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Background: Knowledge regarding predictors of clinical and radiographic failures of middle meningeal artery (MMA) embolization
(MMAE) treatment for chronic subdural hematoma (CSDH) is limited.

Purpose:  To identify predictors of MMAE treatment failure for CSDH.

Materials and Methods:  In this retrospective study, consecutive patients who underwent MMAE for CSDH from February 2018 to
April 2022 at 13 U.S. centers were included. Clinical failure was defined as hematoma reaccumulation and/or neurologic deterioration
requiring rescue surgery. Radiographic failure was defined as a maximal hematoma thickness reduction less than 50% at last imaging
(minimum 2 weeks of head CT follow-up). Multivariable logistic regression models were constructed to identify independent failure
predictors, controlling for age, sex, concurrent surgical evacuation, midline shift, hematoma thickness, and pretreatment baseline
antiplatelet and anticoagulation therapy.

Results:  Overall, 530 patients (mean age, 71.9 years + 12.8 [SD]; 386 men; 106 with bilateral lesions) underwent 636 MMAE
procedures. At presentation, the median CSDH thickness was 15 mm and 31.3% (166 of 530) and 21.7% (115 of 530) of patients
were receiving antiplatelet and anticoagulation medications, respectively. Clinical failure occurred in 36 of 530 patients (6.8%, over a
median follow-up of 4.1 months) and radiographic failure occurred in 26.3% (137 of 522) of procedures. At multivariable analysis,
independent predictors of clinical failure were pretreatment anticoagulation therapy (odds ratio [OR], 3.23; P = .007) and an MMA
diameter less than 1.5 mm (OR, 2.52; P = .027), while liquid embolic agents were associated with nonfailure (OR, 0.32; P = .011).
For radiographic failure, female sex (OR, 0.36; P = .001), concurrent surgical evacuation (OR, 0.43; P = .009), and a longer imaging
follow-up time were associated with nonfailure. Conversely, MMA diameter less than 1.5 mm (OR, 1.7; P = .044), midline shift
(OR, 1.1; P = .02), and superselective MMA catheterization (without targeting the main MMA trunk) (OR, 2; P = .029) were
associated with radiographic failure. Sensitivity analyses retained these associations.

Conclusion:  Multiple independent predictors of failure of MMAE treatment for chronic subdural hematomas were identified, with
small diameter (<1.5 mm) being the only factor independently associated with both clinical and radiographic failures.

© RSNA, 2023

Supplemental material is available for this article.

hronic subdural hematomas (CSDHs) are among the embolization (MMAE) has recently emerged as a stand-

most common and challenging pathologies in neuro-
surgery (1,2), and their incidence is expected to increase as
the population ages and comorbidity burden increases (3).
Treatment typically involves surgical evacuation using burr
holes or craniotomy, but recurrence rates range from 5% to
37% (4,5). Endovascular middle meningeal artery (MMA)

alone alternative or adjunct modality to conventional sur-
gery (5-10). Little is known regarding potential predictors
of MMAE treatment failure and success, in part because
of short follow-up times, small sample sizes, relatively
low reported rates of treatment failure, and mostly single-
center reports. Therefore, we aimed to evaluate clinical
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Abbreviations

CSDH = chronic subdural hematoma, MMA = middle meningeal
artery, MMAE = MMA embolization, mRS = modified Rankin scale,
OR = odds ratio

Summary

Small diameter (<1.5 mm) was the only factor independently associated
with both clinical and radiographic failure of middle meningeal artery
embolization for treatment of chronic subdural hematoma.

Key Results

m In this retrospective study of 530 patients and 636 middle
meningeal artery (MMA) embolization procedures, small
MMA diameter (<1.5 mm) was the only factor independently
associated with both clinical (adjusted odds ratio [OR], 2.52;
P = .027) and radiographic (adjusted OR, 1.7; P = .044) failures.

m Anticoagulation medications were independently associated with
clinical failure (adjusted OR, 3.23; P = .007), while liquid embolic
materials were associated with nonfailure (adjusted OR, 0.32;
P=.011).

m Midline shift (1-mm increments) (adjusted OR, 1.1; P = .02) and
superselective MMA catheterization only (without targeting the
main MMA trunk) (adjusted OR, 2; P = .029) were associated
with radiographic failure; conversely, concurrent surgical evacuation
(adjusted OR, 0.43; P = .009), female sex (adjusted OR, 0.36;

P =.001), and a longer imaging follow-up time were associated
with nonfailure.

and radiographic outcomes of patients with CSDH undergo-
ing MMAE from a large U.S. multicenter database to identify
predictors of clinical and radiographic failure.

Materials and Methods

This retrospective and Health Insurance Portability and Ac-
countability Act—compliant study was approved with a waiver
of informed consent by the local institutional review board at
each institution.

Patient Selection

Consecutive patients from 13 high-volume North American
cerebrovascular centers who underwent MMAE for CSDH
from February 2018 to April 2022 were included. We included
patients undergoing MMAE (2) as a stand-alone new treat-
ment (ie, no prior treatment), (4) during the same hospitaliza-
tion as open surgery (ie, concurrent MMAE), or (¢) after failure
of prior surgical evacuation or at a planned later time point
(ie, different admission from initial surgery). The decision to
perform MMAE was at the discretion of the treating neuroin-
terventionalist; however, the procedure was generally used in
patients with CSDH causing mild clinical symptoms without
altered sensorium or significant motor deficits. Similarly, the
embolic materials used, procedural details and techniques, and
postprocedural follow-up were chosen according to the treat-
ing neurointerventionalist's discretion and institutional proto-
cols. The following exclusion criteria were applied: (2) atypical
nonconvexity CSDH locations (eg, interhemispheric or tento-
rial), (4) CSDH secondary to underlying lesions (eg, arach-
noid cysts and vascular lesions), (¢) clinical follow-up less than
2 weeks (excluded from the clinical failure analysis if the patient

did not undergo rescue treatment during the index admission),
and () no follow-up CT or an imaging follow-up time less
than 2 weeks (excluded from radiographic failure analysis).
More details on patient selection for the study are provided in

Appendix S1.

Study Outcomes

The main clinical outcome measures were the independent
predictors of clinical failure, defined as hematoma reaccumu-
lation or neurologic deterioration requiring unplanned rescue
surgical intervention during the initial admission or postpro-
cedural period after the index MMAE (minimum clinical
follow-up of 2 weeks). The primary radiographic outcome
measures were the independent predictors of radiographic
failure, which was defined as a less than 50% reduction in
maximal hematoma thickness on the last available follow-up
CT images (minimum imaging follow-up of 2 weeks). Sec-
ondary end points included functional clinical outcomes at
the last available follow-up as assessed using the modified
Rankin scale (mRS), with a favorable outcome defined as an
mRS score of 0-2.

Data Collection

The relevant demographic data, CSDH characteristics, proce-
dural details, and outcome variables were collected for eligible
patients. More information on the collected data is provided in

Appendix S1.

Statistical Analysis

Basic descriptive statistics for categorical variables are reported
as proportions and were compared using the 2 test. Continu-
ous variables are reported as means and SDs or medians and
IQRs and were compared using the # test or Mann-Whitney
U test, as appropriate, based on data normality. A multivari-
able logistic regression model was constructed to evaluate in-
dependent predictors of clinical MMAE failure by including
factors with P < .2 at univariable comparison and potentially
important variables identified from the literature. Another
multivariable logistic regression model was constructed to
identify independent predictors of radiographic MMAE fail-
ure. The confounders controlled in the regression models were
age, sex, concurrent surgical evacuation, midline shift, hema-
toma thickness, MMA main trunk diameter (ie, intracranial
anterior division of the MMA distal to the petrous branch
origin bifurcation before termination into frontal and parietal
branches), history of prior surgical evacuation, pretreatment
baseline antiplatelet and anticoagulation therapy, admission
platelet count, type of embolic material used (particle or lig-
uid), MMA catheterization technique (nonselective, selective,
combination), and imaging follow-up times (for radiographic
failure). Follow-up was categorized into four time intervals as
follows: follow-up A, 2—4 weeks; follow-up B, greater than 4
weeks to 6 weeks; follow-up C, greater than 6 weeks to 90
days; and follow-up D, greater than 90 days. To assess tem-
poral changes in radiographic hematoma thickness during
imaging follow-up, preprocedural maximal CSDH thickness
measurements were categorized into four groups as follows:

radiology.rsna.org = Radiology: Volume 307: Number 4—May 2023



Salem et al

Prospectively-maintained databases at 13
US centers (2018-2022)

!

Patients with CSDH undergoing MMA embolization

exclude

Atypical non-convexity CSDH locations (e.g.,

exclude

inter-hemispheric, tentorial, etc.)

CSDH secondary to underlying lesions (e.g.,

arachnoid cysts, vascular lesions, etc.)

Convexity CSDH undergoing MMA
embolization “All-comers”
(N=530, 636 embolizations)

Upfront MMA embolization |

Concurrent with surgery |

MMA after initial surgery failure |

i

1

Predictors of clinical failure “i.e., undergoing
unplanned rescue surgery”

Predictors of radiographic failure “i.e., <50%
reduction in maximal CSDH on last CT imaging”

'

Minimum 2 weeks clinical follow-up
(N=436 patients)

Figure 1:

group 1, less than 10 mm; group 2, 10 mm to less than 15
mm; group 3, 15 mm to less than 20 mm; and group 4, greater
than or equal to 20 mm. The preprocedural CSDH categories
and imaging follow-up intervals were included in the model,
both as categorical variables, with less than 10-mm thickness
and 2-4 weeks of follow-up used as the reference categories.
The rates of radiographic success were plotted over time and
stratified according to CSDH thickness group to delineate
the temporal trend of changes in CSDH maximal thickness
in response to MMAE. Sensitivity analyses were performed to
identify predictors of clinical and radiographic failure in (2)
patients undergoing MMAE as stand-alone treatment; ()
the stand-alone MMAE group, with greater than or equal to
10-mm maximal hematoma thickness, to assess “true CSDHs”
that might otherwise warrant surgical intervention; and (¢) pa-
tients with greater than or equal to 90 days of imaging follow-
up. All statistical analyses were performed with STATA version
15.0 (StataCorp), with two-sided P < .05 considered indicative
of a statistically significant difference.

Results

Baseline Patient Characteristics

Opverall, 530 patients (mean age, 71.9 years + 12.8 [SD]; 386
men) with 636 subdural hematoma lesions who underwent 636
MMAE procedures were included in this analysis (Fig 1). The
details of baseline characteristics are summarized in Table 1 and
presented in Appendix S1.

Procedural Details

Approximately half of the MMAE procedures (318 of 636;
50.4%) for CSDH were stand-alone treatments with no prior
treatments, while 25.8% (162 of 636) were performed concur-
rently with surgery and 23.9% (150 of 636) were performed for

Radiology: Volume 307: Number 4—May 2023 = radiology.rsna.org
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Minimum 2 weeks radiographic CT follow-up

(N=522 embolized hemispheres)

Flowchart shows patient inclusion and exclusion. CSDH = chronic subdural hematoma, MMA = middle meningeal artery.

prior surgical failure. The procedural details are summarized in

Table 2 and Appendix S1.

Radiologic and Clinical Outcomes

Radiologic follow-up imaging was available for 560 of
636 MMAE procedures (88.1%) with a mean follow-up
of 111.6 days + 123.2. Radiologic improvement at the last
follow-up was noted in 87.5% (490 of 560) of MMAE pro-
cedures, with a median 5.1-mm CSDH thickness on the last
follow-up images (and a median 9-mm change in maximal
thickness compared with the thickness before MMAE). The
primary radiologic end point (250% reduction in maximal
thickness with a minimum of 2 weeks imaging follow-up)
was achieved in 73.8% (385 of 522) of MMAE procedures.
Unchanged CSDH thickness on the last follow-up images
occurred in 8.2% (46 of 560) and CSDH worsening in
4.3% (24 of 560) of procedures. Clinical treatment failure
requiring unplanned rescue surgery occurred in 6.8% (36 of
530) of patients at a mean clinical follow-up of 121.3 days,
with craniotomy being the most frequently performed res-
cue surgery (23 of 36 patients; 63.9%). The overall proce-
dural complications rate was 4.7% (25 of 530 patients), in-
cluding symptomatic CSDH worsening that required rescue
surgery in 0.9% (five of 530) of patients. Other procedural
complications included ischemic complications (0.8%, four
of 530 patients), including one major stroke (0.2%, one of
530 patients), hemorrhagic complications (0.4%, two of
530 patients), and visual loss (0.8%, four of 530 patients).
Clinical follow-up data were available in 436 of 530 pa-
tients (82.3%), with a favorable mRS score in 75% (327 of
436) of patients at the last follow-up. Compared with scores
before the procedure, mRS scores at the last follow-up were
improved in 34.2% (149 of 436), unchanged in 35.8% (156
of 436), and worse in 30% (131 of 436) of patients. The
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Table 1: Baseline Characteristics of Patients and Lesions

Platelet count per pL at admission*
Preprocedure mRS score

Characteristic Value
Patients (7 = 530)

Age (y)* 73 (64-81)

Sex
M 386 (72.8)
F 144 (27.2)

Prior surgical evacuation 136 (25.9)
Craniotomy 70 (13.2)
Burr hole 61 (11.5)
Subdural evacuating port system 5(0.1)

Concurrent surgical evacuation 139 (26.4)

Antiplatelet medication use at admission’ 166 (31.3)
Aspirin 81 137 (26.4)
Clopidogrel 32 (6.2)
Aspirin 325 19 (3.7)
Ticagrelor 3 (0.6)

Anticoagulant medication use at admission 115 (21.7)
Warfarin 65 (12.3)
Apixaban 30 (5.7)
Rivaroxaban 13 (2.5)
Other 7 (1.3)

202 (154-257)

0 151 (29)
1-2 235 (45.2)
3-5 133 (25.8)
Bilateral lesions 106 (20)
Lesions (1 = 636)
Location
Entire convexity 579 (91)
Confined parietal 31 (4.9)
Confined frontal 26 (4.1)
Laterality
Left 322 (50.6)
Right 314 (49.4)
Maximum CSDH thickness (mm)* 15 (11-20)
Midline shift* 3.7 (0-9.5)

dual antiplatelet medications.

* Data are medians, with IQRs in parentheses.

Note.—Except where indicated, data are numbers of patients
or lesions, with percentages in parentheses. CSDH = chronic
subdural hematoma, mRS = modified Rankin scale.

"The breakdown of antiplatelet medications used at admission
does not add up to 166 because some patients were receiving

all-cause mortality rate was 7.8% (34 of 436 patients), with
no procedure-related mortality (Table 3).

Changes in CSDH Thickness over Time

In patients with a baseline CSDH thickness less than 10 mm
(group 1), radiographic success was achieved in 70% (seven
of 10) at 2—4 weeks and in 74.4% (29 of 39) at greater than
90 days. In contrast, radiographic success was achieved in
only 18.2% (four of 22) of patients at 2—4 weeks in group
3 (maximal CSDH thickness 15 mm to <20 mm), but that

Table 2: Embolization Procedural Details
Characteristic Value (7 = 636)
MMA embolization intervention
Stand-alone, no prior CSDH treatment 318 (50.4)
Concurrent with surgical evacuation, 162 (25.8)
same admission
Failure of prior surgical evacuation, 150 (23.9)
reaccumulation
Access
Femoral 423 (66.8)
ikl 210 (33.2)
Anesthesia
General anesthesia 214 (34)
Monitored anesthesia care 416 (66)
Procedural duration (min)* 60 (45-84)
Embolization material
Coils and particles 248 (39.9)
Liquid embolic agent 228 (36.7)
Onyx (Medtronic Neurovascular) 202 (31.8)
NBCA (Cerenovus) 25 (3.9)
Squid (Bal) 1(0.2)
Particles 92 (14.8)
Liquid embolic agent and coils 38 (6.1)
Onyx 8 (1.3)
NBCA 30 (4.7)
Coils 15 (2.4)
Liquid embolic agent (Onyx) and particles 1(0.2)
Catheter position in MMA at time of
embolization
Nonselective, MMA trunk proximal to 224 (37.7)
frontal and/or parietal bifurcation
Selective, into either parietal and/or frontal 243 (40.8)
branches
Combined approach 128 (21.5)
MMA diameter, proximal to bifurcation (mm)* 1.5 (1.2-1.7)
Dangerous extracranial-intracranial anastomoses 78 (12.5)
Technical success 623 (98.3)
Note.—Except where indicated, data are numbers of procedures,
with percentages in parentheses. CSDH = chronic subdural
hematoma, MMA = middle meningeal artery, NBCA = N-butyl
cyanoacrylate.
* Data are medians, with IQRs in parentheses.

percentage increased to 60% (12 of 20), 78.9% (30 of 38),
and 94.2% (49 of 52) at greater than 4 weeks to 6 weeks,
greater than 6 weeks to 90 days, and greater than 90 days, re-
spectively. In patients with a baseline CSDH thickness greater
than or equal to 20 mm (group 4), radiographic success was
achieved in 55% (11 of 20) at 2—4 weeks, which increased to
64.7% (11 of 17), 84.6% (33 of 39), and 89.7% (52 of 58)
at greater than 4 weeks to 6 weeks, greater than 6 weeks to 90
days, and greater than 90 days, respectively. For patients in
group 2 (maximal CSDH thickness 10 mm to <15 mm), ra-
diographic success rates continuously increased from 42.9%
(nine of 21) at 2—4 weeks to 61.9% (13 of 21), 72% (36 of
50), and 81.3% (65 of 80) at greater than 4 weeks to 6 weeks,

radiology.rsna.org = Radiology: Volume 307: Number 4—May 2023



Table 3: Embolization Procedural Outcomes

Characteristic Value
Radiologic outcomes of procedures (7 = 560)

Imaging follow-up duration (d)* 111.6 + 123.2

CSDH thickness at last available follow-up (mm)* 5.1 (0-9.4)

CSDH thickness change at last follow-up compared with 9 (5-14)
preprocedural thickness (mm)’

CSDH thickness improvement
Improvement 490 (87.5)
No difference 46 (8.2)
Worse 24 (4.3)

CSDH thickness extent of improvement
220% 72 (12.9)
>50% 103 (18.4)
>70% 127 (22.7)
100% 188 (33.6)

Clinical outcomes in patients (7 = 530)

Rescue surgery due to clinical treatment failure 36 (6.8)
Craniotomy 23 (4.3)
Burr hole 12 (2.3)
Subdural peritoneal shunt 1(0.2)

Procedural complications 25 (4.7)
Symptomatic CSDH worsening, requiring rescue 5(0.9)

surgery
Ischemic complications 4(0.8)

Minor stroke, NIHSS <4 3 (0.6)

Major stroke, NIHSS >4 1(0.2)
Hemorrhagic complications 2 (0.4)
Visual loss 4(0.8)
Facial droop 1(0.2)
Seizures 1(0.2)
latrogenic dural arteriovenous fistula 1(0.2)
Catheter entrapment in Onyx cast, requiring CEA 1(0.2)
Access site complications

Failure of radial access, requiring femoral conversion 2 (0.4)

Femoral access site hematoma 1(0.2)

Clinical follow-up duration (d)* 121.3 +98.6

mRS score at last available follow-up
0-2 327 (75.3)
35 73 (16.8)
6* 34 (7.8)

Change in last follow-up mRS score compared with
preprocedural score
Improvement 149 (34.2)
No difference 156 (35.8)
Worse* 131 (30)

* Data are means + SDs.
" Data are medians, with IQRs in parentheses.

# No procedure-related deaths occurred.

Note.—Except where indicated, data are numbers of procedures or patients,
with percentages in parentheses. Radiologic follow-up imaging was available
for 560 of 636 middle meningeal artery embolization procedures. Clinical
follow-up data were available in 436 of 530 patients. CEA = carotid
endarterectomy, CSDH = chronic subdural hematoma, mRS = modified
Rankin scale, NITHSS = National Institutes of Health Stroke Scale.

Radiology: Volume 307: Number 4—May 2023 = radiology.rsna.org
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greater than 6 weeks to 90 days, and greater than
90 days, respectively (Fig 2). Case examples from
the four CSDH groups are provided in Figure 3.

Predictors of Clinical Failure

Univariable analysis.—Patients in the clini-
cal failure group were older (P = .006) and more
likely to be receiving anticoagulation medication
(P = .02), with a smaller median MMA diameter
(P =.027) and longer hospital stay (P < .001). The
results of univariable comparisons between the clini-
cal failure and nonfailure groups are detailed in Ap-

pendix S1 and Table S1.

Multivariable analysis.—When controlling for
potential confounders in a multivariable regression
model, anticoagulation medication use at admis-
sion (adjusted odds ratio [OR], 3.23; P = .007)
and an MMA diameter less than 1.5 mm (adjusted
OR, 2.52; P = .027) were independent predictors
of clinical treatment failure. The use of liquid em-
bolic agents was independently associated with
nonfailure compared with the reference group of
particle embolic agents (adjusted OR, 0.32; P =
.011), while there was no evidence of an associa-
tion between antiplatelet medication use at admis-
sion and clinical failure (adjusted OR, 2.09; P =
.07) (Table 4).

Subgroup sensitivity analyses.—When patients
with concurrent surgical evacuation with MMAE
were excluded (Table S2), anticoagulation medica-
tion use (adjusted OR, 4.57; P=.005) and an MMA
diameter less than 1.5 mm (adjusted OR, 3.43;
P = .029) remained independently associated with
clinical failure. Subsequently, patients who under-
went concurrent surgical evacuation and those who
underwent MMAE as a stand-alone treatment, with
a maximal hematoma thickness less than 10 mm,
were excluded (Table S3), whereby anticoagulation
medication use (adjusted OR, 3.64; P = .025) and
an MMA diameter less than 1.5 mm (adjusted OR,
3.39; P = .048) retained independent associations
with clinical failure.

Predictors of Radiographic Failure

Univariable analysis.—For this analysis, 431 of
530 patients (81.3%) who underwent MMAE for
522 CSDHs had greater than or equal to 2 weeks
of imaging follow-up. Patients who experienced ra-
diographic failure were older (P = .003) and more
likely to be men (P < .001), with a lower platelet
count (P =.014) and smaller median MMA diame-
ter (P = .04). Higher rates of favorable clinical out-
comes were noted in the radiographic nonfailure
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Temporal depiction of chronic subdural hematoma (CSDH) response after middle meningeal artery (MMA) embolization. Line graph

shows the percentage of CSDHs that achieved radiographic success (250% reduction in maximal hematoma thickness), stratified according to pre-
procedural CSDH maximal thickness (group 1, <10 mm; group 2, 10 mm to <15 mm; group 3, 15 mm to <20 mm, and group 4, 220 mm) over

prespecified imaging follow-up intervals, including 2-4 weeks (14-28 days), greater than 4 weeks to 6 weeks (29-42 days), 6 weeks to 90 days
(43-90 days), and greater than 90 days. The data on the right indicate the number of cases achieving the end point (numerator) from the fotal cases

(denominator) for each CSDH group over each time inferval.

group (81% vs 69%, P = .01). The results of univariable
comparisons between the radiographic failure and nonfailure

groups are detailed in Appendix S1 and Table S4.

Multivariable analysis.—When controlling for potential con-
founders in a multivariable logistic regression model, female sex
(adjusted OR, 0.36; P =.001) and concurrent surgical evacuation
(adjusted OR, 0.43; P=.009) were independently associated with
radiographic nonfailure. Later follow-up time categories were in-
dependent predictors against radiographic failure when compared
with group A (2—4 weeks) as the reference, including group B (>4
weeks to 6 weeks) (adjusted OR, 0.38; P = .028), group C (>6
weeks to 90 days) (adjusted OR, 0.17; P < .001), and group D
(>90 days) (adjusted OR, 0.09; P < .001). In contrast, superselec-
tive MMA catheterization only (adjusted OR, 2; P = .029), mid-
line shift (adjusted OR, 1.1; = .02), and an MMA diameter less
than 1.5 mm (adjusted OR, 1.7; P = .044) were independently
associated with radiographic failure (Table 5).

Subgroup sensitivity analyses.—When patients who underwent
concurrent surgical evacuation with MMAE were excluded (Table
S5), female sex (adjusted OR, 0.3; P = .002) and a longer follow-
up time (group C adjusted OR, 0.13; P < .001; group D adjusted
OR, 0.06; P < .001) were independently associated with radio-
graphic nonfailure. Selective MMA catheterization only (adjusted
OR, 5.01; P <.001), midline shift (adjusted OR, 1.19; P =.002),
and an MMA diameter less than 1.5 mm (adjusted OR, 2.3; P
=.012) were independently associated with radiographic failure.
Subsequently, when patients who underwent concurrent surgical

evacuation and those who underwent MMAE as a stand-alone
treatment, with maximal hematoma thickness less than 10 mm,
were excluded (Table S6), female sex (adjusted OR, 0.27; P =
.004), CSDH group 3 (220 mm) (adjusted OR, 0.25; P = .009),
and a longer follow-up time, including groups C (adjusted OR,
0.07; P<.001) and D (adjusted OR, 0.03; P < .001), were inde-
pendently associated with nonfailure. Selective MMA catheteriza-
tion only (adjusted OR, 4.81; P < .001), midline shift (adjusted
OR, 1.22; P = .003), and an MMA diameter less than 1.5 mm
(adjusted OR, 2.8; P = .007) were independently associated with
radiographic failure. When follow-up groups A-C were excluded
in the final sensitivity analysis, female sex (adjusted OR, 0.11; P=
.011) and CSDH group 4 (20 mm) (adjusted OR, 0.1; P=.012)
were independently associated with nonfailure, while age (adjusted
OR, 1.05; P = .027), bilateral procedures (adjusted OR, 3.81; P
=.019), selective MMA catheterization only (adjusted OR, 3.3; P
= .044), anticoagulation medication use (adjusted OR, 3.61; P =
.034), midline shift (adjusted OR, 1.26; P = .007), and an MMA
diameter less than 1.5 mm (adjusted OR, 2.7; P = .043) were all
independent predictors of radiographic failure (Table S7). Imag-
ing examples for clinical and radiographic failures are provided in
Figures 4 and 5, respectively.

Discussion

Little is currently known about predictors of clinical and radio-
graphic failure of middle meningeal artery (MMA) embolization
(MMAE) treatment for chronic subdural hematoma (CSDH). In
this large U.S.-based multicenter study examining potential pre-
dictors of treatment failure, an MMA diameter less than 1.5 mm
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Figure 3:
(group 1, <10 mm) in a 77-year-old man who underwent middle meningeal artery embolization (MMAE) concurrently with left-sided craniotomy for hematoma evacuation.

llustrative cases of each preprocedural CSDH maximal thickness group. (A) Noncontrast head CTimage (left) shows a maximal hematoma thickness of @ mm

Follow-up noncontrast head CT image (right) at 4 months shows complete resolution of the hematoma. (B) Noncontrast head CT image (left) shows a maximal hematoma
thickness of 11.6 mm (group 2, 10 mmto <15 mm) in an 80-year-old man who underwent MMAE following recurrence after a prior left-sided burr hole procedure (3 months
earlier). Follow-up noncontrast head CT image (right) at @ weeks shows complete resolution of the CSDH. (€) Noncontrast head CT image (left) shows a maximal hematoma
thickness of 16 mm (group 3, 15 mm to <20 mm) in a 68-year-old man who underwent MMAE following recurrence after prior left-sided craniotomy. Follow-up noncontrast
head CT image [right) at 6 weeks shows a minimal hematoma thickness of 5 mm and resolution of symptoms. (D) Noncontrast head CT image (left) shows a maximal hema-
toma thickness of 25 mm (group 4, 220 mm) in a 94-year-old man who underwent MMAE following recurrence after prior left-sided craniotomy (2 months earlier). Follow-up

noncontrast head CT image (right) at 8 weeks shows near resolution of the right-sided hematoma.

was the only independent factor associated with both clinical and
radiographic failures. Anticoagulation medication use was associ-
ated with clinical failure, whereas use of liquid embolic agents was
associated with clinical nonfailure. Midline shift and superselective
MMA catheterization alone (without targeting the main trunk)
were associated with radiographic failure, whereas female sex, con-
current surgery, and longer follow-up times were significantly as-
sociated with radiographic nonfailure. Identification of predictors
of MMAE treatment failure is critical because it would allow indi-
vidualized treatment selection and counseling of patients, as well
as identification of end points for future trials. Despite the theo-
retical advantage of MMAE in poor surgical candidates, we found
that anticoagulation medication use was independently predictive
of clinical failure, with a similar trend with the use of antiplatelet
medication. These results align with those from prior reports of
surgically treated CSDH (11-13).

Interestingly, the MMA diameter was the only significant pre-
dictor of treatment failure both clinically and radiographically. This
may be explained by the suspected pathophysiologic mechanisms
of MMA involvement in CSDH; at the beginning, when border
cells between the dura mater and the arachnoid break down after
incitement (eg, trauma, inflammation, intracranial hypotension),

blood and cerebrospinal fluid leak into the subdural space (14),
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activating an inflammatory cascade (15). This results in formation
of CSDH inner and outer membranes with neovascularization
of these neomembranes originating from distal MMA branches
(16), with repeated microbleeding from these immature MMA
neovessels implicated in hematoma enlargement (17). Therefore,
the delivery of embolic material through the MMA is likely critical
to interrupt the cascade of microbleeding and formation of neo-
membranes, and a smaller diameter may hinder adequate delivery
of embolic material, leading to suboptimal devascularization and
eventually treatment failure. Takizawa et al (16) showed that pa-
tents with CSDH have a larger MMA diameter compared with
controls without CSDH and also compared with themselves in-
traindividually prior to CSDH development (16). Therefore, it is
interesting that some patients in our cohort of failed MMAEs had
smaller MMA diameters despite having a CSDH. It is possible
that these patients have different pathophysiologic characteristics
than patients with a larger MMA diameter, making them non-
responsive to MMAE. A more likely explanation might be addi-
tional arterial supply to the CSDH membrane, such as from the
occipital artery or accessory MMA and contralateral dural arterial
supply (18). Without this information in this cohort, we cannot
make a final assessment and future studies are warranted. How-
ever, our findings suggest that in patients with CSDH and a small
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Table 4: Logistic Regression Model for Odds of MMA Embolization Failure Requiring Rescue Treatment

Variable Adjusted Odds Ratio 95% CI P Value
Age, 1-year increments 1.02 0.98, 1.06 52
Female sex 1.46 0.59, 3.6 41
Concurrent surgical evacuation 1.86 0.8, 4.3 12
Embolic material used

Particle embolic agent (reference group) 1

Liquid embolic agent 0.32 0.13,0.77 .011
Selective MMA catheterization at embolization 1.12 0.5, 2.52 .8

Nonselective, catheter at MMA main trunk (reference group) 1

Selective catheterization only, frontal and/or parietal branches 0.94 0.36, 2.46 91

Combined technique 1.08 0.4, 2.9 .88
History of prior surgical evacuation 1.41 0.54, 3.68 48
Antiplatelet medication use at admission 2.09 0.91, 4.82 .07
Anticoagulation medication use at admission 3.23 1.37,7.6 .007
Maximal CSDH thickness, 1-mm increments 0.98 0.92, 1.06 .67
Midline shift, 1-mm increments 1.06 0.94, 1.19 .36
MMA diameter <1.5 mm, proximal to bifurcation 2.52 1.11,5.7 .027
Platelet count <100 000 per pL at time of procedure 0.81 0.1,6.8 .85
Hospital length of stay, 1-day increments 1.01 0.98, 1.02 .98

Note.—CSDH = chronic subdural hematoma, MMA = middle meningeal artery.

Table 5: Logistic Regression Model for Odds of MMA Embolization Radiographic Failure

Variable Adjusted Odds Ratio 95% CI P Value
Age, 1-year increments 1.02 0.99, 1.04 .06
Female sex 0.36 0.19, 0.65 .001
Bilateral procedure 1.4 0.78,2.5 .26
Concurrent surgical evacuation 0.43 0.22,0.81 .009
Embolic material used

Particle embolic agent (reference group) 1

Liquid embolic agent 1.01 0.58, 1.74 .98
Selective MMA catheterization at embolization 1.12 0.5,2.52 .8

Nonselective, catheter at MMA main trunk (reference group) 1

Selective catheterization only, frontal and/or parietal branches 2 1.07, 3.72 .029

Combined technique 1.37 0.66, 2.81 4
History of prior surgical evacuation 1.06 0.55, 2.04 .87
Antiplatelet medication use at admission 1.07 0.61, 1.89 .82
Anticoagulation medication use at admission 1.05 0.6, 1.96 .88
Maximal CSDH thickness

Group 1, <10 mm (reference group) 1

Group 2, 10 mm to <15 mm 1.14 0.5, 2.6 75

Group 3, 15 mm to <20 mm 0.81 0.34,1.93 .63

Group 4, 220 mm 0.41 0.16, 1.07 .06
Midline shift, 1-mm increments 1.1 1.02,1.2 .02
MMA diameter <1.5 mm, proximal to bifurcation 1.7 1.02, 2.86 044
Platelet count <100000 per pL at time of procedure 0.77 0.27,2.21 .63
Radiographic imaging follow-up time

Group A, 2—4 weeks (reference group) 1

Group B, >4 weeks to 6 weeks 0.38 0.16, 0.89 .028

Group C, >6 weeks to 90 days 0.17 0.08, 0.37 <.001

Group D, >90 days 0.09 0.04, 0.2 <.001

Note.—Radiographic failure was indicated by a maximal hematoma thickness reduction less than 50% at last imaging on at least 2 weeks
of follow-up images. CSDH = chronic subdural hematoma, MMA = middle meningeal artery.
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MMA diameter, additional arte-
rial supply to the dura mater and
CSDH membrane should be
assessed during diagnostic angjo-
grams to potentially identify less
common blood supply patterns
with potential alternative routes
for MMAE to avoid treatment
failure (6), particularly with the
numerous known anatomic vari-
ations of the MMA (19-21).

In our study, liquid embolic
agents were protective against
clinical failure even after control-
ling for confounders, although
neither embolic material (par-
ticle or liquid) had a significant
association with radiographic
failure. Multiple opinions exist
regarding the choice of embolic
material (7,22,23); however, the
limited head-to-head compari-
sons of efficacy to date have sug-

Figure 4:
cardiovascular history (receiving aspirin and clopidogrel) and stage IV lung cancer shows a right-sided isodense subacute

gested equivalent radiographic

and clinical efficacy (24). It will be important to further investi-
gate the potential benefit of liquid embolic agents in the clinical
outcomes seen in our study by using matched analyses. More-
over, we found that selective catheterization of MMA branches
without targeting the main trunk was an independent predictor
of radiographic failure when controlling for other confounders,
including the embolic materials used; however, using a combina-
tion of nonselective and selective catheterization was not associ-
ated with radiographic failure. At first glance, this appears con-
trary to our finding on liquid embolic agents and clinical failure
because selective embolization is needed to employ liquid embolic
agents. However, these results merely suggest that occluding the
main trunk (regardless of the embolic material used), whenever
safe and feasible, might be an important prerequisite for adequate
devascularization of the convexity neomembranes and, therefore,
radiographic success (25). Nonetheless, the position of the micro-
catheter has to be carefully weighed against nontarget emboliza-
tion risks, especially when dangerous extracranial-intracranial col-
laterals are suspected (7,8).

Our data corroborate the findings of Onyinzo et al (26) that a
higher rate of radiographic resolution occurred in the concurrent
embolization and surgery group compared with the stand-alone
surgery and embolization groups. Concurrent surgical evacua-
tion was significantly associated with radiographic nonfailure at
multivariable analysis (P = .009). The underlying reasons remain
unknown, but immediate evacuation of the CSDH concurrently
with occlusion of the vascular supply of the neomembranes via
the MMA may have a synergistic effect (27). The statistical signifi-
cance of midline shift in association with radiographic failure in
our study further supports this, as we found that each 1-mm in-
cremental increase carried a 10% higher likelihood of radiographic
failure when controlling for confounders (P = .044). In contrast to
the rapid immediate decompression after surgical evacuation, the
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Case illustration of clinical failure. (A) Preprocedural head CT image in a 74-year-old man with an extensive

subdural hematoma. The patient was initially managed conservatively and eventually offered middle meningeal artery em-
bolization because of persistent headaches, which was uneventful. The patient subsequently returned from rehabilitation after
4 weeks. (B) Head CT image in the same patient shows changes in hematoma density and decreased size. Despite these
radiologic changes, the patient underwent subsequent rescue craniotomy because of progression of headaches.

course of radiologic improvement after MMAE has not been well
described, although it is thought to be slower and with delayed
effect (10,24). We used the follow-up time interval of 24 weeks
as a reference group, in line with Gomez-Paz et al (28), who found
a significant reduction in hematoma thickness and midline shift
at this time interval, which is further confirmed in our data that
demonstrate a greater than 50% radiographic success rate in both
CSDH groups 1 and 4 (maximal CSDH thickness <10 mm and
220 mm, respectively) at this time point. Paradoxically, there was
no evidence that larger CSDHs (particularly group 4) were associ-
ated with nonfailure (adjusted OR, 0.41; P = .06; Table 5) in the
multivariable analysis, but there was an association in subsequent
sensitivity analyses (Tables S5-S7). Furthermore, when excluding
CSDHs with less than 90 days of imaging follow-up, the same
associations persisted in the multivariable analysis. This suggests
that CSDHs with larger diameters are more likely to respond to
MMAE than those with smaller diameters. The reasons for this are
unknown, and prospective studies with fixed time points for the
different subgroups, in addition to volumetric hematoma assess-
ment, should provide more data.

In contrast to clinical nonfailure after conventional surgery,
clinical nonfailure after MMAE might be harder to delineate.
'The reasons for association between clinical nonfailure and radio-
graphic failure remain unknown, but some patients who experi-
ence radiographic failure may not need to undergo rescue surgery
because of the difference in definition criteria for each end point
and general differences in indications, as patients with significant
midline shift or clinical deficits are likely to undergo prompt surgi-
cal evacuation. In contrast, all patients who experienced the clini-
cal failure end point had evidence of radiographic failure before
undergoing rescue surgery, reinforcing the notion that clinical
rescue intervention in patients undergoing MMAE is generally
radiographically guided, although clinical nuances might vary on
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a case-by-case basis. Moreover,
the criteria for pursuing rescue
surgical intervention are not well
defined, given the lack of univer-
sal indications for MMAE failure
and success; thus, some of these
MMAE failures might have been
the result of imprudent case se-
lection (only five of 36 [13.9%)]
retreated patients had hematoma
enlargement). The difference in
definition criteria for the clini-
cal and radiographic failure end
points likely contributed to the
difference in predicting factors
of clinical and radiographic fail-
ures, although the underlying

reasons cannot be discerned with

Figure 5:
sided chronic subdural hematoma (maximal thickness of 19 mm), which was discovered after the patient fell. Because of

certainty. There were no conflicts
in the reported factors predicting
clinical and radiographic failures
(eg, one factor predicting clini-
cal failure while also predicting
radiographic nonfailure). However, given that clinical failure oc-
curred in only 6.8% of patients and radiographic failure occurred
in 26.3% of procedures, with different defining criteria for each
end point (as detailed in the Materials and Methods section), there
is a higher probability of identifying more factors of radiographic
than clinical failure, which was indeed the case in our cohort.

Our study had limitations. First, this is a retrospective analy-
sis limited by selection bias and the inherent weaknesses of these
types of studies, including the absence of a control group. Sec-
ond, there was heterogeneity in management protocols among
participating institutions. Third, radiologic analysis was lim-
ited to CSDH maximal thickness because volumetric data were
not available. Fourth, the natural history of CSDH, especially
with MMAE, remains poorly defined without standardized
indications for intervention, and thus an element of overzeal-
ous treatment cannot be excluded. Fifth, information regarding
placement of subdural drains in patients who received surgery
was not available, which might be an uncontrolled confounder
of recurrence (29). Sixth, important procedural details, such
as the positioning of the microcatheter in relation to important
anatomic landmarks (eg, meningolacrimal branch), were not
available. Seventh, the different combinations of embolic materi-
als (including different sizes and types of embolization particles
[Table S8]) were used according to the operator’s preference, limit-
ing the yield of their comparisons. Eighth, information regarding
the duration and timing of anticoagulation and antiplatelet medi-
cation use was not available. Finally, there was a relatively short
duration of follow-up.

In conclusion, we identified multiple independent predictors
of clinical and radiographic middle meningeal artery (MMA) em-
bolization (MMAE) failure in a large multicenter cohort. Anti-
coagulation medication use and an MMA diameter less than 1.5
mm were independently associated with clinical failure, whereas
liquid embolic materials were associated with nonfailure. MMA

Case illustration of radiographic failure. (A) Head CT image in a 63-year-old woman shows a large right-

progressive headaches, the patient underwent a middle meningeal artery embolization procedure, which was uneventful. (B)
Head CT image obtained at the 10-week follow-up (last available) shows minimal reduction of hematoma thickness, and the
patient reported little improvement of headaches.

diameter less than 1.5 mm, midline shift, and superselective
MMA catheterization only (without targeting the main MMA
trunk) were associated with radiographic failure, whereas concur-
rent surgical evacuation, female sex, and a longer imaging follow-
up time were associated with nonfailure. Controlled comparative
investigations of the efficacy and safety of different materials are
warranted, and studies with longer imaging and clinical follow-up
durations could provide additional data regarding chronic subdu-
ral hematoma response to MMAE. These factors might help guide
individualized treatment selection and counseling in patients un-
dergoing this procedure.
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