ¼ axial diffusivity; ALIC ¼ anterior limb of the internal capsule; CC ¼ corpus callosum; CerPed ¼ cer-
ebral peduncle; CP ¼ cerebral palsy; CST ¼ corticospinal tract; EC ¼ external capsule; FA ¼ fractional anisotropy; GMFCS ¼ Gross Motor Function
Classification System; GMFM ¼ Gross Motor Function Measure; MD ¼ mean diffusivity; PLIC ¼ posterior limb of the internal capsule; PVL ¼ periventricular
leukomalacia; RD ¼ radial diffusivity; SCALE ¼ Selective Control Assessment of the Lower Extremity; SCR ¼ superior corona radiata; SMC ¼ selective motor
control; TBSS ¼ Tract-Based Spatial Statistics

Children born prematurely are vulnerable to WM motor tract
injury, with the resulting severity of motor impairment de-

pendent on the extent of neuronal damage. The corticospinal

tracts (CSTs) responsible for selective motor control (SMC) are
particularly vulnerable to damage due to their anatomic location.
Periventricular leukomalacia (PVL), indicating CST damage, is a
common MR imaging finding in children with spastic bilateral
cerebral palsy (CP).1 Impaired SMC presents as a lack of isolated
joint movement and may include flexor/extensor synergy pat-
terns and mirror movements with reduced force, speed, and tim-
ing of movement.2,3 SMC can be measured clinically using the
Selective Control Assessment of the Lower Extremity (SCALE).2

SCALE scores correlate with intralimb coordination4 and knee
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extension acceleration during gait5 and have a larger causal effect
on gross motor function than strength, spasticity, contractures,
and bony deformities.6 SMC is considered a prognostic factor for
surgical outcomes.7,8

DTI has been used to assess WM damage in children with
spastic CP.9-12 Relative to normative data, reduced fractional ani-
sotropy (FA) has been interpreted as a marker of disruption of
local tissue structural anisotropy; higher radial diffusivity (RD),
as decreased myelination; lower axial diffusivity (AD), as axonal
injury; and higher mean diffusivity (MD), as greater overall diffu-
sion.13-18 Lower FA,9-12 higher RD and MD,10,12 and bidirec-
tional results for AD10,12 have been reported for children with
spastic bilateral CP compared with children with typical develop-
ment. In children with spastic bilateral CP, significant correla-
tions between DTI measures and the Gross Motor Function
Classification System (GMFCS) levels,10,11 Gross Motor Function
Measure (GMFM),12 and SCALE scores12 have been found.
SCALE scores were found to correlate positively with FA and
negatively with RD in more motor regions of the brain compared
with GMFM.12

Neuroplasticity as evidenced by changes in the microstruc-
tural properties of WM motor tracts in spastic CP is not well-
understood. DTI studies examining the response to exercise inter-
ventions are limited, and improvements have yet to be clearly
demonstrated. Most have focused on upper extremity therapy in
children with unilateral CP with contrasting results.19-21 No sig-
nificant changes were found in any DTI measure in cohorts of
children and young adults with unilateral CP following con-
straint-induced therapy19 and constraint-induced therapy pre-
ceded by transcranial direct current stimulation.21 In contrast,
Kim et al20 found increased FA following a task-specific upper
extremity exercise intervention in infants with CP, suggesting
that microstructural changes may be more likely in younger par-
ticipants with greater plasticity.

DTI changes of WM motor regions in children with spastic
CP in response to a lower extremity exercise intervention have
received little attention. Researchers in India examined FA using
tractography following 6 months of daily physical therapy
(1.5 hours/day for 24weeks) that was preceded by botulinum
toxin injections and casting for children born full-term with bilat-
eral spastic CP (GMFCS levels I–IV).22 Physical therapy included
strengthening, gait training, and stretching. They found signifi-
cant increases in FA of motor and sensory bundles and GMFM,
regardless of botulinum toxin assignment, supporting the efficacy
of intensive lower extremity physical therapy. Improved FA,
which has not been reported in other studies of lower extremity
motor intervention in this population, may be related to the high
physical therapy dosage. This dosage is not feasible in most set-
tings and may place a considerable burden on a child and his or
her family. Jain et al23 reported that neither FA nor the apparent
diffusion coefficient increased following botulinum toxin injec-
tions and 6 months of physical therapy in a cohort of children
with spastic bilateral CP. ROIs, however, were defined differently
(on the basis of WM perfusion). Most studies of lower extremity
interventions in spastic CP to date have not included RD or MD.

While previous CP studies used DTI to observe specific iso-
lated WM motor tracts, full tract reconstruction can be difficult

in cohorts with impaired WM leading to exclusion of partici-
pants.20,24,25 Additionally, focusing on a priori WM tracts may
limit the scope of analysis and underestimate the global extent of
WM neuroplasticity. Tract-Based Spatial Statistics (TBSS), a
whole-brain voxel-based approach, can be used to observe an
intervention effect on all WM tracts, including motor regions of
the brain,26 circumventing these issues.

The effect of an intensive lower extremity SMC intervention
on WM motor tract microstructure has not been studied in chil-
dren with spastic bilateral CP born prematurely with PVL. We
hypothesized the following: 1) DTI measures would improve fol-
lowing intensive task-specific SMC intervention, and 2) partici-
pants with greater baseline SCALE scores would have greater
improvement.

MATERIALS AND METHODS
Participants
This study was conducted in an outpatient clinical research set-
ting (Center for CP at the University of California Los Angeles/
Orthopaedic Institute for Children and Ahmanson-Lovelace
Brain Mapping Center). The institutional review board of the
University of California Los Angeles provided ethics approval.
Informed assent and consent for research were obtained from the
children and their parents or guardians.

Inclusion criteria for all participants were the following: 1)
between 5 and 18 years of age, 2) history of prematurity, 3) diag-
nosis of spastic bilateral CP and PVL as evidenced by a brain
scan, 4) the ability to understand and follow verbal directions, 5)
the ability to lie still, and 6) the ability to walk with or without
assistive devices.

Exclusion criteria were the following: 1) metal implants not
verified as MR imaging–safe, 2) programmable implants includ-
ing ventriculoperitoneal shunts and intrathecal baclofen pumps,
3) dental braces, 4) seizures not controlled by medication, 5) or-
thopedic surgery or neurosurgery within 1 year of starting the
study, and 6) botulinum toxin or casting within 3months of start-
ing the study.

The participants in the current study were included in a previ-
ous publication examining the correlation between baseline DTI
outcomes and SCALE in CP and DTI differences relative to a
group of children with typical development.12

Clinical Assessments
Children with CP were evaluated by experienced physical thera-
pists using standardized protocols. SCALE was used to assess
SMC.2 Specific isolated movement patterns at the hip, knee, ankle,
and subtalar and toe joints were evaluated bilaterally. SCALE
scores for each limb ranged from 0 (absent SMC) to 10 (normal
SMC). Left and right limb scores were summed for a total possible
SCALE score of 20 points.

Lower Extremity SMC Intervention
Camp Leg Power, the lower extremity SMC intervention, included
practice of skilled, isolated joint movements, isokinetic knee exer-
cises at variable speeds, ankle-controlled video gaming, gait and
functional training, and sensory enrichment using a summer
camp format. Under the supervision of experienced physical
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therapists, each participant had 15 camp sessions for 3 hours/
day during a 1-month period. Skilled, isolated movements of the
hip, knee, ankle, and subtalar and toe joints were practiced. By
means of a Biodex System 4 Pro Dynamometer (Biodex Medical
Systems), isokinetic knee extension and flexion exercises were
performed bilaterally for a minimum of 10 sessions. Each partici-
pant was trained at speeds up to 300°/s, depending on his or her
initial ability to produce torque and was progressed to higher
speeds on the basis of ability during each session. Participants
operated video games using ankle dorsiflexion and plantar flexion
movements on a robotic device27 for at least 5minutes per limb
for a minimum of 10 sessions. Additionally, gait and functional
training in activities that emphasized intra- and interlimb control
were practiced. These included kicking, navigating obstacles, stair
climbing, and treadmill/overground walking encouraging maxi-
mal step length. Barefoot sensory enrichment activities were per-
formed including walking on different surfaces.

MR Imaging Protocols
Before MR imaging sessions, children viewed a slide presentation
describing procedures and practiced lying still while listening to
recordings of scanner sounds. All T1WI and DWI scans were
acquired using a 32-channel coil on a 3T Magnetom Prisma MR
imaging scanner (Siemens) without sedation. T1-weighted
MPRAGE images were obtained using TR ¼ 2500ms; TE ¼ 1.8,
3.6, 5.39, and 7.18ms; FOV¼ 256� 256mm2; and isotropic voxel
resolution¼ 0.8� 0.8� 0.8mm3. DWI scans were obtained using
a single-shot, spin-echo, echo-planar acquisition with 6 reference
images (b ¼ 0 s/mm2), 52 gradient directions (b ¼ 1500 s/mm2),
TR ¼ 3231ms, TE¼ 89.6ms, FOV¼ 210� 210mm2, echo spac-
ing¼ 0.69ms, and isotropic voxel resolution¼ 1.5� 1.5� 1.5mm3.
All DWI scans were corrected for EPI susceptibility and eddy
current distortions using FSL’s topup tool (https://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/topup/ExampleTopupFollowedByApplytopup)
and eddy tool (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy), respec-
tively, and FA, RD, AD, and MD maps were generated using
DTIFit (http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html).28

All DTI maps underwent a nonlinear registration to the stand-
ard space. Subsequently, the mean FA image was projected in
the standard space FMRIB58_FA (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FMRIB58_FA) and thresholded at FA ¼ 0.2 to create a
skeletonized version.26 The nonlinear transformations were
applied to the FA, RD, AD, and MD maps and projected on the
mean FA skeleton in preparation for statistical analysis.29

Statistical Analysis
TBSS, a whole-brain voxel-based approach, was used to assess
pre- and postdifferences in FA, RD, AD, and MD.26 The mean
WM skeleton used was derived from and overlaid on the
FMRIB58 standard-space FA template. Statistical analyses were

performed using paired t tests (5000 permutations). In addition,
correlation analyses between pre- and post-DTI differences
within each voxel and total SCALE score were performed. All
results were corrected for multiple comparisons using the
threshold-free cluster enhancement procedure implemented in
Randomise (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/
UserGuide).30 Voxels with significant findings (P, . 05) were
displayed on the mean WM skeleton.

ROI analyses were performed to quantify voxels with signifi-

cant postintervention differences (P, . 05). Using the Johns

Hopkins University ICBM-DTI-81 WM atlas labels (http://

neuro.debian.net/pkgs/fsl-jhu-dti-whitematter-atlas.html),31 we

transferred ROIs to all images produced in the TBSS pipeline af-

ter nonlinear warping to the standard Montreal Neurological

Institute 152 space and skeletonization. Significant pre- and

postdifferences (P, . 05) within ROIs were quantified by per-

forming voxel counts in FSL (http://www.fmrib.ox.ac.uk/fsl).

ROIs located along the descending pathways of the CSTs were

parcellated bilaterally to analyze WM motor regions: 1) area in-

ferior to the cerebral peduncle (sub-CerPed), 2) cerebral

peduncle (CerPed), 3) posterior limb of the internal capsule

(PLIC), and 4) superior corona radiata (SCR). Secondary ROIs

were the anterior limb of the internal capsule (ALIC), external

capsule (EC), anterior corona radiata (ACR), and the corpus cal-

losum (CC) genu and body. The percentages of significant vox-

els (P, . 05) in relation to the total number of voxels within

ROIs were calculated.

RESULTS
Twelve children with spastic bilateral CP (2 females, 10 males;
mean age, 11.5 [SD, 2.8] years; age range, 7.3–16.6 years) partici-
pated. They were born preterm with a mean gestational age of
28.9weeks, ranging from 24 to 33weeks. Using baseline T2WI
scans, a neurologist or neuroradiologist examined CST brain
regions between the cortex and medulla. All demonstrated find-
ings consistent with clinical findings of spastic bilateral CP,
namely PVL and/or ventricular enlargement, particularly in the
posterior horns of the lateral ventricles. GMFCS levels were the
following: I (n ¼ 3), II (n ¼ 1), III (n ¼ 7), and IV (n ¼ 1). Total
SCALE scores ranged from 1 to 18. Five participants were right-
handed, and 7 participants were left-handed. Figure 1 details the
recruitment and screening process leading to the total number of
participants included in the study.

The mean WM skeleton used is shown in Fig 2A. Significant
postintervention decreases in RD (P, . 05) were found through-
out major WM tracts, including the CSTs, ALIC, EC, ACR, and
CC (Fig 2B). Within the CSTs, RD decreased in the bilateral
PLIC and left SCR as seen on the coronal and axial views. In the

FIG 1. Flowchart detailing the recruitment and screening process leading to the total number of participants included in the study.
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superior axial section, decreased RD can be viewed in the left
motor and somatosensory cortices. Significant decreases in MD
(P, . 05) were found in similar regions of the brain (Fig 2C): the
CSTs (bilateral PLIC and left SCR), ALIC, EC, ACR, and CC. In
addition, decreased MD was apparent in both frontal lobes. No
significant increases in RD or MD (P, . 05) were found, and no
significant changes in FA or AD (P, . 05) were found in either
direction. Significant correlations (P, . 05) were not found
between changes in DTI measures and total SCALE scores.

The number of voxels with significant decreases in RD and
MD (P, . 05) within motor and nonmotor WM ROIs is shown
in the Table. RD and MD decreased within ROIs for the bilateral
ALIC, bilateral PLIC, bilateral EC, bilateral ACR, left SCR, and
CC genu and body. In all bilateral ROIs presented, a greater per-
centage change was seen in the left hemisphere of the brain com-
pared with the right for both RD and MD, with the exception of
MD in the bilateral ALIC. Additional ROIs containing voxels
with significant decreases in RD (P , .05) are shown in the
Online Supplemental Data.

DISCUSSION
This study showed significantly decreased RD and MD (P, . 05)
in the WMmotor regions after an intensive lower extremity SMC

intervention in children with spastic bilateral CP. No significant
postintervention increases in RD or MD (P, . 05) were found.
Few studies of children with spastic CP have analyzed postinter-
vention DTI changes beyond FA. Following the intervention, RD
and MD decreased in key CST regions, including the bilateral
PLIC, left SCR, and left primary motor cortex. While decreased
RD of the WM tracts is indicative of improved myelination,16,18

the meaning of decreased MD is less clear.17,32 We suggest, how-
ever, that the decreased MD is driven by intervention-guided neu-
roplastic changes related to altered uniformity in microstructural
tissue complexity.17,32-34 In children with typical development,
myelination is rapidly developed during infancy35 and is dynami-
cally regulated throughout adolescence,36 but deficits have been
widely reported for children with spastic CP and PVL.12,37-39 It
has been theorized that task-based interventions focused on prac-
ticing new complex motor skills, as performed in this study, pro-
mote myelination.40-43 Others have reported improved CST
myelination (using DTI tract-based quantitative susceptibility
mapping) in children with spastic CP following cord blood stem
cell therapy and usual rehabilitation therapy,44-46 precluding direct
comparisons.

Our current findings of improved myelination of the CC
genu and body are consistent with potential neuroplastic

FIG 2. TBSS results show significant reductions in RD and MD (P, . 05) after lower extremity SMC intervention. Coronal slices were selected at
the level of the CSTs. From left to right, axial slices were selected at the level of the primary motor cortex, PLIC, and CerPed, respectively. Mid-
sagittal slices were selected at the level of the CC. A, The WM skeleton is shown in green with additional arrows labeling the somatosensory
cortex, ALIC, ACR, and EC. In the coronal view, ROIs for the SCR (red), PLIC (yellow), CerPed (blue), and sub-CerPed (orange) are shown.
Significant pre- and postdifferences for the CP group (P, . 05) are shown for RD (B) and MD (C). The colormap (blue-light blue) denotes a signifi-
cant decrease in the DTI measure (P, .05). A indicates anterior; FWE, family-wise error; I, inferior; L, left; P, posterior; R, right; S, superior.
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changes in response to SMC-focused therapy activities. In a
study of rats trained in a spatial learning and memory task, WM
changes in the CC as evidenced by DTI changes in FA and appa-
rent diffusion coefficient were accompanied by increased myelin
basic protein expression.47 These findings support the associa-
tion between acquisition of new complex motor skills and
increased CC myelination. The CC is an important WM struc-
ture that is believed to play a role in bilateral coordination,48

especially inhibition of physiologic mirroring that normally
diminishes with age during early childhood.49 Loss of transcal-
losal inhibition is one proposed cause of acquired obligatory
mirror movements in patients with upper motor neuron
lesions.50-52 These abnormal mirror movements in CP contrib-
ute to SMC deficits and lower SCALE scores.2 Lower FA in
transcallosal fibers in the CC body has been associated with
upper extremity mirroring in children with spastic CP and
PVL.53 We previously demonstrated a correlation between
SCALE scores and DTI indices in the CC in a cross-sectional
analysis of this cohort.12

Significant postintervention decreases in RD and MD
(P, . 05) in other WM regions, including the ALIC, ACR, EC,
sensorimotor cortex, and frontal lobes suggest recruitment of
neighboring WM tracts directly adjacent or within close prox-
imity to the CSTs. Prior studies of adults recovering from stroke
have demonstrated significant changes in functional connectivity
among the primary motor cortices,54,55 as well as postinterven-
tion (repetitive transcranial magnetic stimulation and occupa-
tional therapy) changes in similar WM regions.56 Although
motor improvement in children with spastic CP is made more
complex by ongoing processes in the developing brain, similar
patterns and principles of neuroplasticity likely apply. These
neighboring WM regions with reduced RD and MD are areas of
the brain that contain rich interconnections among the cortex,
thalamus, and association regions.57-61 Therefore, it is plausible
that coactivation and improved myelination of these additional
WM tracts are necessary in regulating neuroplasticity of the brain
motor regions.

Lower extremity interventions aimed specifically at develop-
ing and improving SMC in CP are limited and have primarily
focused on the ankle joint.27,62 DTI changes following more gen-
eralized lower extremity rehabilitation have focused on FA. Two

studies with botulinum toxin and 6 months of general lower ex-
tremity exercise in children with CP reported increased FA in the
PLIC of the CSTs63 and in motor fiber bundles,22 regions where
we found decreased RD and MD. Additionally, increased FA was
found in 2 motor tracts (CSTs and PLIC) and 5 association tracts
(CC, inferior and superior longitudinal fasciculus, uncinate, and
cingulum) following intensive voice treatment (14weeks) in chil-
dren with CP and secondary dysarthria.64 While the DTI meas-
ures analyzed did not include RD, these studies support the
ideas in the present study that recruitment and activation of the
CSTs play a critical role in responsiveness to intensive lower ex-
tremity intervention and practicing new complex motor skills. It
is possible that improved myelination preceded or accompanied
improvements in FA in these previous studies, but RD was not
assessed. A longer intervention duration and a younger CP
cohort may be required to promote improvements in FA.

Significant postintervention decreases in RD and MD
(P, . 05) were not associated with SCALE scores in this analy-
sis, despite the significant correlation between RD and SCALE
at baseline.12 Isolated, skilled movements require good CST
function; therefore, we hypothesized that children with higher
SCALE scores would have greater capacity to learn and per-
form skilled movements, resulting in greater myelination. One
explanation may be that children with lower SCALE scores are
more likely to move in synergistic patterns, have lower levels
of physical activity, and experience ankle and foot constraints
due to greater dependence on orthotics. Therefore, the Camp
Leg Power intervention was more novel for these participants,
and greater motor learning may have occurred than was
expected.

This study was limited by a relatively small sample size due to
MR imaging exclusion criteria. Children with spastic CP com-
monly have shunts, baclofen pumps, and orthopedic surgery
requiring metal implants.65 In addition, involuntary movements
are common and sometimes exaggerated by noise, further limit-
ing a good MR imaging acquisition. The inclusion of a control
group of children with spastic bilateral CP who did not undergo
the Camp Leg Power intervention would strengthen these find-
ings. Trivedi et al63 included a control group of children with typ-
ical development and did not find significant within-group
differences in FA or MD over a much longer time period. A
randomized, controlled trial with a larger cohort would confirm
our results. An additional limitation was that ROI analyses of the
CSTs at the level of the primary motor cortex were not performed
because this region is not included in the Johns Hopkins
University WM atlas labels. Younger children with greater poten-
tial for plasticity66 may be more likely to show improvement but
are more difficult to scan without sedation. Efforts are currently
underway to adapt SCALE and develop a lower extremity SMC
intervention for infants and toddlers.

CONCLUSIONS
Intensive practice of skilled lower extremity SMC movements by
children with spastic bilateral CP and PVL born prematurely was
associated with increased myelination of WM motor tracts,
including the CSTs and CC. Improved myelination of neighbor-
ing WM tracts suggests additional neuroplasticity associated with

Voxel counts of WM ROIsa

ROI Voxel Count

Voxels with Significant Pre-
and Post-Decreases

RD (%) MD (%)
R ALIC 792 278 (35.1) 400 (50.5)
L ALIC 819 341 (41.6) 205 (25.0)
R PLIC 845 30 (3.6) 98 (11.6)
L PLIC 858 244 (28.4) 114 (13.3)
R EC 1331 19 (1.4) 41 (3.1)
L EC 1431 320 (22.4) 164 (11.5)
R ACR 1619 365 (22.5) 569 (35.1)
L ACR 1613 897 (55.6) 802 (49.7)
L SCR 1279 180 (14.1) 84 (6.6)
Genu of CC 1758 914 (52.0) 710 (40.4)
Body of CC 3138 201 (6.4) 256 (8.2)

Note:— R indicates right; L, left.
a Significance set at (P, . 05).
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skilled lower extremity SMC learning. A longer intervention
duration at earlier ages may optimizeWM neuroplasticity.
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Doppler Ultrasound Flow Reversal in the Superior Sagittal
Sinus to Detect Cerebral Venous Congestion in Vein of

Galen Malformation
S. Schwarz, F. Brevis Nuñez, N.R. Dürr, F. Brassel, M. Schlunz-Hendann, A. Feldkamp, T. Rosenbaum,

U. Felderhoff-Müser, K. Schulz, C. Dohna-Schwake, and N. Bruns

ABSTRACT

BACKGROUND AND PURPOSE: Vein of Galen malformation is a rare congenital cerebrovascular malformation. In affected patients,
increased cerebral venous pressure constitutes an important etiologic factor for the development of brain parenchymal damage.
The aim of this study was to investigate the potential of serial cerebral venous Doppler measurements to detect and monitor
increased cerebral venous pressure.

MATERIALS AND METHODS: This was a retrospective monocentric analysis of ultrasound examinations within the first 9 months of
life in patients with vein of Galen malformation admitted at ,28 days of life. Categorization of perfusion waveforms in the superfi-
cial cerebral sinus and veins into 6 patterns was based on antero- and retrograde flow components. We performed an analysis of
flow profiles across time and correlation with disease severity, clinical interventions, and congestion damage on cerebral MR
imaging.

RESULTS: The study included 44 Doppler ultrasound examinations of the superior sagittal sinus and 36 examinations of the cortical
veins from 7 patients. Doppler flow profiles before interventional therapy correlated with disease severity determined by the
Bicêtre Neonatal Evaluation Score (Spearman r ¼ �0.97, P ¼ , .001). At this time, 4 of 7 patients (57.1%) showed a retrograde
flow component in the superior sagittal sinus, whereas after embolization, none of the 6 treated patients presented with a retro-
grade flow component. Only patients with a high retrograde flow component (equal or more than one-third retrograde flow, n ¼ 2)
showed severe venous congestion damage on cerebral MR imaging.

CONCLUSIONS: Flow profiles in the superficial cerebral sinus and veins appear to be a useful tool to noninvasively detect and
monitor cerebral venous congestion in vein of Galen malformation.

ABBREVIATIONS: AV ¼ arteriovenous; BNES ¼ Bicêtre Neonatal Evaluation Score; cMRI ¼ cerebral MR imaging; FP ¼ flow profile; MPV ¼ median prosen-
cephalic vein of Markowski; SSS ¼ superior sagittal sinus; US ¼ ultrasound; VGAM ¼ Vein of Galen (aneurysmal) malformation

Vein of Galen (aneurysmal) malformation (VGAM) is a rare, com-
plex, congenital cerebrovascular malformation. Arteriovenous

(AV) fistulas or malformations between the persistent median
prosencephalic vein of Markowski (MPV) and various arterial

feeding vessels or both result in intracerebral shunts between the
arterial and venous systems.1 This arteriovenous connection causes
a loss of cerebral arterial resistance with redistribution of blood to
the detriment of the brain and other organ systems, sometimes cul-
minating in high-output cardiac failure. Despite modern therapeu-
tic interdisciplinary interventions, the mortality in neonatal
manifestation is approximately 40%, and 50% of survivors have
poor neurodevelopmental outcomes.2-4

Besides reduced arterial cerebral organ perfusion, increased
cerebral venous pressure plays a key role in the development of
progressive parenchymal brain damage. Arterialization of the
MPV and the cerebral sinus causes a massive increase in cerebral
venous pressure, with subsequent functional outflow obstruction,
leading to congestion, venous ischemia, and hydrocephalus mal-
resorptivus.5-8 Cerebral venous hypertension can be exacerbated
by high venous return due to excessive shunt volumes with car-
diac volume overload and backward failure of the right heart.9
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Furthermore, a maturation disorder of the sinu-jugular connec-
tion due to flow stress in the vessel wall may lead to bilateral ste-
nosis of the jugular bulb, further increasing cerebral venous
pressure.10-12 Thus, venous congestion may persist even after
marked reduction of the shunt volume.

Cerebral venous congestion leads mainly to white matter
injury and subependymal atrophy, making it one of the main fac-
tors for progressive brain damage in VGAM.3,10 To date, there is
no tool for early noninvasive detection and serial assessment of
cerebral venous congestion. Currently, the best method is cere-
bral MR imaging (cMRI), which only shows indirect signs and
direct parenchymal damage due to chronic venous congestion,
such as congested veins, congestive edema, microhemorrhages,
calcifications, and atrophy.13-15

The aim of this study was to investigate the potential of serial
venous ultrasound (US) Doppler measurements to detect and
monitor increased cerebral venous pressure in VGAM.

MATERIALS AND METHODS
This retrospective, monocentric study included all neonates with
VGAM younger than 28days admitted to the tertiary care neonatal
intensive care unit at the Sana Hospital Duisburg between January
and June 2022. All examinations were performed by a board-certi-
fied neonatologist with.10 years of experience in cerebral US and
Doppler US (S.S.) according to a standardized local protocol.

Eligible patients were identified via the electronic patient admin-
istration system, and clinical data were collected from the digital
patient management systems including the PACS. The Bicêtre
Neonatal Evaluation Score (BNES), a validated clinical score with
therapeutic and prognostic significance, was recorded before the
first cMRI to assess disease severity (Online Supplemental
Data).16,17

Approval of the study was granted by the Ethics Committee
of the Medical Faculty of the University Hospital Essen (22–
10801-BO).

US Protocol
To assess the time course of US Doppler flow profiles (FPs), we
analyzed the examination before the first cMRI (T1), after the
first cMRI/embolization (T2), after 5–7 days (T3), and before dis-
charge (T4) of each patient during the first inpatient stay. After
discharge, the available examinations were evaluated on an indi-
vidual basis.

All US scans were obtained using 1
of 2 high-end US machines (LOGIQ S8/
LOGIQ E10s R3; GE Healthcare)
equipped with high-resolution linear
transducers (ML5-15-D or ML4-20-D;
GE Healthcare). Venous cerebral US
Doppler flow measurements were docu-
mented only in calm, preferably sleep-
ing, infants. US Doppler FPs in the
superior sagittal sinus (SSS) were recor-
ded using a median sagittal section (Fig
1). First, the SSS was visualized in a longi-
tudinal section at a low penetration depth
in B-mode and color-coded Doppler US
with flow displayed over the entire vessel

section. Next, an angle-corrected pulsed Doppler time-frequency
analysis of intravascular flow in a far posterior vessel segment before
the junction of any VGAM drainage veins was performed. The sam-
ple volume was adapted until the entire width of the vessel was cap-
tured. Visual and acoustic reassurance of an optimal time-frequency
Doppler signal ensured that the sample volume passed through the
center of the vessel. Doppler FPs in the cortical veins were measured
with the same transducer, following the same optimization steps
(Fig 2B). The FPs were only evaluated for this study if the Doppler
flow curves had sufficient image quality, ie, correct positioning of
the sample volume, correct wall filter, correct pulse repetition fre-
quency, and sufficient Doppler signal for at least 5 seconds.

Classification of US Doppler FPs
Following Ikeda et al,18 the FPs were classified into 6 different
types (Fig 2): FP1: low alterations of the flow amplitude, mini-
mum velocity never less than half of the maximum velocity; FP2:
increased undulation, minimum speed less than half of the maxi-
mum speed; FP3: increased undulation, minimum speed dropping
to 0 cm/s or retrograde flow; FP4: retrograde flow component
with pulsatile retrograde flow; FP5: high retrograde flow, equal or
more than one-third retrograde flow of the total Doppler flow;
and FP6: complete retrograde flow.

MR Imaging
Timing of endovascular therapy was determined by interdiscipli-
nary consensus based on clinical and sonographic findings. The
first cMRI was performed with the patient under the same anes-
thesia as in the first procedure. Assessment of the first cMRI and
the follow-up cMRI after 1–10months was retrospectively per-
formed by an experienced neuroradiologist (N.R.D.), blinded to
the clinical course using a structured report and a previously
described scoring system for structural brain abnormalities.19

Damage to the brain parenchyma was classified as no lesion, mild
lesion, moderate lesion, and severe lesion. All structural abnor-
malities were documented, especially signs of brain atrophy,
medullary lesions, ischemic or hemorrhagic infarcts or their rem-
nants, hemorrhages, and damage due to venous congestion.

Endovascular Therapy
In most centers, endovascular therapy of a VGAM is performed
via a transarterial approach with exclusive embolization of the ar-
terial feeders apart from the point of shunting. According to our
clinical routine, combined therapy with arterial and venous

FIG 1. Doppler imaging protocol of the SSS and cortical veins in a median sagittal section. A, SSS in
median sagittal section in color-coded Doppler US with tilted Doppler beam (dotted line) and cor-
responding angular correction (white line). B, Cortical arteries and veins in sagittal section in color-
coded Doppler US show possible measurement points (white lines).
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access was performed for precise occlusion of AVFs, with high
flow exactly at the shunting point with coils and/or ethylene-vinyl
alcohol. To obtain direct access to the inflowing artery at the
entry point of the dilated persistent MPV, we introduced superse-
lective arterial feeder probing in combination with retrograde
transvenous access using the “looping technique” or “kissing
microcatheter technique.”20

Statistical Analyses
Categoric variables are summarized as counts and relative fre-
quencies; continuous variables are presented as median and
range. The Spearman r was calculated to assess the association of
FPs in the SSS and BNES. SAS Enterprise Guide 8.3 (SAS
Institute) was used to perform statistical analyses.

RESULTS
A total of 7 neonates with VGAM with a median gestational age
of 38 1/7 (range, 34 2/7–41 6/7) and a median birth weight of
3380 g (range, 2220–4250 g) were admitted in the study period
(Fig 3 and Online Supplemental Data). They were admitted as

inpatients at a median age of 2 days (range, 1–13days) with a me-
dian BNES of 18 (range, 7–21). According to Lasjaunias,16 3 of 7
(42.9%) of the AV malformations were choroidal, 3 of 7 (42.9%)
were mural, and 1 of 7 (14.3%) was a mixed type.17

One patient was treated palliatively due to severe brain paren-
chymal damage at the initial presentation and died in the second
week of life. All other patients underwent endovascular therapy
at a median of 4.5 days (range, 1–14 days) after birth in the
Department of Interventional Neuroradiology and were dis-
charged alive. One neonate experienced intraventricular hemor-
rhage and posthemorrhagic hydrocephalus after the intervention.
No other neonates developed complications from the procedure
(Online Supplemental Data).

US Doppler Flow Measurements during Initial Therapy
All 7 patients underwent a standardized US before and 1 day after
the first embolization and after cMRI in the palliative case (T1 1
T2). All survivors were examined before discharge (T4), and 5
of the 6 survivors underwent an additional examination 5–7 days
after embolization (T3). Thus, 26 Doppler US examinations of

FIG 2. Classification of Doppler FPs of the SSS in neonates with vein of Galen malformation. A, FP1: Doppler FP with low fluctuation, minimum
velocity, never less than half of the maximum velocity. B, FP2: Increased fluctuations of the flow velocities with minimum velocity less than half
of the maximum velocity. C, FP3: Doppler FP with intermittent retrograde flow. D, FP4: Doppler FP with pulsatile retrograde flow. E, FP5: Doppler
FP with a high retrograde flow (equal or more than one-third retrograde flow of the total Doppler flow). F, FP6: Doppler FP with complete retro-
grade flow.
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the SSS and 25 examinations of the cortical veins were included
in this analysis (Fig 4A).

Overall, 4 of 7 (57.1%) of the Doppler flow measurements at
T1 showed a retrograde flow component in the SSS. After embo-
lization, no patient had a retrograde flow component. One week
after the first embolization, patient 5 developed an increasing ret-
rograde flow component that progressed to complete retrograde
flow in the SSS and cortical veins until discharge.

At all time points, correlating abnormal FPs in the cortical
veins were observed only when the SSS had a high retrograde
flow component (FP51 6) (Online Supplemental Data).

Before interventional therapy, US Doppler FPs correlated
with disease severity determined by BNES (r ¼ �0.97; 95% CI,
�0.995 to �0.787; P ¼ , .0001). Pathologic FPs occurred more
frequently with low BNESs (Fig 4B).

Correlation to Congestion Damage on cMRI
Only 2 patients showed severe venous congestion damage on
cMRI (Online Supplemental Data). Patient 1 showed severe cere-
bral damage on the first cMRI. Patient 5 showed cerebral injury
with moderate atrophy, white matter damage, and hydrocephalus
ex-vacuo and malresorptivus due to venous congestion on the sec-
ond MR imaging. Both patients had high or complete retrograde
flow in the SSS and cortical veins before cMRI. No other patient
showed similarly abnormal US Doppler FPs in the SSS or the cere-
bral veins at any time (Fig 5).

US Doppler Flow Measurements during Follow-up
Only in patient 5 could serial Doppler measurements be eval-
uated after discharge. In the other patients, no or only single

examinations were performed during follow-up. None of these
examinations showed retrograde flow components in the SSS or the
cortical veins. Finally, 21 examinations could be included in this
analysis.

Patient 5 showed a highly pathologic, retrograde, arterialized
FP in both the SSS and cortical veins at re-admission. This patho-
logic FP developed during the first hospital stay (Fig 6A and
Online Supplemental Data). At discharge (at the age of 9weeks)
and re-admission (at the age of 14weeks), the SSS showed an arte-
rialized FP toward the frontal base. At re-admission, there was also
retrograde arterialized flow in the cortical veins. Direction of flow
in the SSS and the cortical veins remained unchanged even after
further embolization. Severe occlusion of the venous outflow due
to bilateral stenosis of sinu-jugular junctions was finally diagnosed
by MR imaging and invasive angiography, followed by endovascu-
lar therapy with bilateral balloon dilation and additional stent im-
plantation on the left side. With each dilation step, the Doppler US
flow direction in the SSS and cortical veins became less arterialized
until almost complete normalization at the end of the intervention
(Fig 6B). The examination at re-admission due to status epilepticus
at 9months of age showed again an arterialized, retrograde flow in
the SSS and cortical veins with a significant increase of cerebral
damage due to venous congestion on cMRI (Online Supplemental
Data). Restenosis of the sinu-jugular junction could be excluded.
After.90% occlusion of the VGAM, complete normalization of
the FP in the SSS was observed.

DISCUSSION
This retrospective observational study evaluated the use of US
Doppler FPs of the superficial cerebral sinus and veins to detect
venous congestion in VGAM serving as a bedside, broadly avail-
able, and noninvasive method for serial assessment during ther-
apy. Sufficient occlusion of the VGAM corresponded to
normalization of US Doppler FPs. Vice versa, persistent patho-
logic flow correlated with cerebral damage as measured on cMRI.

Normal US Doppler flow patterns of the cerebral veins are
characterized by a continuous flat or sometimes slightly undulat-
ing profile. In the cerebral sinus, amplitude fluctuations up to a
triphasic forward flow are more common.21-23 These fluctuations
correspond to the cardiac action and respiratory movements.24

Recent advances in US technology allow the assessment of small
cortical and medullary veins and analysis of intravascular flow
even at low venous flow velocities.25

In this study, infants with VGAM frequently showed patho-
logic spectral US Doppler waveforms in the SSS with retrograde
flow components, preinterventionally correlating with disease se-
verity measured by the BNES. The proportion of pathologic FPs
in the SSS decreased after partial superselective embolization,
likely due to effective shunt reduction with concomitant pressure
reduction in the cerebral venous system.5

In 1 patient, retrograde arterialized flow in the SSS occurred
before discharge. Retrospectively, the increasing flow reversal
resembled a venous outflow occlusion caused by bilateral stenosis
of the jugular bulb. Serial US examinations during the endovas-
cular reopening demonstrated the resolution of the FP abnormal-
ities in real-time. After 5months, complete retrograde flow in the
SSS as well as in the cortical veins reoccurred, accompanied by

FIG 3. Scheme and MR imaging of a VGAM. A, Simplified scheme of
VGAM. B, Sagittal T2-weighted MR image. C, Arterial TOF-MRA. D,
Venous TOF-MRA. 1) internal carotid artery; 2) basilar artery; 3) ante-
rior cerebral artery; 4) pericallosal artery; 5) posterior cerebral artery;
6) dilated MPV; 7) falcine sinus; 8) straight sinus; 9) accessory conflu-
ence; 10) SSS; 11) transverse sinus; 12) internal jugular vein.
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FIG 4. A, Individual course of the FPs in the SSS across time per patient. T1 ¼ US Doppler measurement before embolization/first cMRI; T2 ¼
US Doppler measurement 1 day after embolization/first cMRI; T3 ¼ US Doppler measurement 5–7 days after embolization; T4 ¼ US Doppler
measurement before discharge. B, Association between Doppler FPs and BNES before therapy. Spearman rank correlation coefficient r ¼
�0.97 (95% CI,�0.995 to�0.787; P, . 0001). Pat. indicates patient.
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exacerbation of the cMRI findings. Consequently, almost com-
plete embolization of the AV malformation resulted in a perma-
nent normalization of the FPs.

A potential explanation for retrograde US Doppler flow com-
ponents is the fluctuation of right atrial pressure during the car-
diac cycle in patients with elevated central venous pressure.
Tanaka et al26 described pathologic FPs in the corresponding in-
ternal cerebral veins in 2 preterm infants with high-grade intra-
ventricular hemorrhage. They attributed the retrograde flow
components to increased venous pulsation caused by increased
atrial contraction waves. The reverse flow corresponded to A and V
waves, probably generated by an increase in right atrial pressure.26

This may also play an important role in patients with VGAM with
backward failure of the right heart. Another reason for insufficient
venous outflow of the SSS in VGAM could be arterialized pressure
in the confluence of sinuses or accessory confluence of sinuses.
Quisling andMickle6 performed invasive venous pressure measure-
ments within the Galen aneurysm/straight sinus complex in
patients with Galen AVFs and vein of Galen aneurysms. The pres-
sure was above the normal range (,5 cmH2O) in all cases and var-
ied between 9 and 55 cm H2O. Values .20 cm H2O were
associated with an increased incidence of cerebral calcifications as a
typical sign of congestion damage. Venous outflow obstruction
might be exacerbated by peak pressure during systole, possibly
explaining the pulsatile reflux into the SSS sometimes observed.

Fluctuations in central venous pressure can be transmitted
into the intracranial veins only in the absence of mechanical out-
flow obstruction. Probably, mechanical outflow obstruction ini-
tially leads to rising prestenotic pressure, increasing the pulsatile
reflux into the SSS. Later, the complete or partial venous outflow
from the AV malformation across the SSS directs the arterialized
retrograde flow toward the frontal base. If the pressure in the SSS

exceeds the pressure in the afferent cortical veins, this scenario
may result in a loss of normal ventriculocortical venous flow
direction in the cortex and subcortical white matter. In the ab-
sence of sufficient collateral outflow tracts, this loss leads to ve-
nous congestion with subsequent parenchymal damage.
Therefore, highly retrograde Doppler flow in the SSS is associated
with pathologic FPs in the cortical veins and cerebral congestion
damage on cMRI.

Real-time assessment of cerebral venous pressure is a diagnos-
tic challenge. Accurate measurement can only be performed
intracranially during angiography and is, therefore, not feasible as
a routine diagnostic method for serial assessment. Currently, the
only noninvasive tool to detect venous congestion is the appear-
ance of indirect signs or direct parenchymal damage due to
chronic venous congestion measured by cMRI.6,13-15 Alterations
on cMRI occur as late signs when damage has already occurred. In
addition, cMRI scans cannot be repeated serially due to logistic and
financial limitations and frequently require sedation or even anes-
thesia. Noninvasive methods for serial screening, monitoring, and
follow-up of venous congestion would, therefore, be of great benefit
for individual therapeutic management in VGAM.

Our study is limited by the sample size and retrospective
design. This limitation is because VGAM is extremely rare, with
approximately 1:58 100 live births per year in Germany.27 The
limited number of patients limits the possibility of conducting
advanced statistical analyses. Furthermore, the criterion standard
used to diagnose venous congestion in this study, namely cMRI,
has a time lag between the onset of venous congestion and the
manifestation of parenchymal damage detectable by this method.

Intracranial venous pressure is particularly influenced by cen-
tral venous pressure, which, in turn, depends on volume status,
cardiac function, and right ventricular and pulmonary artery

FIG 5. Relationship between the FP in the SSS at T1 and T4 and the damage due to venous congestion detectable in the first and second cMRI.
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FIG 6. A, Timeline of the FPs in the SSS during 9 life months in patient 5. B, Course of Doppler FPs in the SSS under endovascular interventional
therapy of stenosis of the jugular bulb in patient 5 (in the angiography room at the age of 16weeks). A (upper left), An US Doppler FP in the SSS
directly before balloon dilation on the left showing an arterialized retrograde flow. B (upper right), After balloon dilation and stent implantation
on the left side decrease in flow velocities with reduced retrograde flow. C (bottom left), After additional balloon dilation on the right side, fur-
ther reduction of the retrograde flow component and normalization of the flow direction. D (bottom right), At 24 hours after the procedure,
further normalization of the US Doppler FP and increased undulation with minor retrograde components. Vmax indicates maximum velocity;
Vmin, minimum velocity.
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pressures. Therefore, both central venous pressure and cerebral
venous US Doppler FPs may be affected not only by embolization
itself but also by supportive measures or changes of the cardiocir-
culatory status. These include drug therapies (preload-lowering
agents, inotropes, vasodilators, and sedation) and changes in cir-
culatory conditions due to spontaneous closure or reopening of
the ductus arteriosus (including prostaglandin E1 therapy) and
must indispensably be considered when interpreting serial
measurements.

Direct sonographic determination of the actual venous pressure
is impossible. In VGAM, Doppler US in the SSS and cortical veins
allows only a semiquantitative assessment of current hemodynam-
ics caused by obstructed outflow of the superficial veins and thus
an indirect estimate of venous congestion in the cerebral cortex.
The outflow from the deep cerebral veins, which are directly
affected by the increase in pressure in the persistent MPV, cannot
be estimated with this method. Venous congestion leads to the for-
mation of various venous collaterals. The veins involved in the col-
lateral circuits exhibit sectional retrograde flow and may persist
even after complete closure of all AV shunts of the VGAM, con-
tributing to physiologic drainage of the brain parenchyma.

Yet, in patients with VGAM, US Doppler flow measurements
of the superficial cerebral sinus and veins appear to have great
potential to improve patient care and possibly neurologic out-
come by providing the possibility of noninvasively monitoring
cerebral venous hemodynamics in real-time. The data presented
suggest that it is reasonable to integrate the US assessment of ve-
nous cerebral outflow in patients with VGAM into routine care.
Further prospective studies should investigate the relevance of
cerebral venous Doppler measurements for intensive care and
endovascular therapy management in these neonates and in the
prenatal diagnostics of fetuses with VGAM.

Besides this specific patient group, our study also points to the
general potential of cerebral venous US Doppler flow measure-
ments toward an understanding of cerebral venous hemodynamics
in neonates. Abnormalities of venous US Doppler FPs cannot be
expected only in VGAM but also in other diseases with cerebral ve-
nous outflow or upper cardiac inflow congestion. With ongoing
technical advancements,28 the cerebral venous system deserves
increased attention both scientifically and in clinical practice to
evaluate the clinical relevance of different venous Doppler wave-
forms in neonates with complex hemodynamic conditions.

CONCLUSIONS
Flow reversal in the SSS measured with spectral Doppler US is a
promising new diagnostic parameter for the assessment of venous
congestion in VGAM. Relevant retrograde flow may indicate cer-
ebral venous outflow obstruction due to increased central or cere-
bral venous pressure or mechanical occlusions and should
prompt further diagnostic measures. As US techniques evolve,
the potential of cerebral venous Doppler waveforms should be
more systematically explored.
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Subarachnoid Space Measurements in Apparently Healthy
Fetuses Using MR Imaging

A. Wandel, T. Weissbach, E. Katorza, and T. Ziv-Baran

ABSTRACT

BACKGROUND AND PURPOSE: The fetal subarachnoid space size serves as an indicator of normal brain development. The subar-
achnoid space is commonly measured by an ultrasound examination. Introduction of MR imaging for fetal brain evaluation enables
standardization of MR imaging–driven subarachnoid space parameters for a more accurate evaluation. This study aimed to deter-
mine the normal range of MR imaging–derived subarachnoid space size in fetuses according to gestational age.

MATERIALS AND METHODS: A cross-sectional study based on a retrospective assessment of randomly selected brain MR images of
apparently healthy fetuses performed between 2012 and 2020 at a large tertiary medical center was performed. Demographic data
were collected from the mothers’ medical records. Subarachnoid space size was measured at 10 reference points using the axial
and coronal planes. Only MR imaging scans obtained between weeks 28 and 37 of pregnancy were included. Scans with low-quality
images, multiple pregnancy, and cases with intracranial pathologic findings were excluded.

RESULTS: Overall, 214 apparently healthy fetuses were included (mean maternal age, 31.2 [SD, 5.4] years). Good interobserver and
intraobserver agreement was observed (intraclass correlation coefficient. 0.75 for all except 1 parameter). For each gestational
week, the 3rd, 15th, 50th, 85th, and 97th percentiles of each subarachnoid space measurement were described.

CONCLUSIONS: MR imaging–derived subarachnoid space values at a specific gestational age provide reproducible measurements,
probably due to the high resolution of MR imaging and adherence to the true radiologic planes. Normal values for brain MR imag-
ing could provide valuable reference information for assessing brain development, thus being an important tool in the decision-
making process of both clinicians and parents.

ABBREVIATIONS: GA ¼ gestational age; ICC ¼ intraclass correlation coefficient; SAS ¼ subarachnoid space; US ¼ ultrasound

The subarachnoid space (SAS) is located between the arach-
noid membrane and the pia mater. Trabecular delicate con-

nective tissue and intercommunicating channels containing CSF
fill this space.1-4 Normally, the cavity is small. An enlarged cavity
is associated with CNS malformations and syndromes, including
macrocephaly, communicating hydrocephalus, brain atrophy,
and benign enlargement of the SASs.2-4 A normal-sized SAS
reflects normal brain development with intact production and

absorption of CSF. Assessment of macrocephaly resulting from
macrocrania, hydrocephalus, or SAS abnormality5,6 is based on
the occipitofrontal circumference and defined as a head circum-
ference of 2 SDs above the mean or the 98th percentile for gesta-
tional age (GA).7 Evaluation of head circumference is also
important for indicating the need for a cesarean delivery when
the increased head circumference may impair vaginal delivery.8

Previous studies reported measurements of the SAS in neonates,
infants, and children, using different imaging methods such as
ultrasound (US),9-14 CT,15-17 and MR imaging.18 Only a few stud-
ies have described the range of the normal SAS at the prenatal pe-
riod, which was measured by transabdominal US,19,20

transvaginal US,9,21 and in only one study by MR imging.22

There are some technical limitations for the US examinations.
Pilu et al20 reported that after 29weeks of pregnancy, the Sylvian
cistern could not be detected as a fluid-filled space; after 30–
32weeks, a decreased size of the fetal cisterns and the increased
calcification of the fetal calvaria make it difficult to precisely eval-
uate the SAS.18,20 Transabdominal US is associated with technical
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difficulties in obtaining the coronal planes. Corbacioglu Esmer et
al9 described the normal SAS value of 154 fetuses, though it was
possible to evaluate the sinocortical width in only 88% of fetuses
and the anterior craniocortical width in only in 78% of fetuses.
Malinger et al21 reported a better ability to evaluate the SAS using
transvaginal US and concluded that dilation of the SAS alerts
obstetricians to a possible intracranial pathology requiring further
investigation. Later, they described a limited measurement accu-
racy of the head circumference of prenatal US and demonstrated
an inconsistency between prenatal and postnatal head circumfer-
ences.19 Yaniv et al23 reported discrepancy in fetal head biometry
between US and MR imaging performed in fetuses with sus-
pected microcephalus. These reports are consistent with the
known advantages and disadvantages of the US compared with
the MR imaging examination of the fetal brain.23 To the best of
our knowledge, a wide-scale evaluation of the normal measure-
ments of the SAS is still unavailable. Therefore, the purpose of
this study was to establish normal values of the SAS in the fetal
brain measured using MR imaging during 28–37 gestational
weeks.

MATERIALS AND METHODS
Research Design and Subjects
A cross-sectional study based on a retrospective assessment of
randomly selected brain MR images of apparently healthy
fetuses obtained at 28–37 weeks of pregnancy was performed.
All scans were obtained between 2012 and 2020 at Sheba
Medical Center, a large tertiary referral, university-affiliated
medical center. Demographic data were collected from moth-
ers’ medical records. Only good-quality images in terms of
alignment, sharpness, and well-defined planes were included.

Approximately 20 scans were selected for each week of preg-
nancy. GA at MR imaging was calculated from the last menstrua-
tion and as corrected by the crown-rump length measured on an
US performed in the first trimester. Women with multiple preg-
nancy and cases with intracranial pathologic findings at MR
imaging that may indicate a CNS abnormality were excluded
from the study. Fetuses with isolated mild extracranial anomalies,
maternal cytomegalovirus infection without evidence of fetal
involvement, and healthy fetuses with a maternal history of
anomalies in previous gestations were included, as was acceptable
in similar studies.24,25 For fetuses that underwent multiple MR
imaging, only 1 scan was included.

MR Imaging Technique
Fetal brain MR images were obtained using a 1.5T system
(Optima MR450w with GEM Suite; GE Healthcare). Examination
protocol consisted of single-shot fast spin-echo T2-weighted
images in 3 orthogonal planes. T1-weighted fast-spoiled gradi-
ent-echo sequences in the axial plane using a half-Fourier tech-
nique (number of excitations ¼ 0.53) were performed with the
following parameters: section thickness of 3mm, no gap, flexible
coil (8-channel cardiac coil). The FOV was determined by the
size of the fetal head with a range of 240 � 240mm to 300 �
300mm; acquisition time was between 40 and 45 seconds with
matrix ¼ 320/224, TE¼ 90ms, TR¼ 1298ms, pixel bandwidth¼

122Hz/pixel; specific absorption rate values ¼ 1.1–1.7W/kg. DWI
sequence and the calculated ADCmap were included.25,26

Measurements
Each MR imaging examination was routinely read by 2 expert
physicians to detect any abnormality. Measurements of the SAS
size, which was identified by a high signal (white color) at T2-
weighted imaging, were analyzed manually by a single reader
(A.W.) on the PACS reading workstation. Measurements were
recorded in 2D slices. The SAS was measured in millimeters, in 4
locations of the axial section (Fig 1), and in 6 locations of the cor-
onal section (Fig 2). All measurements were obtained at the level

FIG 1. Axial T2-weighted fetal brain image demonstrating the meas-
urements of the subarachnoid space: 1) Right frontal gyrus. 2) Left
frontal gyrus. 3) Right insula gyrus. 4) Left insula gyrus.

FIG 2. Coronal T2-weighted fetal brain image demonstrating the
measurements of the subarachnoid space: 1) Right frontal gyrus. 2)
Left frontal gyrus. 3) Right insula gyrus. 4) Left insula gyrus. 5) Right in-
ferior temporal gyrus. 6) Left inferior temporal gyrus.
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of midinsula from the cortex to the internal margin of the cra-
nium as shown in Figs 1 and 2: axial section - right frontal gyrus,
left frontal gyrus, right insula gyrus, left insula gyrus; coronal sec-
tion - right frontal gyrus, left frontal gyrus, right insula gyrus, left
insula gyrus, right inferior temporal gyrus, and left inferior tem-
poral gyrus.

For the evaluation of interobserver agreement, 40 random
fetuses (3–4 cases per each gestational week) were remeasured by
another operator (T.W.).

A previous study showed that the SAS was not associated with
fetal sex.9 Therefore, fetuses whose sex could not be determined
were also included in the study.

Statistical Methods
The intraclass correlation coefficient (ICC) was used to evaluate the
intraobserver and interobserver agreement. Intraclass correlation
values were considered according to previously published threshold
values. Intraclass correlation values of ,0.5, between 0.5 and 0.75,
between 0.75 and 0.9, and .0.90 were considered poor, moderate,
good, and excellent reliability, respectively.27 A histogram and a
quantile-quantile plot were applied to define the distribution of each
SAS measurement. Measurement percentiles were generated using
the Generalized Additive Model for Location, Scale, and Shape.
Models for normal or log-normal distributions with cubic spline
smoothing were built. The paired samples t test and Mann-Whitney
test were used to compare the left and right sides. All statistical anal-
yses were performed with R statistical and computing software
(Version 4.1.0, 2021; http://www.r-project.org/).

Ethics Approval
The study was approved by the institutional review board. Informed
consent was waived because of the retrospective nature of the study.

RESULTS
Two hundred fourteen fetuses who had met the inclusion criteria
were measured; 101 fetuses were male, 70 were female, and for
43 fetuses, sex was not recorded. The mean maternal age was
31.2 (SD, 5.4) years. The number of fetuses analyzed in each gesta-
tional week ranged between 19 and 26 (Online Supplemental Data).

Forty random fetuses were remeasured to evaluate the intra-
and interobserver agreement. Overall, good intra- and interob-
server agreement was observed. Excellent, good, and moderate
intraobserver agreement was observed in 4, 5, and 1 measure-
ment, respectively. Similarly, excellent, good, and moderate inter-
observer agreement was observed in 2, 6, and 2 measurements,
respectively. ICC values are presented in the Table.

The fetuses’measurements were used to evaluate the SAS per-
centiles. Percentiles according to GA are detailed in the Online
Supplemental Data, while the 3rd, 15th, 50th, 85th, and 97th per-
centiles are summarized in Online Supplemental Data and pre-
sented in Figs 3 and 4.

Figure 3 shows an increase in the axial left and right frontal
space up to a GA of 31weeks, with a decrease at a higher GA.
Figure 4 demonstrates measurements of the coronal left and right
insula, which reached the highest values at 31weeks of pregnancy
and sharply decreased at higher GAs. Measurements of the right
and left insula in both axial and coronal views showed a small

increase at 32weeks of pregnancy but can be considered constant
in all GAs analyzed.

There were no significant differences between left- and right-
sided measurements in the axial section of the frontal location
(P ¼ .893) as well as the coronal section of the insula (P ¼ .610)
and inferior temporal space (P ¼ .975). Nonclinical-but-statisti-
cally significant differences were observed in axial section at the
insula (mean difference ¼ 0.14mm, P ¼ .007) and in the coronal
section at the frontal location (mean difference ¼ 0.05mm, P ¼
.002).

DISCUSSION
MR imaging is considered the most exact noninvasive technique
to assess structures of the developing brains of fetuses.28,29 A sys-
tematic review revealed that MR imaging confirmed US-positive
findings in 65.4% of the fetuses and provided additional informa-
tion for about 22.1% of the fetuses. MR imaging gave additional
information that changed the clinical management in 30% of
fetuses. The review also reported a sensitivity of 97% (95% CI,
95%–98%) and specificity of 70% (95% CI, 58%–81%) in the MR
images.30 The ability of MR imaging to detect brain abnormalities
that had not been found during US examinations increases the
use of MR imaging. The ability of MR imaging to accurately dem-
onstrate the SAS measurements makes it essential to widely
determine the normal values of the SAS.

To date, only Watanabe et al22 reported an MR imaging eval-
uation of the healthy fetal SAS in 2005. The data by Watanabe et
al on SAS MR imaging measurements were published more than
15 years ago, and since then, MR imaging technology has evolved
to higher resolutions. Moreover, Watanabe et al evaluated the
SAS measurement at 3 locations only (frontal, parietal, and cis-
terna magna). Therefore, there are limited data on the normal

Intraobserver and interobserver agreement
Type of Agreement and SAS Location ICC (95% CI)
Intraobsever
Ax. Rt. Fr. 0.761 (0.573–0.870)
Ax. Lt. Fr. 0.670 (0.431–0.816)
Ax. Rt. In. 0.865 (0.760–0.926)
Ax. Lt. In. 0.869 (0.762–0.929)
Cr. Rt. Fr. 0.942 (0.889–0.969)
Cr. Lt. Fr. 0.950 (0.908–0.973)
Cr. Rt. In. 0.911 (0.737–0.962)
Cr. Lt. In. 0.933 (0.767–0.973)
Cr. Rt. It. 0.890 (0.803–0.940)
Cr. Lt. It. 0.877 (0.780–0.933)
Interobserver
Ax. Rt. Fr. 0.742 (0.562–0.854)
Ax. Lt. Fr. 0.700 (0.499–0.830)
Ax. Rt. In. 0.858 (0.740–0.923)
Ax. Lt. In. 0.877 (0.718–0.941)
Cr. Rt. Fr. 0.913 (0.842–0.953)
Cr. Lt. Fr. 0.893 (0.807–0.942)
Cr. Rt. In. 0.884 (0.792–0.937)
Cr. Lt. In. 0.919 (0.852–0.956)
Cr. Rt. It. 0.893 (0.808–0.942)
Cr. Lt. It. 0.890 (0.798–0.941)

Note:–Ax. indicates axial; Cr., coronal; Fr., frontal; It., inferior temporal; In., Insula;
Lt., left; Rt., right.
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size of the SAS, and most of the previous research was based on
US examinations. In MR imaging, T2-weighted images provide
an accurate demonstration of the CSF within the SAS, which ena-
bles more precise measurements.22 Hence, the current study
aimed to define MR imaging–derived measurements of the SAS
in fetuses with apparently normal brains, in an attempt to provide
normal valuable reference data for the SAS during the pregnancy.

In an attempt to compare available literature, we found that
MR imaging has provided similar data for SAS measurements
and a good agreement with previously published data.22 As men-
tioned above, the previous study used 3 reference areas only
(frontal SAS in an axial scan, parietal SAS in an axial scan, and
the cisterna magna in a sagittal scan), while the current study
uses 10 well-demarcated anatomic measurements.22

The distribution of CSF across the brain is uneven; therefore,
a measurement of 10 well-established anatomic points enables a

precise assessment of brain development. The 10 locations for
measurements enable overcoming artifacts caused by movement
and better assessment of the SAS.

US examination is a real-time, safe exploration and has been a
low-cost means of diagnosis for many years. The image quality of
the US is operator-dependent and can be hampered by maternal
obesity, decreased amniotic fluid, fetal positioning, and calvarial
ossification. In addition, its relative lack of diagnostic specificity
usually requires MR imaging detection of US abnormalities.31

Transabdominal and transvaginal US depict the SAS measure-
ments in 2 axial sections only (sinocortical and craniocortical
width).9,21 The use of MR imaging for evaluation of the fetal
brain, especially for fetuses with suspected abnormalities on US,
provides an additional accurate measurement of SAS dimensions
and calls for a standardized nomenclature of a normal-width fetal
SAS. Measurements of the SAS are important parameters to

FIG 3. A nomogram presenting the SAS size (millimeters) in the axial plane according to the 3rd, 15th, 50th, 85th, 97th percentiles and GA
(weeks). A, Right frontal. B, Left frontal. C, Right insula; D, Left insula.
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FIG 4. A nomogram presenting the SAS size (millimeters) in the coronal plane according to 3rd, 15th, 50th, 85th, 97th percentiles, and GA
(weeks): A, Right frontal. B, Left frontal. C, Right insula, D, Left insula. E, Right inferior temporal. F, Left inferior temporal.
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evaluate possible CNS abnormalities. The measurements of the
SAS are independent of laterality, as previously described.9,21,22

Our study has several limitations. First, it includes a retrospec-
tive random sample of MR images obtained in a single medical
center. However, this is a tertiary referral, university-affiliated
medical center that performs a large volume of MR images each
year. Second, intraobserver and interobserver changes may have
an impact on study results. Therefore, intraobserver and interob-
server agreement have been evaluated before the nomograms
were built. Third, we could not evaluate the development of the
children to exclude those with impaired development. Hence, we
referred to the study population as apparently healthy. Fourth,
because our medical center is a referral center, usually only a
small percentage of the women who underwent MR imaging at
our medical center also give birth there. Therefore, of the 214
studied fetuses, only 72 (33.6%) were born at our medical center,
and almost all neonates were considered healthy at birth (5-
minute Apgar, $8, 98.6%; birth at $37 weeks, 87.5%; normal
length of hospitalization, 93.1%; emergency cesarean delivery,
0%). Fifth, because fetal brain MR images are usually obtained at
281 weeks of pregnancy, only a few scans at ,28weeks of preg-
nancy were available; thus, normal values could not be achieved
for this GA.

CONCLUSIONS
The increased use of MR imaging for the diagnosis of fetal brain
pathologies requires a standardization of the normal anatomic
development. Using normal values may help to make uniform
the way the physicians read the scans. This work provides percen-
tiles of 10 SAS anatomic measurements of apparently healthy fe-
tal brains according to the GA.

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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Why, How Often, and What Happens WhenWe Fail: A
Retrospective Analysis of Failed Fluoroscopically Guided

Lumbar Punctures
M. Gerasymchuk, J.C. Durieux, and A.P. Nayate

ABSTRACT

BACKGROUND AND PURPOSE: Important information regarding fluoroscopically guided lumbar puncture (FGLP) performance and
referrals is lacking. The purpose of our study was to elucidate the success rate for initial FGLP attempts and re-attempts, reasons
for unsuccessful FGLPs, and the relationship between clinical indications and whether patients will undergo a fluoroscopically
guided re-attempt, among others.

MATERIALS AND METHODS: This retrospective study analyzed failed FGLP attempts in hospitalized adult patients at an academic
hospital between June 2016 and March 2022. Unsuccessful FGLPs were labeled as insufficient CSF egress. FGLP reports and patients’
clinical charts were analyzed for pertinent information such as clinical indication, reason for failure, whether patients received IV
fluid before fluoroscopically guided spinal puncture attempt, and which patients returned for another FGLP attempt. Patients’ ages
and sex were analyzed using descriptive statistics. The OR was used to investigate the relationship between the clinical indications
to perform FGLP and whether patients returned for a re-attempt.

RESULTS: Sixty-three of 1389 (4.5%) patients (median age, 62 years) had failed the initial FGLPs administered by 39 trainees. Twenty-
eight of 63 (44.4%) patients (median age, 64 years) underwent a re-attempt within a median of 2 days after the first attempt, and
27/28 (96.4%) re-attempts were successful. A dry tap, no egress of CSF was the top reason (58.7%) for failed FGLP, and 12/13 of
patients had a successful FGLP after IV hydration. Twenty-seven of 63 (43%) patients did not undergo a repeat attempt, and 100%
were subsequently discharged from the hospital. There was no difference (P . .05) in the likelihood of patients returning for a
repeat FGLP based on the clinical indications.

CONCLUSIONS: Initial and repeat FGLPs have very high success rates. No difference exists in the likelihood of patients returning
for a re-attempt based on clinical indication.

ABBREVIATIONS: BMI ¼ body mass index; FG ¼ fluoroscopically guided; FGLP ¼ fluoroscopically guided lumbar puncture; LP ¼ lumbar puncture

Lumbar punctures (LPs) are a commonly performed procedure
to obtain CSF. Typically, LPs are performed successfully with-

out imaging guidance, with a reported success rate of �72%.1

When unsuccessful, these procedures are performed on adults
using image guidance, usually under fluoroscopy in the radiology
department. A prior study demonstrated a high success rate in
the performance of fluoroscopically guided lumbar punctures
(FGLPs), with most of the unsuccessful attempts occurring due
to an inability to collect CSF, even though the needle was located
in the spinal canal (dry tap).2 Other reasons for unsuccessful

FGLP attempts included degenerative changes preventing entry
of the LP needle into the spinal canal, and marked obesity pre-
cluding proper guidance and visualization and entry into the spi-
nal canal, among others.

A failed FGLP attempt poses potential challenges to patient
management, particularly if CSF analysis is crucial to determine
appropriate treatment. In addition, failed FGLPs can negatively
impact the proper function of the FGLP service because, in our
experience, repeat FGLPs will require further analysis regarding
the site of entry of the spinal needle (ie, cervical or lumbar) and
whether the patient has been hydrated, among others. A properly
functioning and efficient FGLP service is particularly important
because FGLP referrals continue to increase.3

Prior studies have analyzed the optimization of performing
FGLPs,4-6 complications,7,8 training,2,9 and the impact on work-
flow and residency training,10,11 and many studies have analyzed
neuroradiologists’ performance and miss rates for both attendings
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and trainees regarding the interpretation of diagnostic studies.12,13

However, there is not much information regarding multiple factors
related to FGLP performance and referral, potentially helping stream-
line the process. The purpose of our study was to elucidate the success
rate for initial FGLPs and re-attempts, the reasons for unsuccessful
FGLPs, and the relationship between clinical indications and whether
patients will undergo an FGLP re-attempt, among others.

MATERIALS AND METHODS
The present study was approved by the local institutional review
board and is compliant with the Health Insurance Portability and
Accountability Act.

Procedure Technique and Operators
Following a written informed consent for the diagnostic LP pro-
cedure, all patients underwent FGLP and cervical spinal puncture
by means of a C-arm fluoroscopy machine in 1 neurointerven-
tional suite. FGLPs were primarily performed by radiology resi-
dents and neuroradiology fellows under the supervision of a
neuroradiology attending (range, 7–12 attendings) or independ-
ently during nonregular working hours, in a workflow that is
similar to that in other academic hospitals;14 attending experience
in FGLPs ranged from 1–201 years. The level of supervision var-
ied among attendings, ranging from directly observing the entire
setup and performance of FGLP to being present in a reading
room located less than a 20-second walk from the fluoroscopy
room and assisting in the procedure as needed.

The range of experience in performing prior FGLPs was large
for trainees, varying from the first FGLP attempt (R1s) to having
performed.25 FGLPs (R3–R4s and neuroradiology fellows).

Before the FGLP attempt, typically, the lumbar level to access
and approach was discussed between the supervising attending
and trainee performing the FGLP. We primarily attempt to enter
the spinal canal at L2–3 or L3–4 but ultimately leave it to the
supervising attending’s discretion, often after the attending has
reviewed relevant spinal imaging, if available.

The initial FGLP was typically attempted by the trainee, and if
unsuccessful, the supervising attending would attempt it if the patient
agreed. All cervical punctures were performed by 1 attending.

Fluoroscopically guided (FG) spinal punctures were per-
formed using techniques as dictated by the American Society
of Neuroradiology guidelines and American College of Radiology–
American Society of Neuroradiology–Society for Pediatric Radiology
parameters with the patient in a prone or lateral position, including
the use of local anesthetic15 and iodine and chlorhexidine to clean
the skin. The lumbar spinal canal was accessed using the interlami-
nar or interspinous approach, and the cervical spinal canal was
accessed at the level of C1–2 via a lateral approach using a Quincke
22-ga needle. A successful FGLP or cervical spinal puncture involved
confirmation of the spinal needle in the spinal canal on fluoroscopy
(ideally in the center of the canal, confirmed using anterior-posterior
and/or lateral views) and egress of the CSF, enough for collection, af-
ter the removal of the stylet.

Patient Population
The patient charts of all hospitalized (inpatient/emergency depart-
ment) adult patients (older than 18 years of age) who underwent

FGLPs from June 1, 2016, to March 31, 2022, were retrospectively
reviewed.

The primary indication to perform FGLPs was to administer
intrathecal chemotherapy or sample the CSF to detect malignancy,
infection, CSF opening pressure, and other diseases. As per the
standard guidelines in the radiology department, most patients
had at least 1 failed attempt at bedside LP. Direct FGLP was avail-
able for patients requiring intrathecal chemotherapy, myelography,
or cisternography and for patients with pre-existing conditions,
such as morbid obesity, that could substantially reduce the chance
of a successful non-image-guided LP. The decision to forgo a non-
image-guided LP attempt was determined by the supervising neu-
roradiologist, similar to methods in other institutions.14

Data Collection
Data were collected retrospectively by 1 neuroradiology fellow
through month-by-month review of FG spinal punctures per-
formed in a 1 neurointerventional suite by reviewing our imaging
database (Centricity; athenaIDX). All radiology reports of unsuc-
cessful FGLPs from June 1, 2016, to March 31, 2022, were ana-
lyzed, and the clinical indication, demographic data, spinal levels
at which the LP was attempted, training year of the operator, rea-
son for failure, and whether the patient returned for another
FGLP attempt (within 1 month) were documented from the radi-
ology report.

Unsuccessful FGLPs were cases with an inability to enter the
spinal canal evidenced by lack of CSF egress and on fluoroscopy;
an inability to collect CSF in tubes even though the needle was
confirmed to be in the spinal canal on fluoroscopy; or for patient-
related factors including the patient requesting termination of
procedure due to pain, discomfort, or anxiety or the patient being
confused and not able to follow directions or lie still. Figure 1
summarizes reasons for failure. We recorded the number of days
between the initial and second FGLP attempts.

For patients with an initial failed FGLP due to a dry tap, we
analyzed their clinical charts to determine whether they received
IV fluids; specifically, we determined whether the clinician’s note
mentioned starting or continuing IV fluids to assure success of a
repeat FG spinal puncture, and/or we looked at the patient’s
order set to ensure that patient received IV fluids. For patients
with failures due to a high body mass index (BMI), we recorded
their BMI obtained on the closest date to the first FGLP attempt.
For patients who had initial failed FGLPs due to patient-related
factors including discomfort, anxiety, and so forth, we deter-
mined whether the patient received antianxiety or pain medica-
tion or anesthesia before the repeat FG spinal puncture.

We reviewed pertinent clinical information for patients who
did not return for a repeat FGLP to determine whether additional
tests or procedures were performed as a substitution for an
image-guided LP, such as infusion of chemotherapy through a
shunt reservoir.

Data Analysis
The age and sex of study participants were described using de-
scriptive statistics. To assess the relationship between the patient’s
age, sex, lumbar levels attempted, resident’s training year, and
clinical indication to undergo LP and the likelihood of patients
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returning for repeat spinal puncture compared with patients who
did not return following a failed LP, we fit logistic regression
models with 95% profile likelihood confidence intervals. P values
, .05 were considered statistically significant.

RESULTS
From June 1, 2016, to March 31, 2022, 1389 FGLPs were performed
on inpatients or patients in the emergency department. Sixty-three
of 1389 (4.5%) patients (mean age¼ 59.8 [SD, 16.2] years; range ¼
18–93 years; median ¼ 62 years; 55% women and 45% men) had
failed initial attempts by 39 trainees at obtaining CSF. Sixty of 63
(95.2%) FGLPs were attempted under supervision of an attending,
while the remaining 3 were performed by the resident during the
weekend or weekday after hours. Of the 63 failed attempts, 21 fail-
ures were by R1s, 10 by R2s, 17 by R3s, 7 by R4s, 4 by neuroradiol-
ogy fellows, and 4 failures were by 2 residents who were performing
the FGLP together. The median failure rate was 1 per resident
(range ¼ 1–4 failures). Lumbar level-by-level failure rates on an
initial attempt in the 63 patients were as follows: sole attempts at
L2–3 ¼ 3 (4.8%), L3–4 ¼ 15 (23.8%), and L4–5 ¼ 7 (11.1%); 2 lev-
els attempted (L1–2 and L5–S1) ¼ 23 (36.5%); and 3 levels
attempted (L2–3 and L5/L6/S1) ¼ 11 (17.5%). For 4 patients
(6.3%), it was unclear which levels were attempted, but for 3, it was
likely at 1 level. Patients’ clinical indications for the FGLPs were the
following: concern for infectious process in the CSF ¼ 25 (39.7%),
concern for a neoplasm in the CSF¼ 15 (23.8%), testing for normal
pressure hydrocephalus ¼ 2 (3.2%), and all remaining categories
including concern for MS, encephalitis, and so forth¼ 21 (33.3%).

Twenty-eight of 63 patients (61% women and 39% men,
mean age ¼ 58.6 [SD, 18.1] years, median ¼ 64 years) returned

to undergo a second FG spinal puncture (5 cervical and 23 lum-
bar approaches; mean ¼ 4 [SD, 5.9] days after the first FGLP
attempt, median ¼ 2 days, range ¼ 1–28 days). Twenty-seven of
28 (96.4%) had a successful repeat FG spinal puncture.

Failure Due to Lack of Egress of CSF through the LP
Needle Confirmed in the Spinal Canal on Fluoroscopy
Thirty-seven of 63 (58.7%) failures were due to lack of egress of
CSF through the LP needle, though the needle tip was within the
spinal canal (46% women and 54% men, mean age ¼ 59 [SD,
17.3] years, median age ¼ 61 years, age range ¼ 18–92 years).
The mean lumbar spinal levels attempted on the initial failed
FGLP were 1.9 (SD, 0.76) levels, median ¼ 2 levels. A sole
approach at levels L2–3 was 2 (5.4%); L3–4, 7 (18.9%); and L4–5,
4 (10.8%). Twenty-four patients (64.9%) had attempts at multiple
levels. For 33 patients (89.2%), FGLP was attempted with the
patient in the prone position and 1 patient was in the lateral posi-
tion, and for 3 patients, positioning was unknown.

Fifteen of 37 patients (40.5%) (47% women and 53% men,
mean age ¼ 57.7 [SD, 18.6] years, median age ¼ 64 years, age
range ¼ 18–82 years) returned to undergo FGLP at another date
(mean ¼ 4.7 [SD, 7.5] days, median ¼ 2 days, range ¼ 1–28
days) after the first attempt, of which 14/15 (93.3%) had a suc-
cessful repeat FGLP. See Fig 2 for the breakdown.

Failure Due to Degenerative Changes
Eight of 63 (12.7%) failures were due to an inability to access the
spinal canal due to degenerative changes as documented in the
radiology report: 63% women and 37% men, mean age ¼ 68.3
(SD, 9.8) years, median age ¼ 65.5 years. The mean number of

FIG 1. Breakdown of reasons for unsuccessful FGLPs. DJD indicates degenerative joint disease.
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FGLP attempts at multiple lumbar levels after the initial failed
FGLP was 2.4 (SD, 1.1), median¼ 2.

Two of 8 (25%) returned to undergo a repeat FGLP (range ¼
1–5 days after the first FGLP attempt). Both of these were suc-
cessful and were performed at the C1–2 level.

Failure Due to Patients’ High BMI, Postsurgical Scarring,
and Other Factors
High BMI. Three patients had failed initial FGLPs due to an
inability to adequately visualize the bony landmarks under fluo-
roscopy and an inability to reach to the spinal canal with the nee-
dle due to large body habitus (mean BMI ¼ 48.3, range ¼ 35.8–
56.3). Two patients had initial FGLP attempts while in the lateral
position either due to intubation or an inability to lie prone. One
patient had a repeat successful non-image-guided LP on the inpa-
tient floor, a second patient had a successful repeat FGLP with
the use of a longer needle (14 days after the first failed FGLP),
and the last patient did not have a repeat LP attempt and went for
brain biopsy.

Postsurgical Scarring or Instrumentation. One patient had a
failed FGLP due to the inability of the LP needle to pierce
through the postsurgical scarring in the lumbar spinal soft tissues.
A repeat FGLP was not attempted because the patient’s symp-
toms resolved. One patient had a failed FGLP due to lumbar
instrumentation. The patient underwent a successful cervical
puncture the following day.

Other Factors. Ten patients had initial failed FGLPs due to an
inability to follow commands and/or pain and anxiety. Six of 10
patients returned to undergo a repeat FGLP (mean ¼ 2.2 [SD,
1.5] days, median¼ 2 days). See Fig 3 for outcomes.

Two patients had initial unsuccessful attempts while in the lat-
eral decubitus position and 1 and 3 days later had successful
FGLPs (1 under anesthesia). For 1 patient, the reason for the ini-
tial FGLP failure could not be determined, and the patient had a
subsequent successful FGLP 2 days later. The Table 1 summarizes
some of the data presented above.

Factors Associated with Patients Returning for a Repeat
FGLP Attempt
No clear relationship (P, .05) was seen regarding multiple factors
and whether the patient returned for a repeat FGLP (Table 2).

Patients Who Did Not Return for Repeat FGLP Attempts
Of the 35 patients who did not return for an FG spinal puncture,
5 had substitute procedures to determine the cause of their symp-
toms or to instill intrathecal agents, including placement of an
Ommaya reservoir or other type of intracranial shunt or brain bi-
opsy. One patient died from hypotension and hypoxia the day
following the unsuccessful FGLP attempt, and the primary cause
of death was ruled lymphoma. Two patients underwent success-
ful LP attempts on the inpatient floor without image guidance.

The remaining 27/63 (43%) patients (52% men and 48%
women, mean age ¼ 59.2 [SD, 15] years, median ¼ 62 years) did
not undergo a further FGLP attempt because they improved clin-
ically, other reasons for symptomatology were revealed, or the
patient declined, among others. One hundred percent of the
patients were successfully discharged to home or a care facility
(median¼ 5 days, range¼ 0–16 days after admission).

DISCUSSION
Our findings, obtained from a large academic hospital, demon-
strate a success rate of 95.5% FGLPs on the first FGLP attempt

FIG 2. Breakdown of patients with initial dry taps who returned for repeat FG spinal punctures.
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and 96.4% (27/28) after patients returned for a second fluoro-
scopically guided cervical or lumbar puncture. Success rates are
higher compared with a non-image-guided approach, �72%,1

and a sonographically guided approach, 90%,16 primarily related

to the ability to clearly visualize osseous structures and advance-
ment of the LP needle in real time. Our success rate was slightly
lower than the 99% success rate reported in another article with a
smaller sample;2 the reasons could be multifactorial, including
differences in the patient population and procedural expertise.
Although in our study and the prior study, the miss rate was low,
it is still important to analyze because FG spinal puncture is typi-
cally the last remaining option in many patients to obtain CSF, and
if it is unsuccessful, it could directly impact their care. Furthermore,
planning and performing FGLPs can be time-intensive6,10 and
impact workflow as well as residency training in diagnostic neuro-
radiology;11 therefore, knowledge of potential reasons for failure is
critical. Most important, our findings show that even if initially
unsuccessful, repeat FG spinal punctures have a high success rate of
96% and can be reassuring for patients, ordering clinicians, and
radiologists.

In our sample, most of the failed FGLPs were due to lack of
egress of CSF through the LP needle, even though the needle tip
was confirmed in the spinal canal and demonstrated no kinking,

Table 2: Factors associated with whether the patient will
return for a repeat FGLP and the reason for the failed LP

Unadjusted
OR (95% CI)

Factors
Age 0.99 (0.96–1.02)
Sex (male/female) 0.7 (0.25–1.86)
Lumbar levels attempted (.1 vs 1) 0.84 (0.31–2.28)
Resident year 1.04 (0.7–1.54)
Clinical indication (infection or neoplasm vs
other)

0.55 (0.19–1.52)

Reason for failed LP
Cannot enter spinal canal vs dry tap 0.77 (0.24–2.37)
Cannot enter spinal canal vs othera 1.74 (0.48–6.66)

a Patient was unable to undergo the procedure due to anxiety, pain, inability to
follow commands, and so forth.

FIG 3. Outcomes of patients with initial failed FGLPs due to an inability to follow commands and/or pain and anxiety.

Table 1: Breakdown of data on failed and repeat spinal punctures

Reason for Initial FGLP Failure (No.)

No. of Patients Who Returned for
a Repeat Spinal Puncture/No. of
Patients with Initial FGLP Failure

No. of Successful Repeat Spinal
Punctures/No. of Patients Who Returned
for a Repeat Spinal Puncture Attempt

Lack of egress of CSF in the LP needle confirmed in
the spinal canal (n ¼ 37)

15/37 (40.5%) 14/15 (93.3%)

Degenerative changes (n ¼ 8) 2/8 (25%) 2/2 (100%)
Patient’s inability to follow commands and/or due to
pain and anxiety (n ¼ 10)

6/10 (60%) 6/6 (100%)

High BMI (n ¼ 3) 1/3 (33%) 1/1 (100%)
Patient in lateral decubitus position (n ¼ 2) 2/2 (100%) 2/2 (100%)
Postsurgical scarring or instrumentation (n ¼ 2) 1/2 (50%) 1/1 (100%)
Unknown (n ¼ 1) 1/1 (100%) 1/1 (100%)
Total (n ¼ 63) 28/63 (44%) 27/28 (96%)
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which could preclude outflow of CSF, ie, a dry tap. A prior article
with a smaller sample size and conducted at another institution
demonstrated that most of the FGLP misses, 44%, were due to dry
taps,2 which is slightly lower than our findings (58.7%). Dry taps
are believed to be due to low CSF volume and pressure, often due
to dehydration.4 In our experience, ordering clinicians are aware
that patients need to be hydrated before FGLPs, and we often spe-
cifically request that hospitalized patients are hydrated before the
FGLP attempt. Even so, 37 patients in our sample still had initial
dry FGLP taps. We followed the same maneuvers to acquire CSF as
suggested by Hudgins et al;4 however, we do not use the “gentle
suction” technique using a syringe, primarily due to procedural
inexperience. Using this technique may provide some CSF flow but
often remains slow.4 Many patients require $10 mL of CSF for
proper analysis, and collecting adequate CSF, if egressing is slow,
may be impractical because many relatively ill, elderly, and/or obese
patients cannot remain in position for an extended time.

Of the 15 hospitalized patients who returned for a repeat FGLP
while still hospitalized, 13 had documented IV hydration and 12

had successful FGLPs. Most had a repeat attempt at the same lum-
bar level as on the initial attempt. Imaging in the sole patient with

the unsuccessful FGLP demonstrated epidural lipomatosis from
L2–3 through the sacrum, which likely precluded successful egress

of CSF because epidural lipomatosis a known factor for failed
LPs.17 The patient was subsequently discharged because symptoms

had resolved.
In 8 patients, the lumbar spinal canal could not be accessed

due to degenerative changes. Most of these patients were older
than 65 years of age, and advanced age is highly associated with
degenerative disease of the lumbar spine.18 Only 2 patients
returned for a repeat attempt and underwent successful cervical

spinal punctures. Although not often performed, cervical spinal
punctures remain a viable option to access the spinal canal for
CSF sampling and/or myelography.19,20 If operators do not feel
comfortable performing cervical punctures, accessing the spinal
canal under CT guidance is an alternative option,4 though it
results in an increase in the radiation dose. The percentage of
unsuccessful FGLPs due to degenerative changes was overall low
because fluoroscopy generally well-defines the spinal canal entry
sites, typically the interlaminar or interspinous spaces.

A high BMI is a known factor for failed non-image-guided
LPs.21 Even under fluoroscopy, due to increased soft tissue in the
flank, ensuring a straight entry into the spinal canal can be diffi-
cult. Most interesting, only 3 patients had FGLP failures, primar-
ily due to the patient’s high BMI. Our high success rate in
patients with high BMIs is likely because we measure the skin-to-
midspinal canal distance on CT or MR imaging before perform-
ing FGLPs to determine the correct needle length. If no prior
imaging is available, we use the formula detailed by Nayate et al5

to determine the inches from the skin to the spinal canal.
FGLPs require patients to remain still for several minutes and

can cause discomfort. Inpatients are often ill and cannot follow
directions or remain still, are anxious, and cannot bear the dis-
comfort. Clinicians strive to avoid unnecessarily sedating patients,
and often the initial FGLP is attempted on patients and is subse-
quently terminated due to reasons stated above. In our sample, in
only 10 patients did the initial FGLP attempts fail for reasons stated
above. This low number is likely because we typically discuss the
case with the ordering physician and ask if the patient can undergo
the procedure without requiring sedation or anesthesia. Most of
patients returned for a repeat FGLP (one-half with anesthesia and
one-half without), and 100% had a repeat successful FGLP.

FIG 4. Flowchart to determine how to prepare for and perform an FG spinal puncture. PO indicates by mouth.

AJNR Am J Neuroradiol 44:722–29 Jun 2023 www.ajnr.org 727



We hypothesized that most patients would return for a repeat
FGLP. However, .40% of patients did not return for FGLPs
because their symptoms resolved, patients declined further
attempts, or they were planning to undergo FGLP as an outpa-
tient. All of these patients were successfully discharged, typically
a few days after the failed FGLP attempt. There was no difference
between the likelihood of patients returning for a repeat FG spi-
nal puncture or not based on the clinical indication. Of the
approximately 44.4% of our sample that returned for a repeat
FGLP, most returned within 2 days, which is expected because if
there is concern for CSF pathologic processes, timely detection is
needed for treatment planning and to reduce morbidity/mortal-
ity. Using this logic, we suspect that other radiology departments
have similar referral timing for repeat FGLPs and therefore can
adjust their FGLP schedule to allow return of these patients. An
orderly functioning FGLP service is critical because FGLP refer-
rals continue to increase3 and occupancy of a FGLP procedure
room can be an hour or longer.6

Well-organized scheduling, planning, and performing of
FGLPs can sometimes be challenging; therefore, we have pro-
vided a flowchart (Figs 4 and 5) that can be followed to poten-
tially ease the process.

Our study has some limitations. First, our findings are based
on the FGLPs performed at a single institution; although 39 train-
ees performed FGLPs under the supervision of 7–12 attendings,
there was a broad range of operator skill. Our hospital is a tertiary
academic center, and our radiology department performs FGLPs
on patients with a large range of BMIs, medical conditions, de-
generative changes, and other patient-related factors that are typi-
cally seen in hospital systems that service a substantial patient
population. Second, we had a small sample size, but the high suc-
cess rate of the repeat FGLPs supports our findings and asser-
tions. Third, in some patients, multiple factors could have caused

the failed FGLP attempt, but we focused on the primary cause as
stated in the dictation and after review of the FGLP procedural
images and patients’ charts. Fourth, we did not review CT or MR
imaging of the lumbar spine in all patients to determine degree of
degenerative changes because grading degenerative changes is of-
ten subjective and not standardized. Fifth, we did not objectively
determine which patients with dry taps were initially dehydrated
nor determine the amount of IV fluid they received because it is
beyond the scope of this article but is the focus of our next
research project.

CONCLUSIONS
We demonstrated a 95.5% success rate for FGLPs performed at
our tertiary academic hospital and a near-equivalent success rate
for patients who returned to undergo a second FG spinal punc-
ture attempt after an initial failed FGLP attempt. Patients had a
repeat FG spinal puncture within a median of 2 days after the ini-
tial failed attempt. A dry tap was the most common reason for a
failed FGLP, and most patients had a successful FGLP after they
were hydrated. More than 40% of patients did not require a
repeat FGLP because their symptoms resolved, the patient
declined further attempts, or other reasons for their symptoms
were determined, which no longer required CSF sampling. There
was no difference in the likelihood of patients returning for a
repeat FG spinal puncture based on the clinical indication.

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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Efficacy of Epidural Blood Patching or Surgery in
Spontaneous Intracranial Hypotension: A Systematic Review

and Evidence Map
T.J. Amrhein, J.W. Williams, Jr., L. Gray, M.D. Malinzak, S. Cantrell, C.R. Deline, C.M. Carr, D.K. Kim,

K.M. Goldstein, and P.G. Kranz

ABSTRACT

BACKGROUND: Spontaneous intracranial hypotension is an important cause of treatable secondary headaches. Evidence on the ef-
ficacy of epidural blood patching and surgery for spontaneous intracranial hypotension has not been synthesized.

PURPOSE:Our aim was to identify evidence clusters and knowledge gaps in the efficacy of treatments for spontaneous intracranial
hypotension to prioritize future research.

DATA SOURCES: We searched published English language articles on MEDLINE (Ovid), the Web of Science (Clarivate), and EMBASE
(Elsevier) from inception until October 29, 2021.

STUDY SELECTION: We reviewed experimental, observational, and systematic review studies assessing the efficacy of epidural
blood patching or surgery in spontaneous intracranial hypotension.

DATA ANALYSIS: One author performed data extraction, and a second verified it. Disagreements were resolved by consensus or
adjudicated by a third author.

DATA SYNTHESIS: One hundred thirty-nine studies were included (median, 14 participants; range, 3–298 participants). Most articles
were published in the past decade. Most assessed epidural blood patching outcomes. No studies met level 1 evidence. Most were
retrospective cohort or case series (92.1%, n ¼ 128). A few compared the efficacy of different treatments (10.8%, n ¼ 15). Most
used objective methods for the diagnosis of spontaneous intracranial hypotension (62.3%, n ¼ 86); however, 37.7% (n ¼ 52) did not
clearly meet the International Classification of Headache Disorders-3 criteria. CSF leak type was unclear in 77.7% (n ¼ 108). Nearly
all reported patient symptoms using unvalidated measures (84.9%, n ¼ 118). Outcomes were rarely collected at uniform prespecified
time points.

LIMITATIONS: The investigation did not include transvenous embolization of CSF-to-venous fistulas.

CONCLUSIONS: Evidence gaps demonstrate a need for prospective study designs, clinical trials, and comparative studies. We rec-
ommend using the International Classification of Headache Disorders-3 diagnostic criteria, explicit reporting of CSF leak subtype,
inclusion of key procedural details, and using objective validated outcome measures collected at uniform time points.

ABBREVIATIONS: EBP ¼ epidural blood patching; ICHD-3 ¼ International Classification of Headache Disorders-3; QOL ¼ quality of life; SIH ¼ spontaneous
intracranial hypotension

Spontaneous intracranial hypotension (SIH) is a condition
caused by a noniatrogenic spinal CSF leak that leads to con-

siderable disability, typically in the form of an orthostatic head-
ache (ie, improved with recumbency).1 Morbidity due to SIH is

compounded by cranial nerve dysfunction, causing a variety of
symptoms including diplopia, tinnitus, muffled hearing, and dise-
quilibrium, among many others. SIH is now recognized as an im-
portant treatable cause of headache. During the past decade,
increased awareness of this disorder has led to substantial growth
in both patient diagnoses as well as research publications.Received February 23, 2023; accepted after revision April 21.
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The treatment of SIH requires closure of the spinal CSF leak.
The primary methods are via epidural blood patching (EBP) or
surgical repair.2 Data on SIH treatment efficacy are limited. For
example, reported responses to EBP range from 36%–90%.3-10

This wide range suggests that the true effect is not yet deter-
mined. Data for the efficacy of surgical repair are even more
sparse. Furthermore, the efficacy of treatments may be impacted
by leak subtypes (eg, disc osteophyte spur, nerve root diverticula,
or CSF-venous fistula) or affected by differences in technical
characteristics of the treatment (eg, EBP targeted to the leak site
versus nontargeted). As a result, there is considerable uncertainty
about the optimal treatment for any given patient, and there are
currently neither consensus guideline recommendations nor
widely accepted algorithms for management. This lack of consen-
sus has resulted in a heterogeneity of treatment approaches.

Standardization of treatment algorithms for SIH will be best
reached through the development of strong evidence supporting
decision-making. Thus, future research should be directed to-
ward specific-yet-unanswered questions regarding SIH treatment
efficacy. Developing these questions requires a thorough under-
standing of the current state of the literature. Therefore, we aimed
to systematically map the available evidence for the efficacy of
SIH treatments. This review addressed 2 key objectives: first, to
describe the published literature that evaluates the efficacy of epi-
dural patching for treatment of patients with SIH, and second, to
describe the published literature that evaluates the efficacy of sur-
gery for treatment of patients with SIH. The results of this work
will allow us to gain a better understanding of the landscape of
existing research on these topics, including a systematic descrip-
tion of study characteristics; evidence clusters to guide subse-
quent systematic reviews and meta-analyses; and evidence gaps
that may guide funding agencies and investigators toward priori-
tization of future research to fulfill unmet needs.

MATERIALS AND METHODS
This systematic review and evidence map adhered to Preferred
Reporting Items for Systematic Reviews and Meta Analyses
Extension for Scoping Reviews (PRISMA-ScR) guidelines.11 The
protocol was published and registered a priori in Open Science
Framework (OSF, 10.17605/OSF.IO/NWJU7; https://osf.io/) and
has not been subject to amendments.12 All steps of this study
were pilot-tested by the team before implementation.

Data Sources and Searches
The MEDLINE (Ovid), Web of Science (Clarivate), and
EMBASE (Elsevier) databases were searched for published
English language citations. The search was developed and con-
ducted by a professional medical librarian in consultation with
the author team and included a mix of database–specific subject
headings and keywords representing SIH (including CSF leaks,
low CSF volume headaches, low-pressure headaches, and hypo-
liquorrhoeic headaches) and terms related to EBP or surgical
techniques for the treatment of SIH. Search hedges or database
filters were used to remove publication types such as editorials,
letters, case reports, comments, and animal-only studies as
appropriate for each database. The searches were independently
peer-reviewed by another librarian using a modified Peer

Review of Electronic Search Strategies checklist.13 Complete re-
producible search strategies for all databases are detailed in the
Online Supplemental Data. The original searches were con-
ducted on December 10, 2020; a search update was conducted
on October 20, 2021, to identify newly published studies. The
reference lists of key studies and all included systematic reviews
were hand-searched to identify additional citations not previ-
ously captured.

Inclusion and Exclusion Criteria
We included experimental, observational, and systematic review
studies that assessed the efficacy of EBP or surgery for the treatment
of patients of any age or sex with a reported diagnosis of SIH.

We excluded studies of patients with cranial CSF leaks, iatro-
genic spinal CSF leaks (eg, post-dural puncture or postoperative),
those with headaches not secondary to SIH, and mixed popula-
tions of patients with and without SIH without subgroup analy-
ses. Single case reports, small case series (,3 cases), clinical
guidelines, narrative reviews, editorials, and protocols were
excluded. There was no limitation on date of publication.

Study Selection
The titles and abstracts of all articles identified by electronic
searches were screened independently by 2 authors for relevance.
Articles included by either investigator by title and abstract
review advanced to full-text screening where they were again in-
dependently dual-screened. Disagreements between authors dur-
ing full-text screening were resolved by consensus or by a third
investigator when consensus could not be reached. All results
were tracked in Covidence (https://www.covidence.org/), a web-
based data-synthesis software program, and duplicates were
removed.14 EndNote reference management software (Clarivate)
was used during drafting of the manuscript. Articles that met the
criteria for inclusion underwent data extraction.

Data Extraction
One author abstracted data from each included study using a cus-
tomized data-extraction form within Covidence. Abstracted data
were then verified by a second author. Disagreements were
resolved by consensus or adjudicated by a third author when con-
sensus could not be reached. Extracted data elements included
study design, study setting, number of patients included, patient
demographics, method of SIH diagnosis, treatment-intervention
characteristics (eg, type of EBP or surgery), outcome measures
used, and timing of outcome assessment. Article authors were
contacted for clarification or supplemental data when necessary.

Data Synthesis and Analysis
We tabulated included studies and summarized key study charac-
teristics (eg, study design, patient demographics, details of treat-
ment intervention) using tabular and graphic formats, including
bubble plots to display evidence clusters and identify gaps. Areas of
interest included the number of publications across time, clusters
and gaps in study designs (such as a preponderance of retrospec-
tive designs or the absence of particular designs), patterns of both
strengths and deficiencies in the reporting of diagnostic features
(eg, International Classification of Headache Disorders-3 [ICHD-
3] criteria, CSF leak subtypes), procedural details (eg, targeting
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EBP, patch material used), and measures of efficacy (eg, patient
symptoms, quality of life, imaging biomarkers). Proportions were
assessed by 2-tailed x 2 tests for significance. Two-tailed t tests
were used to compare means. Linear regression was used to assess
continuous variables such as the mean number of patients
included per study across time. All statistical analyses were con-
ducted using an open-source statistical analysis program (R statis-
tical and computing software; Version 3.4.1; http://www.r-project.
org). A P value, .05 was considered statistically significant.

Certainty of Evidence
A critical appraisal of the methodologic
quality and risk of bias for individual
studies as well as grading of the strength
of evidence was not performed because
this is an evidencemapping review.15

Role of Funding Source
This study was not supported by
external funding sources.

Standard Protocol Approvals,
Registrations, and Patient Consent
This Health Insurance Portability and
Accountability Act-compliant study
was deemed exempt from institutional
review board oversight. The protocol
for this study was registered with Open
Science Framework on December 8,
2020.

Data Availability Statement
Anonymized data not published within
this article will be made available by
request from any qualified investigator.

RESULTS
The primary literature search identified
3608 studies. After duplicate articles
were removed, a total of 2040 under-
went title and abstract screening. Of
these, 176 were moved on to full-text
review, and a total of 139 were included
in the evidence map (Fig 1 and Online
Supplemental Data).

Characteristics of Included
Studies
Most included studies (66.2%, 92 of
139) were published in the past dec-
ade. The number of studies published
per year has progressively increased,
particularly during the past 5–
10 years (Fig 2). Most studies assessed
outcomes after EBP. Very few studies
investigated surgical approaches alone.
Articles were published by authors at
institutions throughout the world,
though the greatest number came

from the United States, followed by South Korea and Japan (Fig 3).
Most studies were generated from either dedicated SIH referral
centers or universities. Studies that included surgery were more
likely to come from referral centers (62.5%, 35 of 56) than those
that included EBP (28.8%, 36 of 125), possibly due to the complex-
ity of these operative procedures (P, .001). The number of
patients per study has significantly increased with time (mean, 29.8
[SD 41.9] patients; range, 3–298 patients; P, .001). Characteristics
of included studies can be found in the Online Supplemental Data.

FIG 1. Evidence map or the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
flow chart. The asterisk indicates Martin 2019,26 Ohtonari 2012,27 Urbach 2020,28 Beck 2019,29

Pagani-Estevez 2019,30 Levi 2019,31 Franzini 2013,32 Watanabe 2011,33 Beck 2019,29 Angelo 2011;34 hash,
Ferrante 2016,35 Ferrante 2015.36

FIG 2. Timeline of included publications.
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There were no studies that met level 1 evidence (ie, no
randomized controlled trials). Most study designs were retrospec-
tive cohort studies (56.1%, 78 of 139) or case series (36%, 50 of

139), with only a few prospective cohort
studies (3.6%, 5 of 139) (Figs 4–7).
However, the evidence level of studies
has slowly increased with time. For
example, 52.8% of all published studies
from 1996 to 2001 were case series,
compared with 24.5% from 2017 to
2021. This interval reduction in the per-
centage of case studies reflects an
increasing quality of study design.
Furthermore, during the past 5 years,
67.8% of studies were a retrospective
cohort design (increased from 30.6% in
1996–2001), and the first systematic
reviews were published (3.8%, n¼ 3).

There were very few studies that
included a comparison of 2 active treat-
ments, and none were published before
2007. Of those published, most (66.7%,
10 of 15) were published only within the
past 5 years.

The following subsections report
results for the cohort of studies that
included EBP and the cohort of studies
that included surgery, as well as report
key characteristics about included studies

such as the methods of SIH diagnosis, the included CSF leak sub-
types, and the outcome measures used to assess the efficacy of
treatment.

FIG 3. Countries of origin for included studies.

FIG 4. Evidence map of studies investigating treatments for SIH that included epidural patching
and describing imaging-guidance methods. Note that each circle represents a single study with
the area of the circle proportional to the study sample size; and colors represent the method of
assessing a patient’s symptomatic response in each study, either a validated outcome measure
(blue), subjective (nonvalidated) assessment (orange), or not reported (gray). RCT indicates
randomized controlled trial.
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Epidural Patching
Most studies (57.6%, 72 of 125) that investigated the efficacy of
epidural patching did not specify whether imaging guidance was
used to direct needle placement (Fig 4). Moreover, several of the
studies reporting the use of imaging guidance did not specify the
type of guidance (ie, fluoroscopy or CT).

Nearly one-quarter of the epidural patching studies did not
specify the patching material used (22.4%, 28 of 125). Most stud-
ies that did report the patching material used autologous blood
(56.8%, 71 of 125). Very few studies investigated the efficacy of
procedures using fibrin glue alone (3.2%, 4 of 125) (Fig 5).

The largest proportion of studies on
epidural patching (28.8%, 36 of 125) did
not specify whether needle placements
were targeted to a site of CSF leak or
were nontargeted (Fig 6). When speci-
fied, more studies reported on proce-
dures that were nontargeted (24.8%, 31
of 125) than targeted (19.2%, 24 of 125).
Many studies reported a heterogeneous
mixture of both targeted and nontar-
geted approaches (27.2%, 34 of 125), but
nearly all of these studies did not include
a comparison between these subgroups.

Surgery
There were fewer studies that investi-
gated outcomes after surgical treat-
ment of SIH than after epidural
patching (n ¼ 56 versus 125, respec-
tively). Studies that assessed outcomes
after surgical treatment of SIH had sig-
nificantly smaller sample sizes (mean,
9.9 [SD 12.8] patients; range, 1–69
patients) compared with EBP (mean,
30.1 [SD 43.6] patients; range, 1–298
patients) (P, .001). More than half of
investigations on surgical treatment
included,10 patients.

Most surgical studies (66.1%, 37 of
56) either did not specify the surgical
approach used or included a heteroge-
neous mixture of multiple surgical
approaches, typically in the form of case
series (Fig 7). The most commonly
reported surgical techniques included
intradural and extradural approaches to
dural repair (some using fat-packing,
muscle flaps, fibrin glue, or Gelfoam;
Phadia), nerve root ligation or clipping,
electrocautery of epidural veins for CSF-
to-venous fistulas, and nerve root sleeve
meningeal diverticulum repair.

SIH: Diagnosis
Greater than one-third of the included
studies either did not specify the diag-

nosis method (13.8%, 19 of 138) or used a subjective criterion
such as physician reporting of perceived patient improvement
(23.9%, 33 of 138). The remainder of the included studies used an
objective method to establish a patient diagnosis of SIH (62.3%,
86 of 138) (Fig 8A). The proportion of studies using objective
diagnostic criteria was similar between studies investigating treat-
ment with EBP and those investigating treatment with surgery.

Greater than half of the included studies used diagnosis meth-
ods that satisfy current ICHD-3 criteria for a diagnosis of SIH
(58.7%, 81 of 138). However, in a substantial number of studies,
it was not possible to determine whether included patients

FIG 5. Evidence map of studies investigating treatments in SIH that included epidural patching
and described the patching material used. RCT indicates randomized controlled trial.

FIG 6. Evidence map of studies investigating treatments in SIH that included epidural patching
and described targeted or nontargeted approaches. RCT indicates randomized controlled trial.
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satisfied the ICHD-3 criteria (37.7%, 52 of 138). In a small num-
ber of studies, reporting of methodologic details was sufficient to
determine that the included patients did not meet ICHD-3 diag-
nostic criteria (3.6%, 5 of 138) (Fig 8B).16

Types of CSF Leaks
SIH is caused by 3 known types of spinal CSF leaks: nerve root
sleeve diverticula, disc osteophyte spurs, and CSF-to-venous fis-
tulas.1 Most studies provided insufficient detail to determine
which type or types of CSF leaks were included in their investiga-
tions (Fig 8C). For example, 77.7% (108 of 139) of studies either
did not report the type of CSF leaks included (56.8%, 79 of 139)
or their reporting was unclear, making it impossible to tell what
subtypes were included (20.9%, 29 of 139). Studies including sur-
gical treatments were significantly more likely to report the spe-
cific subtypes of CSF leaks than studies investigating treatment
with EBP (48.2%, 27 of 56 versus 17.6%, 22 of 125, P, .001).

Outcome Measures
Nearly all of the studies made use of subjective nonvalidated
reporting of changes in patient symptoms to assess treatment effi-
cacy (84.9%, 118 of 139). In fact, only 12.2% (17 of 139) used vali-
dated outcome measures, most commonly a Pain Numeric
Rating Scale (Figs 4–7 and 9A).

There were almost no studies that included measures of qual-
ity of life (QOL). Only 1 study (0.7%) reported results from a vali-
dated QOL measure (modified Rankin scale), and 98.6% (137 of
139) did not report on QOL at all (Fig 9B). A single study subjec-
tively reported QOL changes.

Posttreatment brain MR imaging and spine imaging are
sometimes used as noninvasive biomarkers for successful resolu-
tion of SIH.17 Most of the included studies (61.2%, 85 of 139) did
not report on posttreatment changes in imaging (Fig 9C). When
a change was reported, it was typically in the form of a subjective
interpretation of the imaging (eg, “imaging improved”), which
was the case in 37.4% (52 of 139) of the studies. Only 2 studies
(1.4%) used objective outcome measures such as the Bern score.18

Studies including surgery were more likely to obtain posttreat-
ment imaging (53.6%, 30 of 56) than those including EBP (37.6%,
47 of 125) (P ¼ .04) . However, these studies typically included
only subjective assessments of the imaging.

There were very few studies that had predetermined and set
postprocedural time points for the collection of outcome meas-
ures. Far more commonly, patient outcomes were collected at
variable times after treatment. In 34.6% (47 of 136) of studies, the
timing of outcome collection was not reported at all.

DISCUSSION
We identified and reviewed 139 studies that reported the efficacy
of surgery and EBP, the 2 most common treatments for patients
with SIH. We found no studies providing level 1 evidence for the
efficacy of either treatment and identified no published clinical
trials. Most published studies were retrospective, typically either
case series or smaller cohort studies. In general, important study
details were often missing, including methodologic details such
as how a diagnosis of SIH was established and what specific sub-
types of CSF leaks were being treated. Furthermore, procedural
characteristics were often lacking, which made it difficult to

FIG 7. Evidence map of studies investigating treatments in SIH that included surgery. RCT indicates randomized controlled trial.
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determine important information such as whether imaging guid-
ance or targeting was used in EBP or exactly what type of surgery
was performed. Finally, patient-outcome assessment typically
used subjective, nonvalidated measures collected at variable or
unspecified time intervals.

The results of this evidence map suggest that the current effi-
cacy estimates for EBP and surgery in SIH should be interpreted
with caution. The incomplete description of patient characteris-
tics in many of the included studies makes it difficult to under-
stand how the study cohort compares with the broader SIH
population, limiting applicability. For example, in some studies,
the methods for establishing an SIH diagnosis were ambiguous,
leading to uncertainty about the diagnosis itself. Additionally, we
found that 77.7% of the studies did not adequately describe the
subtypes of CSF leaks that were being treated. There may prove
to be substantial differences in the treatment outcomes between
patients with different subtypes of CSF leaks, which could skew

the results of individual studies, possibly leading to spurious con-
clusions. Similarly, the absence of key procedural details in many
instances makes it difficult, if not impossible, to understand the
impact of certain decisions on the efficacy of treatments, such as
whether to use a targeted approach or to include fibrin glue in
EBP. Finally, the use of subjective, nonvalidated outcome meas-
ures without prespecified or uniform collection times leads to
uncertainty about the usefulness of the collected data. Without
establishing content validity, a chosen outcome measure may not
truly capture the intended information of interest. For example,
the use of outcome measures focused on patients’ pain may not
accurately reflect the severity of disease if morbidity is due to cra-
nial nerve dysfunction, fatigue, or cognitive dysfunction.
Moreover, collecting outcomes at variable time points makes it
challenging to compare cohorts of patients and could introduce
bias (eg, outcomes only collected when the patient is sympto-
matic and returning to clinic).

FIG 8. Methods of SIH diagnosis and types of CSF leaks.
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To our knowledge, this represents the first systematic review
to map the evidence for the efficacy of EBP and surgery in the
treatment of SIH.We identified 3 previously published systematic
reviews of SIH, but none of these mapped the current evidence to
describe characteristics of the literature nor did they identify evi-
dence clusters and knowledge gaps. Two also included meta-anal-
yses.19,20 The article by D’Antona et al19 is a general review of
SIH containing a small subsection on treatment, which provides
some summary estimates about conservative approaches, EBP,
and surgery. The study by Signorelli et al20 focused on factors
affecting the outcome of EBP in SIH. Their review and analysis
included only 6 articles, all retrospective. This small number was
presumably due to the strict inclusion criteria used, such as the
need for the studies to be comparative. This finding is in keeping
with our findings that there are few prospective or comparative
studies of EBP. Shlobin et al21 published a systematic review of
patients with SIH with CSF-to-venous fistulas. The purpose of
their review was to provide a comprehensive picture of CSF-to-
venous fistulas, rather than to focus solely on treatment or map
the evidence, as in the present study. They found 16 articles that
met the inclusion criteria and performed a patient-level meta-
analysis on 18 patients from 7 of these studies. Similarly, they
found either only retrospective case series or cohort studies.

Given the considerable clinical and methodologic heterogene-
ity of the SIH literature, there was resultant statistical heterogene-
ity in many of the meta-analyses in these 2 studies, which raises
some concern about the pooled estimates because they could lead
to misleading conclusions. This heterogeneity is reflected in large

I2 values (a measure of variation due to study heterogeneity
rather than chance) for the meta-analyses, many .75% (consid-
ered high heterogeneity) and some in excess of 95%.19,20 In fact,
very few published meta-analyses have I2 . 90%.22 Sources of
heterogeneity are not identified, calling into question the value of
the pooled estimates. In addition, many of the meta-analyses con-
sisted of predominantly small studies. Although random effects
analysis is appropriate, it can lend undue weight to smaller stud-
ies, skewing the estimated summary effect. Given the resultant
uncertainty regarding the reported estimates, caution should be
used before changing practice on the basis of these results.

The current study adds to these prior systematic reviews by
providing clear descriptions of study design and methodology,
including details about SIH diagnostic criteria, patient characteris-
tics, procedure specifics, and the outcome measures used.
Furthermore, this investigation maps the breadth of the literature
rather than focusing on a narrow question in a small subset of stud-
ies. It, therefore, provides a better perspective to identify knowledge
gaps and to suggest designs that might address these unmet needs.
The results of this investigation reveal several evidence gaps and
clear opportunities for methodologic improvement, which, when
addressed through future research, will serve to improve the state
of the literature and advance our knowledge about SIH treatment
efficacy. First, the dearth of prospective studies and the absence
of any level 1 evidence or clinical trials demonstrate a clear
unmet need. Similarly, there are few comparative studies. Thus,
future research should be directed toward designing comparative
prospective studies beginning with cohort designs followed by

FIG 9. Outcome measures.
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randomized controlled trials, preferably with a multicenter
approach to maximize patient enrollment and generalizability.
These efforts may be best facilitated through development of a
research infrastructure among a consortium of dedicated
research institutions. Furthermore, there are very few studies
investigating surgical treatments of SIH. Dedicated effort to
determine the efficacy of SIH treatments other than EBP (ie, sur-
gery and the newly developed venous embolization of CSF-
venous fistulas) should be pursued.23 Second, future research
should endeavor to reduce the potential for bias through adher-
ence to sound methodologic practices and to improve interpret-
ability through the clear reporting of key components of the
study design.We recommend that objective SIH diagnostic crite-
ria be used for patient inclusion, which should follow the current
ICHD criteria at the time of the study (currently ICHD-3).16

Similarly, investigators should report the subtypes of spinal CSF
leaks included in their cohort and whether there are efficacy dif-
ferences among these subgroups of patients with SIH.

The following key procedural details should also be included
at a minimum so that results may be better interpreted. For EBP,
we strongly recommend including whether imaging guidance
was used and the type (eg, CT fluoroscopy), whether the needles
were targeted to the site of a known CSF leak or nontargeted, and
the type of patch material used (eg, blood, fibrin glue, or both).
For surgery, we recommend describing the operative approach
or approaches in detail or providing references to previously
described techniques. Critically, we recommend reporting symp-
tom and disability outcome measures that are validated for use in
SIH and that these measures be collected at prespecified uniform
time points. To our knowledge, there are currently no validated
outcome measures for use in SIH. Thus, effort should be directed
toward validating existing measures or generating new ones.
Until these efforts are completed, we recommend using objective
measures validated for use in other headache disorders, such as
the Headache Impact Test-6 and EuroQol-5D (https://euroqol.
org/).24,25 Finally, the use of changes in imaging (eg, resolution of
SIH findings on brainMR imaging) as an outcomemeasure should
include either an objective scoring system or description.18

This study is a protocol-driven, methodologically rigorous
evidence map. However, there are several potential limitations to
this investigation. It is possible that our search inadvertently
excluded studies that would have otherwise met the criteria for
inclusion. This issue could have occurred due to the use of nar-
rower search terms that included the “spontaneous” concept.
However, we followed best practices for search development and
reviewed a random sample of studies from the more expansive
search to ensure that the probability of this exclusion was mini-
mal, at best. Furthermore, we did not search the gray literature
because this was deemed unlikely to have identified relevant stud-
ies and, therefore, did not warrant the substantial additional
effort. This investigation did not include the few studies that
reported the efficacy of transvenous embolization of CSF-to-ve-
nous fistulas because this newer treatment method was developed
after the protocol for this review was established and there are so
few publications on this promising new intervention to date.
Additionally, the authors recognize that some of our recommen-
dations are dependent on presumptions that are yet to be proved.

For example, if nontargeted patching is equivalent in efficacy to
targeted patching, then identifying the CSF leak subtype and
localizing the leak with advanced myelography techniques may
not be necessary. Finally, given that evidence mapping is a rela-
tively new approach to critically appraising the literature, the
standards are evolving. We followed current best practices, but
these may be subject to change.

CONCLUSIONS
This systematic review and evidence map summarize the current
state of the literature investigating the efficacy of EBP and surgery
in the treatment of SIH based on 139 articles. Most studies were
retrospective, and there was no published level 1 evidence.
Identified gaps include the need for studies comparing the efficacy
of different treatments as well as more sophisticated study designs
such as prospective cohorts and randomized controlled trials.
There remain many opportunities for the improvement in study
methodology. We recommend that future research use the ICHD
diagnostic criteria for SIH, explicitly report the specific subtypes
of CSF leaks, include key procedural details such as whether EBP
was imaging-guided and targeted and the type of patching mate-
rial used or provide details about the surgical approach, and use
objective outcome measures preferably validated for use in SIH
and collected at uniform prespecified time points.
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SPINE

Utility of Photon-Counting Detector CT Myelography for the
Detection of CSF-Venous Fistulas

A.A. Madhavan, L. Yu, W. Brinjikji, J.K. Cutsforth-Gregory, F.R. Schwartz, I.T. Mark, J.C. Benson, and T.J. Amrhein

ABSTRACT

SUMMARY: CSF-venous fistulas are an increasingly recognized type of CSF leak that can be particularly challenging to detect, even
with recently improved imaging techniques. Currently, most institutions use decubitus digital subtraction myelography or dynamic
CT myelography to localize CSF-venous fistulas. Photon-counting detector CT is a relatively recent advancement that has many
theoretical benefits, including excellent spatial resolution, high temporal resolution, and spectral imaging capabilities. We describe 6
cases of CSF-venous fistulas detected on decubitus photon-counting detector CT myelography. In 5 of these cases, the CSF-venous
fistula was previously occult on decubitus digital subtraction myelography or decubitus dynamic CT myelography using an energy-
integrating detector system. All 6 cases exemplify the potential benefits of photon-counting detector CT myelography in identify-
ing CSF-venous fistulas. We suggest that further implementation of this imaging technique will likely be valuable to improve the
detection of fistulas that might otherwise be missed with currently used techniques.

ABBREVIATIONS: CTM ¼ CT myelography; CVF ¼ CSF-venous fistula; DSM ¼ digital subtraction myelography; EID ¼ energy-integrating detector; LDDSM ¼
lateral decubitus digital subtraction myelography; PCD ¼ photon-counting detector; SIH ¼ spontaneous intracranial hypotension; SR ¼ standard resolution;
T3D ¼ low-energy threshold; UHR ¼ ultra-high-resolution mode; VMI ¼ virtual monoenergetic image

Spontaneous intracranial hypotension (SIH) is caused by a spi-
nal CSF leak from a dural tear (type 1), leaking meningeal di-

verticulum (type 2), or a CSF-venous fistula (CVF, type 3).1

Localization of the causative CSF leak requires imaging techni-
ques with high spatial and temporal resolution, such as decubitus
digital subtraction myelography (DSM) and dynamic CTmyelog-
raphy (CTM).2,3 CVFs can be particularly challenging to detect
because they may opacify with contrast only intermittently, and
they sometimes require very dense intrathecal contrast for the
draining vein to become visible. Procedural modifications such as
imaging during inspiration and use of conebeam CT with DSM
have recently been shown to increase the yield of detecting
CVFs.4-6 Despite optimal techniques, however, CVFs are some-
times missed.

Photon-counting detector (PCD) CT is a recent advancement
that has multiple benefits over conventional energy-integrating
detector (EID) CT.7,8 EIDs convert incident x-rays into visible
light, which subsequently encounters a photodiode that generates

an electric signal proportional to the total energy deposited. As a
result of this process, the energy information of each individual
x-ray photon is lost. In contrast, PCDs convert the energy of each
individual x-ray photon directly into an electric pulse and record
the energy information on the basis of the pulse height, allowing
more precise discrimination of individual photon energy. This
photon-counting process permits a more optimal energy-weight-
ing of individual photons and leads to multiple benefits over
EIDs. First, electronic noise is substantially reduced by applying a
low-energy threshold, leading to improved signal- and contrast-
to-noise ratios. Second, photons can be binned into different
energy ranges, and subsequent postprocessing can be performed
to obtain virtual monoenergetic images (VMIs) without impair-
ing scan speed or increasing the dose. The SNR of the VMIs is
also typically better than can be achieved with modern dual-
energy CT. Finally, because PCDs do not require physical septa
between detector elements, detector pixel size can be made
smaller compared with EIDs, yielding superior spatial resolution
(up to 40 line pairs/cm). Due to these advantages, PCD CTM can
theoretically detect CVFs that may not be apparent on DSM or
EID CTM. One case of a CVF seen on PCD CTM has been
reported, but its added value over DSM and EID CTM is yet to
be demonstrated.9

Here, we report 6 cases of CVFs that were identified on PCD
CT. The CVFs were occult on decubitus DSM or EID CTM in 5
cases.
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MATERIALS AND METHODS
Patient Selection
This is a retrospective series including patients from 2 separate
institutions specializing in the diagnosis and treatment of SIH.
Medical records were searched for all consecutive patients who
underwent PCD CTM for the indication of SIH from April 2022
to March 2023. All myelographic images, including EID CTMs,
DSMs, and PCD CTMs were reviewed by 2 neuroradiologists
blinded to the radiologic reports. Cases demonstrating a definitive
CVF on PCD CTMwere included in this case series. Clinical infor-
mation and brain MR imaging findings from each included case
were recorded. This study was deemed exempt by both institu-
tional review boards.

Myelographic Examination Technique
The technique for lateral decubitus digital subtraction myelography
(LDDSM) has been previously described and was used for the
included patients.10 For decubitus EID CTM, lumbar puncture was
performed on the CT table, and 10–11mL of iodinated contrast
was injected immediately before performing a single scan of the
entire spine. The needle was removed, and scanning was repeated
with the patient in the contralateral decubitus position without
injection of more contrast. The scanning protocol used a previously
described technique.3

The PCD CTM technique varied slightly by participating
institution. At the first institution, the patient was placed in
the PCD CT scanner (NAEOTOM Alpha; Siemens) in the
right lateral decubitus Trendelenburg position. A 20-ga spinal
needle was advanced into the subarachnoid space at L3–L4
under CT guidance. Five milliliters of Omnipaque 300 (GE
Healthcare) was injected intrathecally. Multiple low-dose
monitoring scans at C7–T1 were performed every 5 seconds to
dynamically monitor contrast flow. A series of 3–6 scans of the
entire spine was initiated manually when intrathecal contrast
reached C7–T1. All scans were performed at end inspiration
with a 5-second interval between scans. The needle was
removed, the patient was rotated to the left lateral decubitus
position, and the process was repeated after placing a new spi-
nal needle, injecting 5–6mL of contrast, and performing 3–6
additional scans.

Among the 3–6 scans in each position, the first 2–4 scans were
obtained with standard resolution (SR) mode (144 � 0.4mm de-
tector collimation), and the last 1–2 scans, with ultra-high-resolu-
tion (UHR) mode (120 � 0.2 mm detector collimation). All scans
had a rotation time of 0.5 seconds, CAREkeV image quality level
of 200. Automatic exposure control was on, with a manual kilovolt
of 140. All scans were reconstructed separately at 40 keV, 55 keV,
and at a low-energy threshold (referred to as T3D by the manufac-
turer and including photon energies from 20keV to 140 keV), all
with a Br40-3 kernel (quantum iterative reconstruction strength
setting of 3). SR scans were reconstructed at 0.4mm, and UHR
scans were reconstructed at 0.2mm. Pitch was 1.2 (SR) or 1.0
(UHR), and the mean time per scan was 5.0 seconds (SR) and
12.0 seconds (UHR).

At the second institution, lumbar puncture and contrast injec-
tion were performed under conventional fluoroscopy with a tilt-
ing table with the patient in the right lateral decubitus position,
also at L3–L4 with an injection of 10mL of Isovue-M 300
(Bracco). Patients were transferred to PCD CT while maintaining
decubitus and Trendelenburg positioning, and a single scan in the
UHR mode was obtained, in both cases approximately 10minutes
after contrast injection. Patients were rotated to the prone and left
lateral decubitus positions, and 2 additional UHR scans were
obtained in each position. Scans were reconstructed at 0.2mm
with T3D.

RESULTS
Patient Cohort
In total, 12 patients underwent PCD CTMduring the study period
(3 with prior negative findings on DSM, 8 with prior negative
findings on EID CTM, and 1 with no prior myelographic studies).
Of these, 6/12 had a definite CVF identified on PCD CTM by
review of both neuroradiologists (figures/patients, 1–6), while the
other 6 PCD CTMs had negative findings. In one of the cases with
positive findings (patient 1), the PCD CTM was the first myelo-
graphic study performed. In another 3 patients (patients 2–4),
LDDSM was performed initially and had negative findings. In the
final 2 patients (patients 5 and 6), decubitus dynamic EID CTM
was performed initially and had negative findings. Patients 1–4
were from the first institution, and patients 5 and 6 were from the
second institution.

FIG 1. A 70-year-old man with 18months of orthostatic headaches
and brain MR imaging demonstrating diffuse pachymeningeal
enhancement (not shown). Axial and coronal T3D reconstructions
from a right lateral decubitus PCD CTM (A and B) at a section thick-
ness of 0.2mm demonstrate exquisite delineation of tiny veins drain-
ing a right T6 CVF (A and B, arrows). Axial and coronal 40-keV
reconstructions at the identical time point and window/level settings,
both at a section thickness of 0.4mm (minimum allowable), demon-
strate improved conspicuity of the iodine signal within the same veins
(C and D, solid arrows) and within the more distal azygous vein (C,
dashed arrow), though with slightly diminished anatomic characteri-
zation. PCD CT confers excellent spatial resolution and spectral infor-
mation, which have a complementary role and can both be useful in
imaging CVFs. The patient underwent transvenous Onyx embolization
of the CVF.
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Clinical and Conventional Imaging Findings
All 6 patients met International Classification of Headache
Disorders (ICHD-3) criteria for SIH. Contrast-enhanced brain MR
imaging showed brain sagging and/or pachymeningeal enhance-
ment in patients 1, 2, 3, 5, and 6. Patient 4 had normal findings on

brain MR imaging. All 6 patients had no
evidence of extradural fluid on spine
MR imaging (patients 1–4) or conven-
tional CTM (patients 5 and 6).

Additional Advanced Myelography
Findings
LDDSM for patients 2–4 and decubitus
EID CTM for patients 5 and 6 were
negative for CVF on review by both
neuroradiologists. Although multiple
meningeal diverticula were present, no
levels had any findings suspicious for
CVF or other leaks.

PCD CTM for all 6 patients was posi-
tive for a single definitive CVF on review
by both neuroradiologists (Figs 1–6). In
the cases from the first institution, the
CVFs were most apparent at 40keV
using 0.4-mm reconstructions (Figs 1–4).
In the cases from the second institution,
the CVFs were most apparent using 0.2-
mm T3D reconstructions (Figs 5 and 6).
Mean dose-length product for patients
1–4 was 7223 mGy-cm, while the mean
dose-length product for patients 5 and 6
was 1602 mGy-cm.

Treatment
Patients 1–4 underwent transvenous Onyx
(Medtronic) embolization of their CVFs.
Patients 5 and 6 underwent CT-guided ep-
idural blood and fibrin glue patching at
the level of the CVF. These are the pre-
ferred initial methods of treatment at each
respective institution based on the avail-
ability of resources and institutional experi-
ence with each method of treatment. All
patients have had symptomatic resolution
to date, with the time since treatment rang-
ing from 3weeks to 6months.

DISCUSSION
We have described 6 patients with SIH
with CVFs identified using lateral decu-
bitus PCD CTM. In 5 patients (patients
2–6), the CVF was occult using decubi-
tus DSM or EID CTM. In all 6 cases,
precise localization of the CVF on PCD
CTM was instrumental in permitting
targeted treatment.

Decubitus dynamic EID CTM and
DSM are both excellent techniques for localization of CVFs.3,10

Precise techniques for both modalities vary considerably across dif-
ferent institutions. Some of these variations include differences in
timing between contrast injection and imaging, duration of imag-
ing/frame rate (for DSM), number of scans obtained (for CTM),

FIG 2. A 65-year-old woman with several years of orthostatic headaches and brain MR imaging
demonstrating diffuse pachymeningeal enhancement and brain sag (not shown). Representative
image from a right lateral decubitus DSM (A) shows multiple meningeal diverticula that remained
stable during dynamic imaging (A, dashed arrows), with no evidence of a CVF. Axial images from
a right lateral decubitus PCD CTM at the same time point (B–D) reconstructed at a T3D (B), 55 keV
(C), and 40 keV (D) demonstrate a right T3 CVF (B–D, arrows), which is most apparent at 40 keV.
The CVF is not apparent during imaging 30 seconds later, even at 40 keV (E, arrow). Additional
images at adjacent slices, both from the earlier time point at 40 keV (F and G), show that this ve-
nous enhancement, though discontinuous, does, in fact, arise from a prominent meningeal diver-
ticulum (F and G, arrows). In this case, the high degree of temporal resolution and spectral
imaging conferred by PCD CT were necessary to confidently make the diagnosis. The patient
underwent successful transvenous Onyx embolization of the right T3 CVF.

FIG 3. A 36-year-old woman with several years of orthostatic headaches, tinnitus, and MR imag-
ing demonstrating brain sag without pachymeningeal enhancement (not shown). A representative
image from a right lateral decubitus DSM (A) shows no evidence of a CVF. Axial images from a
right lateral decubitus PCD CTM at the same time point (B–D) reconstructed at a T3D (B), 55 keV
(C), and 40 keV (D) demonstrate a subtle right T11 CVF (B–D, arrows), most apparent at 40-keV. An
axial 40-keV image obtained 20 seconds later (E) no longer shows this subtle venous opacification
(E, arrow). The patient underwent Onyx embolization of this right T11 fistula.
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and respiratory instructions during imaging.3,4,10 Some institutions
prefer a 2-day myelographic technique, while others perform a
same-day bilateral technique.11 Despite considerable improvement
in technique at many centers, CVFs can be missed, even in patients
meeting the ICHD-3 criteria for SIH with no evidence of type 1 or
2 leaks. Our series suggests that PCD CTM could have a role in

identifying CVFs in patients with nega-
tive findings on DSM or dynamic EID
CTM (Figs 2–6). Furthermore, PCD
CTMmay be a reasonable initial myelo-
graphic test to localize CVFs as this tech-
nology becomes more accessible (Fig 1).

PCD CTM may theoretically be
more sensitive for CVF detection for
many reasons. First, it has superior spa-
tial resolution compared with the most
current EID scanners. PCD CT allows
an axial section thickness of 0.2–
0.4mm (depending on the scan mode)
compared with 0.6mm on most mod-
ern EID CT scanners. This permits
more exquisite visualization of tiny
veins draining a CVF, or in some cases,
it simply allows better discrimination of
a thin contrast column within a vein
(Figs 1 and 6). Some previously
reported CVFs drain predominantly
into the internal epidural venous
plexus, and high spatial resolution may
be particularly beneficial to evaluate
these.12 Second, PCD CT allows simul-
taneous spectral and high-spatial-reso-

lution imaging with decreased noise. While EID-based dual-
energy CT scanners can also create VMIs, the spatial resolution
and SNR are inferior. One study on EID CT suggested that 50-
keV VMIs offer the best SNR.13 In our series, monoenergetic
reconstructions as low as 40 keV retained acceptable noise while
maximizing iodine conspicuity (Figs 1–4). Finally, PCD CT has
excellent temporal resolution, with an average scan length of
5.0 seconds in SRmode in this study, though scan lengths are lon-
ger in the UHR mode. This high temporal resolution minimizes
motion degradation of images and permits sampling of multiple
time points during a relatively short interval. While EID CT can
achieve similar scan speeds, it cannot simultaneously provide
high spatial resolution, and obtaining VMIs with a dual-energy
technique usually requires slower scan modes.8

Certainly, further study will be needed to definitively deter-
mine whether PCD CTM provides superior sensitivity for CVF
detection. Nonetheless, we believe the combination of high tem-
poral and spatial resolution, as well as the spectral imaging capa-
bilities allowed by photon energy thresholding, may make PCD
CTM more sensitive. While many modalities provide these
advantages in isolation, PCD CTM confers all of them in concert.

Our study has limitations, the most noteworthy being its small
sample size. Because PCD CT is relatively new in our clinical
practices, access to these scanners is limited, and we have been
able to offer this examination to only a small number of patients.
Further study will be needed once our patient database grows.
Additionally, not all 6 patients underwent the exact same myelo-
graphic work-up, and there was some variation in precise exami-
nation techniques. Although we believe that the superior imaging
provided by PCD CT aided in the detection of CVFs in patients
2–6, there are many other factors that influence the conspicuity

FIG 4. An 80-year-old man with several years of orthostatic headaches but normal brain MR
imaging findings (not shown). Representative image from a left lateral decubitus DSM centered at
T10 (A) shows a small meningeal diverticulum (A, dashed arrow) but no evidence of a CVF. Axial
40-keV images at 2 adjacent slices from a left lateral decubitus PCD CTM (B and D) demonstrate
opacification of a paraspinal vein (B, arrow) and the azygous and hemiazygous vein (D, arrow),
consistent with a CVF. Axial 40-keV images at the same slices obtained 30 seconds later (C and E)
no longer show contrast within these veins (C and E, arrows). The patient underwent transvenous
Onyx embolization of the left T10 CVF.

FIG 5. A 55-year-old woman with SIH according to the ICHD-3 criteria,
including dural enhancement and venous distention on brain MR imag-
ing (not shown). Coronal and axial images from a right lateral decubitus
dynamic CTM (A and B) on an EID scanner reconstructed at 0.6mm
show no clear CVF. Subsequent PCD CTM with the patient in the right
lateral decubitus position, including 0.2-mm coronal and axial recon-
structions (C and D), shows a clear right T11 CVF (C and D, arrows).
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of CVFs, such as timing between contrast injection and imag-
ing. CVF conspicuity can fluctuate on the order of seconds, and
this fluctuation could confound our findings.14 There was also
variation in the number of scans obtained during each PCD
CTM; further study on the temporal characteristics of CVFs
will be helpful to determine how many are actually needed. This
will help minimize the radiation dose as the examination tech-
nique is refined. For reference, the dose for PCD CTM in
patients 1–4 was generally higher than the reported doses for
dynamic EID CTM in the literature (which, in turn, is higher
than reported doses for DSM), likely due to the high number of
scans obtained.15,16

As PCD CTM becomes increasingly available, a more consistent
imaging protocol can be developed. This will allow prospective and
more precise comparison among LDDSM, EID CTM, and PCD
CTM. Despite its limitations, our study suggests that PCD CTM
has the potential to improve the diagnosis of CVFs, and additional
investigation of this technique may prove useful to patients.
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FIG 6. A 65-year-old woman with SIH confirmed by the ICHD-3 crite-
ria, as well as brain MR imaging showing dural enhancement and ve-
nous distention (not shown). Sagittal and axial images during
decubitus dynamic EID CTM (A and B, 0.625-mm section thickness)
show no evidence of a CVF. Subsequent right lateral decubitus PCD
CTM (C and D, 0.2-mm section thickness) demonstrates a clear right
T6 CVF (C and D, arrows).
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BRIEF/TECHNICAL REPORT
SPINE

Conebeam CT as an Additional Tool in Digital Subtraction
Myelography for the Detection of Spinal Lateral Dural Tears

N. Lützen, T. Demerath, F. Volz, J. Beck, and H. Urbach

ABSTRACT

SUMMARY: Lateral dural tears as a cause spontaneous intracranial hypotension occur in �20% of patients. Common imaging
modalities for their detection are lateral decubitus digital subtraction myelography or dynamic CT myelography. Reports on the
use of conebeam CT are scarce. We show 3 patients in whom the targeted use of conebeam CT during digital subtraction myelog-
raphy was helpful in confirming the site of the leak.

ABBREVIATIONS: CBCT ¼ conebeam CT; DCTM ¼ dynamic CT myelography; DSM ¼ digital subtraction myelography; SIH ¼ spontaneous intracranial hypo-
tension; SLEC ¼ spinal longitudinal extradural CSF collection

Spontaneous intracranial hypotension (SIH) typically causes
orthostatic headaches but can also lead to serious impair-

ment, with coma as the most severe complication.
Patients with SIH who show a spinal longitudinal extradural

CSF collection (SLEC) on MR imaging of the spine usually have
an underlying ventral (type 1 leak) or lateral dural tear at the site
of the nerve root sleeve (type 2 leak); patients negative for SLEC,
on the other hand, may have a CSF-venous fistula.1

Patients positive for SLEC who are suspected of having a
lateral dural tear undergo either digital subtraction myelogra-
phy (DSM), usually in the angiography suite, or dynamic CT
myelography (DCTM) with multiple scans with the patient in
the lateral decubitus position. Today, there is no consensus on
which method is more beneficial for detecting type 2 leaks.
The radiation dose has been reported to be 3-fold higher in
DCTM2 but may provide better spatial coverage and resolution.
However, conebeam CT (CBCT) may offer comparable cross-
sectional images by flat panel detector in the angiographic suite
but was only reported once showing spinal dural tears.3 It seems
reasonable to start diagnostics with a less radiation-intensive
technique with high temporal resolution such as DSM and sup-
plement it with targeted use of CBCT in the same session to con-
firm or exclude unclear findings by providing 3D images. This
approach combines the best features of the 2 techniques, DSM

and DCTM, potentially resulting in higher spatial resolution and
a lower overall radiation dose.

In this brief report, we focus on type 2 leaks only. We demon-
strate 3 patients in whom CBCT was helpful in detecting a lateral
leak during DSM and discuss all 3 different imaging techniques.

Cases
Case 1. A 47-year-old man was admitted to a local hospital with
confusion and personality changes. Bilateral subdural hematomas
were detected on cranial CT and surgically treated. Due to the
young age of the patient, we performed anMR imaging of the spine,
revealing an SLEC. However, MR imaging of the head disclosed
only minimal postoperative findings and a Bern SIH score of 1, and
the patient could not recall the orthostatic headache.4 Because there
were suspicious nerve root sleeve diverticula at the L1/2 level on
both sides, we performed a DSM on the left and subsequently on
the right side, each followed by CBCT (Fig 1). Imaging findings
were subtle, most likely due to a slow-flow leak and only visible on
CBCT. Intraoperative findings confirmed a lateral dural tear on
both sides. After surgical repair, no recurrence of subdural hemato-
mas was noted at the last clinical follow-up at 2months.

Case 2. A 37-year-old woman presented with typical orthostatic
headache. MR imaging of the head from an outside hospital
showed a high probability of SIH (Bern SIH score 9), an SLEC on
spinal MR imaging, and a suspicious left-sided dorsal dural tear
at the T7/8 level on DCTM. An epidural blood patch initially
improved symptoms and imaging (Bern SIH score 2), but the
SLEC persisted on MR imaging 11months later. Accordingly, the
patient asked for closure of the leak. We repeated imaging with
the patient in the left lateral position, but only, the subsequent
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CBCT demonstrated the contrast outflow (Fig 2B, -C), which was
most likely superimposed during previous biplane DSM. CBCT
suggested that the leak at T7/8 might originate from the nerve root

sleeve, which was confirmed by surgery. Six weeks later, the Bern
SIH score was zero, and the patient had recovered completely at
clinical follow-up after 2months.

Case 3. A 26-year-old woman presented with a variety of symp-
toms, starting with head and neck pain, later accompanied by diz-
ziness, nausea, and photosensitivity. The Bern SIH score was 7,
and spinal MR imaging showed an SLEC. DSM revealed unclear
findings next to a suspicious diverticulum (Fig 3A, -B), most
likely due to a slow-flow leak. Immediately, supplemented CBCT
and subsequent surgery confirmed the lateral leak at L1/2 right
side (Fig 3C). The SLEC disappeared on spinal MR imaging
6weeks after the operation, and symptoms completely resolved
after 4months of clinical follow-up.

MATERIALS AND METHODS
In all patients, DSM and CBCT were performed on a flat panel de-
tector unit (Artis icono biplane; Siemens) with the patients in the lat-
eral decubitus position while awake, with �10mL of contrast agent
(300mg iodine/mL). DSM settings in all patients were the following:
60-second run (1 frame per second) with additional fluoroscopy and
single x-ray imaging. For DSM, the table was tilted 6°–8° head
down, and patients continued shallow breathing. Settings for the
CBCT slightly differed among patients and were, therefore, specified
in the legend of each figure. For CBCT, the table was returned to
horizontal to avoid contrast agent runoff, and patients held their
breaths during the CBCT acquisition (4- to 5-second run).

DISCUSSION
In this report, we demonstrate the value of cross-sectional CBCT
to detect type 2 leaks in 3 patients. These leaks were not detectable

FIG 1. A 47-year-old man with SIH, resulting in bilateral subdural hema-
tomas. DSM with the patient in left lateral decubitus position does not
demonstrate a contrast extradural outflow at the level of a suspicious
meningeal diverticulum at L1/2 (A). Subsequent CBCT in a coronal recon-
struction reveals a subtle extradural contrast collection next to the di-
verticulum (arrows in B), confirming a slow-flow type 2 leak. The high
spatial resolution of CBCT also indicates an accompanying arachnoid
outpouching with an interrupted dura (medial-cranial to the asterisk in
B), appearing like a meningeal diverticulum (later confirmed by surgery).
CBCT settings are the following: 3D-(5sDCT Body), 49-cm zoom, 90 kV,
544 mA, 90 images/sec in a 4.83-second runtime (397 total images).

FIG 2. A 37-year-old woman with SIH and a persistent SLEC onMR imag-
ing of the spine months after the epidural blood patch. Anterior-poste-
rior DSM with the patient in the left lateral decubitus position shows a
slightly contrast-filled prominent diverticulum at T7/8 (arrows in A) with-
out extradural contrast egress. Coronal CBCT clearly demonstrates an ep-
idural contrast collection (arrow in B) next to the diverticulum. Axial
CBCT shows a type 2 leak with more posterior contrast leakage (arrow in
C) (caused by encapsulation and neomembranes as reported from the
operation), previously not visible on DSM due to superimpositions. CBCT
settings are the following: 3D-(4sDCT Body Care), 49-cm zoom, 90 kV, 134
mA, 90 images/sec in 3.53-second runtime (248 total images).

FIG 3. A 26-year-old woman severely impaired by SIH. DSM with the
patient in a right lateral decubitus position shows a small but remark-
able diverticulum at the L1/2 level. A subtle contrast flickering is visible
at the bottom of the diverticulum (arrow in A). Delay single x-ray
shows a faint hyperdense line as a questionable indication of extradural
contrast outflow (arrow in B). Subsequent CBCT in a coronal recon-
struction confirms the findings as a type 2 leak (arrow in C). CBCT set-
tings are the following: 3D-(4sDCT Body Care) 49-cm zoom, 90 kV, 404
mA, 90 images/sec in 3.53-second runtime (248 total images).
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on DSM, either due to their slow flow or low volume, respectively,
or superimposition of the thecal sac.

DSM is a technique comprising series with and without sub-
traction and may be supplemented by fluoroscopy and single x-
rays. The temporal and spatial resolution (0.2mm) is excellent,
and the radiation dose is only one-third of the dose in DCTM.2 It
allows full control over the intrathecal contrast column (by grad-
ually tilting the table). Downsides are planar rather than cross-
sectional images and limited detector coverage. Motion artifacts
during DSM may be an issue. However, because type 2 leaks are
usually located in the less-breath-dependent lower spine,1 motion
artifacts are often minimized with continuous shallow breathing.
As reported previously, this technique is well-suited for high-flow
leaks.5 In our experience, approximately three-fourths of patients
with lateral leaks (in a cohort of 30 patients with type 2 leaks) can
definitely be identified by DSM, presenting high-flow leaks. At
our institution, further CT scans are performed in the remaining
cases (CT following DSM or DCTM another day) to visualize
underlying slow flow or leaks previously superimposed at DSM.
This procedure is increasingly being replaced by CBCT, as illus-
trated here.

DCTM has been frequently reported as a diagnostic tool for
type 2 leaks.6–8 CT is readily available, offers a great advantage
with cross-sectional imaging, and is feasible to capture the entire
spine. However, temporal and spatial (0.4–0.6mm) resolution is
relatively lower compared with DSM, and the radiation dose is
high (often requiring multiple scans).2,6 A recent study modified
this technique to lower the radiation dose.8

CBCT is usually applied to better illustrate complex anatomic
vascular structures in 3D. A flat panel detector generates conebeam
data sets while the C-arm rotates around the patient, providing
highest spatial resolution (up to 0.14mm) and high contrast reso-
lution.3 In 2013, Chu and McAuliff3 suggested using CBCT to
identify the time point of dural contrast egress for high-volume lat-
eral dural leaks in patients with SIH, because true dynamic exami-
nations were rarely used at this time. Today, the advantage of
CBCT may be more to selectively confirm or exclude questionable
findings during DSM without delay so that the contrast egress can
still be assigned to the actual site of leak (which may not be possible
after transporting the patient to the CT scanner). Depending on
institutional standards, this information could reduce or omit fur-
ther CT investigations. The radiation dose of CBCT is assumed to

be comparable with that of conventional CT,9 but this assumption
has not been evaluated in spinal imaging of patients with SIH so
far. Moreover, the high spatial resolution of CBCT may provide
additional insight into underlying anatomy. In the future, targeted
use of CBCT could also be helpful to detect ventral dural leaks
(type 1) with the patient in the prone position by clarifying indeter-
minate findings during DSM.

CONCLUSIONS
In selected cases with equivocal DSM findings, simultaneous
CBCT acquisition may help reveal lateral dural CSF leaks.

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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