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Abstract: Background: Chronic subdural hematoma (cSDH) is a common neurosurgical
condition, particularly among elderly patients. Middle meningeal artery (MMA) em-
bolization has emerged as a minimally invasive adjunctive treatment aimed at reducing
recurrence. However, its comparative efficacy and safety remain under investigation.
Methods: In this systematic review and meta-analysis, randomized-controlled clinical trial
(RCT) data evaluating MMA embolization combined with best medical therapy (BMT)
versus BMT alone in adult patients with symptomatic cSDH were pooled. The primary
efficacy outcome was recurrence or progression of hematoma at follow-up. Secondary effi-
cacy outcomes included good functional outcome [modified Rankin Scale (mRS) score < 2],
independent ambulation (mRS score < 3), and hematoma thickness at follow-up. The
primary safety outcome was all-cause mortality. Procedure-related complications were
assessed as a secondary safety outcome. Results: Six RCTs were included, comprising
760 patients treated with MMA embolization and 788 patients treated with BMT alone.
MMA embolization significantly reduced recurrence compared to BMT alone (RR: 0.50; 95%
CI: 0.37-0.69; six studies; I? = 0%; number-needed-to-treat = 13). No significant differences
were observed in good functional outcome (RR: 1.01; 95% CI: 0.97-1.05; three studies;
I? = 0%), independent ambulation (RR: 1.01; 95% CI: 0.99-1.04; three studies; 2 = 0%), or
hematoma thickness at follow-up (SMD: —0.1; 95% CI: —0.3 to 0; four studies; 12 = 42%).
All-cause mortality was similar between the two groups (RR: 1.01; 95% CI: 0.42-2.40; five
studies; I? = 44%). The pooled rate of procedure-related adverse events in the MMA
embolization-group was 1% (95% CI: 0-3%; two studies; I* = 35%). Conclusions: MMA
embolization significantly reduced ¢SDH recurrence when used as an adjunct to BMT.
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However, it did not demonstrate a significant impact on functional outcomes or mortality
in this meta-analysis. Further research is needed to identify patient subgroups that benefit
most from MMA embolization and to evaluate its impact on cognitive function and quality
of life using longer follow-up periods.

Keywords: middle meningeal artery; subdural hematoma; hematoma thickness; functional
outcome; mortality; randomized-controlled clinical trial; systematic review; meta-analysis

1. Introduction

Chronic subdural hematoma (cSDH) is one of the most common neurosurgical con-
ditions, particularly affecting the elderly [1]. With a rapidly aging global population and
increasing use of antithrombotic and anticoagulant medications, the incidence of cSDH
is projected to rise sharply, potentially becoming the most frequent cranial neurosurgical
disease by 2030 [2]. Characterized by the slow accumulation of blood between the dural
and arachnoid membranes, cSDH often arises from minor trauma and manifests through a
spectrum of neurological symptoms (from motor deficits and cognitive decline to altered
consciousness) resulting in substantial morbidity [3].

Surgical evacuation, typically via burr-hole with drainage insertion or craniotomy,
remains the mainstay for symptomatic cases. However, recurrence rates after surgery
range from 8% to 30%, and reoperation is often required in up to 15% of patients [4,5].
Additionally, complications associated with surgical intervention, including infections,
seizures, and functional deterioration, are particularly concerning in frail elderly patients
with multiple comorbidities [6]. Middle meningeal artery (MMA) embolization, either
as a primary treatment or as an adjunct to surgery, has emerged as a novel, minimally
invasive therapeutic approach targeting the vascular supply of the outer membrane of the
hematoma [7]. The rationale stems from growing evidence that cSDH is not simply a passive
accumulation of blood but a dynamic inflammatory process driven by neovascularization
and recurrent microhemorrhages [8]. By occluding the MMA, embolization aims to disrupt
this pathological cycle, thereby reducing recurrence and promoting hematoma resolution,
potentially improving functional outcomes and reducing the need for revision surgery [8].

Preliminary evidence from several observational studies has suggested that MMA
embolization may reduce the risk of recurrence and improve outcomes in patients with
c¢SDH [9-12]. These studies have reported promising results in both surgical and nonsur-
gical candidates, including elderly and coagulopathic patients. However, observational
designs are inherently limited by issues such as confounding by indication, selection bias,
and variability in treatment protocols and patient populations. As such, definitive con-
clusions regarding the efficacy and safety of MMA embolization have remained elusive.
Recently, randomized-controlled clinical trials (RCTs) have attempted to address these
limitations, providing the first rigorous evidence on the role of MMA embolization as
an adjunct to standard therapy in ¢SDH. While the trials collectively indicate benefits
in reducing recurrence and improving clinical outcomes, variations in trial design, tim-
ing of intervention, surgical approaches, and patient selection highlight the need for a
comprehensive synthesis of the available evidence.

The objective of this systematic review and pairwise meta-analysis is to critically evalu-
ate and quantify the efficacy and safety of MMA embolization combined with best medical
therapy (BMT) compared to BMT alone in adult patients with symptomatic cSDH. By
integrating data across different RCTs, we sought to clarify the role of MMA embolization
in modern cSDH management and inform future clinical decision-making.
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2. Methods
2.1. Standard Protocol Approvals, Registrations, and Patient Consents

The pre-specified protocol of the present systematic review and meta-analysis has
been registered in the International Prospective Register of Ongoing Systematic Reviews
PROSPERO (registration ID: CRD420251018825). The meta-analysis is reported accord-
ing to the updated Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [13]. This study did not require an ethical board approval or writ-
ten informed consent by the patients according to the study design (systematic review
and meta-analysis).

2.2. Data Sources, Searches, and Study Selection

A systematic literature search was conducted according to the patient, intervention,
comparison, and outcome (PICO) model [14] to identify available RCTs including adult
patients with symptomatic cSDH (P: population) receiving MMA embolization together
with BMT (I: intervention) versus BMT alone (C: control) and investigating the outcomes of
interest as outlined below (O: outcome). ¢cSDH was defined as a subdural collection of blood
in the brain CT where 50% or more of the volume was either isodense or hypodense as
compared to cortical gray matter. MMA embolization was characterized as the intra-arterial
administration of an embolic agent, guided by digital subtraction angiography through the
external carotid artery. BMT was defined as standard care, which could include surgical
evacuation via a single or double burr-hole or craniotomy.

Observational cohort studies, non-controlled studies, case series, and case reports
were excluded. Studies evaluating patients with non-symptomatic or acute SDH were not
considered. Commentaries, editorials, and narrative reviews were also excluded.

The literature search was performed independently by 4 reviewers (NMP, LP, KM, AT).
The electronic databases MEDLINE and Scopus were searched, using search strings that
included the terms “chronic subdural hematoma”, “middle meningeal artery”, and “em-
bolization”. The complete search algorithm is provided in the Supplement. No language or
other restrictions were applied. Our search spanned from the inception of each database to
25 March 2025. Furthermore, the reference lists of published articles and international con-
ference abstracts were manually scrutinized to ensure the completeness of the bibliography.
All retrieved studies were independently assessed by 4 reviewers (NMP, LP, KM, AT) and
any disagreements were resolved after discussion with a fifth tie-breaking evaluator (GTs).

2.3. Quality Control, Bias Assessment, and Data Extraction

Four reviewers (NMP, LP, MIS, PET) independently assessed quality control and bias
assessment among eligible studies, employing the Cochrane Collaboration Risk-Of-Bias 2
tool (RoB 2) for RCTs [15]. Any disagreements were settled by consensus after discussion
with the corresponding author (GTs).

Data extraction was performed in structured reports, including study name, country,
recruitment period, intervention and comparison characteristics, included patients, their
baseline characteristics, and the outcomes of interest.

2.4. Outcomes

The primary efficacy outcome of interest was the recurrence or progression of the SDH
on the target side at follow-up, as defined by each study. Good functional outcome [defined
as modified Rankin Scale (mRS) score of 2 or less] [16], independent ambulation (defined
as mRS-score < 3) [16], and thickness of hematoma (in mm) at follow-up were assessed as
secondary efficacy endpoints.
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The primary safety outcome was all-cause mortality at follow-up. The procedure-
related complications rate for MMA embolized patients was also assessed as a secondary
safety outcome.

2.5. Statistical Analysis

For the pairwise meta-analysis, we calculated risk ratios (RR) with 95% confidence
intervals (CIs) for dichotomous outcomes, i.e., the comparison of outcome events among
patients receiving MMA embolization versus BMT. Standardized mean differences (SMD)
with 95% Cls were calculated for continuous outcomes of interest (i.e., hematoma thickness).
For every outcome of interest, the corresponding pooled proportion with 95% CI was
calculated for each arm, after the implementation of the variance-stabilizing double arcsine
transformation. All outcomes were assessed based on intention-to-treat analysis. For the
primary efficacy outcome, the number needed to treat (NNT) was calculated using the
formula: NNT = (1—RR)><r11telin BMT group

Comparison of the baseline characteristics to assess the balance between the two
arms was performed using odds ratios for dichotomous variables and standardized mean

as previously described [17].

differences for continuous variables. For studies reporting continuous outcomes in me-
dian values and corresponding interquartile ranges, we estimated the sample mean and
standard deviation using the quantile estimation method [18]. The random-effects model
(DerSimonian and Laird 1986) was used to calculate the pooled estimates [19].

The threshold for statistical significance for the above analyses was set at two-sided
p-value of <0.05. Heterogeneity was assessed with the I? and Cochran Q test. For the
qualitative interpretation of heterogeneity, I? values < 25%, between 25 and 50%, and >50%
were considered to represent low, moderate, and significant heterogeneity, respectively.
The significance level for the Q statistic was set at <0.1. Small-study effects, as a proxy for
publication bias, were assessed when at least four studies were included in the analysis of
the outcomes of interest, using both funnel plot inspection and the Egger’s linear regression
test, with a two-sided p-value < 0.1 being considered statistically significant [20]. Prediction
intervals (PI) were also calculated for all outcomes of interest to estimate the range of effects
in future studies, as previously performed by our group [21]. The above statistical analyses
were performed using the R software version 3.5.0 (package: meta) [22].

2.6. Data Availability Statement

All data generated or analyzed during this study are included in this article and its
supplementary information files.

3. Results
3.1. Literature Search and Included Studies

The systematic database search yielded a total of 90 and 239 records from the MED-
LINE and SCOPUS databases, respectively (Figure 1). After excluding duplicates and initial
screening, we retrieved the full text of 14 records that were considered potentially eligible
for inclusion. After reading the full-text articles, a further eight were excluded (Supple-
mentary Table S1) [9-12,23-26]. Finally, we identified six eligible RCTs for inclusion in the
systematic review and meta-analysis (Table 1) [27-32], comprising a total of 1548 patients
with ¢SDH, receiving either MMA embolization together with BMT (n = 760; mean age
71.3 years; 28% female, 96% undergoing surgery) versus BMT alone (n = 788; mean age
71.2 years; 27% female, 95% undergoing surgery; Supplementary Figures S1-S3). In the
intervention group, 27% of the patients were under antithrombotic medication (including
anticoagulants or antiplatelets) at the time of index SDH and the mean baseline SDH
thickness in brain CT was 19.7 mm. In the control group receiving BMT, 29% of the patients
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were under antithrombotic medication and the mean baseline SDH thickness was 19.7 mm
(Supplementary Figures 54 and S5).

( Identification of studies via databases and registers ]
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=
2 Records identified from: SR;ZZ;%S? rgmoved before
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Figure 1. Flow chart of the systematic review.

The included studies enrolled adult patients with confirmed chronic subdural
hematoma, most commonly presenting with symptoms such as headache, gait instabil-
ity, cognitive impairment, and focal neurological deficits attributable to the hematoma.
Management strategies varied across studies. Different embolic materials were used in
each study (Supplementary Table S2). In four RCTs, all participants underwent surgical
evacuation (primarily through burr-hole drainage) as part of the standard of care [27-30].
In contrast, two trials allowed for individualized treatment decisions regarding surgi-
cal intervention, based on clinical and imaging criteria at the discretion of the treating
physician [31,32]. Several trials applied specific procedural exclusions: for instance, wide
craniotomy was explicitly excluded in two trials that focused solely on patients undergoing
burr-hole drainage [31,32]. Additionally, the MAGIC-MT trial excluded patients with
bilateral hematomas, thereby restricting its cohort to individuals with unilateral lesions [31].
Follow-up durations also differed among the studies, with two trials reporting outcomes
at 180 and 125 days, respectively [29,32], whereas the remaining trials employed a 90-day
follow-up period [27,28,30,31].
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Table 1. Baseline characteristics of studies included in the systematic review and meta-analysis.
Age Use of I.Saselme
(Years; Female Antithrombotic Thickness of
Study Country Recruitment Period Inclusion Criteria Group ¢ o e Hematoma (mm;
Mean + Standard (%) Medication
- o Mean =+ Standard
Deviation) (%) ..
Deviation)
Svmbtomatic <SDI MMA (anbzolliza“o“ 77.4 4109 43 33 147 + 54
Ng et al. [27] France  Apr 2018 to Oct 2018 ympromatic ¢
requiring surgery BMT
74.7 £13.9 36 36 13.6 £ 4.7
(n = 25)
oot D recui MMA (fqnlbloéiza“o“ 64.2 25 19 211
) ymptomatic ¢ requiring =
Lam et al. [28] Australia Apr 2021 to Sep 2022 surgery, >10 mm thickness BMT
724 42 21 20.9
(n=19)
_ MMA embolization 66.1 4 12 29 35 21494
Symptomatic ¢SDH, (n=17)
Debs et al. [29] us Mar 2019 to Nov 2022 pre-mRS < 5 BMT
70.8 £9.4 39 39 234+9.2
(n=18)
MMA embolization
Symptomatic ¢<SDH, >15 mm (n=197) 73+11 27 38 21.6+63
Embolise [30] Us Dec 2020 to Aug 2023 thickness or >5 mm midline
. - BMT
shift, focal motor deficit 71 £11.3 27 39 214 +6.2
(n =203)
N o S MMA(;TZZE)Z“IO“ 68.5 (60-74) * 19 8 22.8 (18.6-27.1) *
Magic-MT [31] China  Mar2021 to May 2023 7 F Or;iemnf‘é’;j;” e o~
—t * - *
(n = 362) 70 (61-75) 16 7 22.4 (18.5-26.8)
. Us Sorotomatic <SDIL 510 MMA(;T?ZE)”‘“O“ 72.8 + 104 35 38 18246
Stem [32] G Nov2020 to May 2023 ~YPIOMie e - ZT0mm
ermany in thickness BMT
Spain (= 161) 734 +11.3 26 42 18 £6.3

¢SDH: chronic subdural hematoma; mRS: modified Rankin Scale; MMA: middle meningeal artery; BMT: best medical treatment. * Median (interquartile range).
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3.2. Quality Control of Included Studies

The assessment for the risk of bias in the included RCTs is presented in Supplementary
Figure S6. More specifically, Debs et al. utilized a 1:1 consecutive randomization process
resulting in high risk of bias in the randomization domain [29]. Furthermore, the EMBOLISE
and the MAGIC-MT studies had some concerns regarding deviations from the intended
intervention [30,31]. Three RCTs presented a high risk of bias, due to a rate of missing
outcome data that exceeded 10% of the enrolled population [29,30,32]. All studies had some
concerns in the measurements of outcomes mainly due to the unblinded assessment of the
main outcome, as the embolization liquid is radio opaque and therefore it is visible on the
CT scan. The risk of bias due to reporting of outcomes was low in all included studies.

3.3. Quantitative Analyses

An overview of analyses for primary and secondary outcomes is summarized in
Table 2.

Table 2. Overview of analyses for the outcomes of interest.

-2
Effect Prediction !

Outcome M Value (95% CI) p-Value n of Studies (p for
easure Interval
Cochrane q)
Primary Efficacy Outcome
Recurrence of SDH RR 0.5 (0.37-0.69) <0.001 0.33-0.76 6 0% (0.47)
Secondary Efficacy Outcomes
Good functional outcome RR 1.01 (0.97-1.05) 0.557 0.93-1.1 3 0% (0.557)
Independent ambulation RR 1.01 (0.99-1.04) 0.222 0.97-1.06 3 0% (0.98)
Hematoma thickness SMD —0.1 (—0.3-0) 0.091 —-0.5-0.3 4 42% (0.16)
Primary Safety Outcome
All-cause mortality RR 1.01 (0.42-2.39) 0.988 0.10-9.96 5 44% (0.15)
Secondary Safety Outcome
Adverse events related with 4 2o 1% (0-3%) N/A 0-29% 2 35% (0.21)

MMA embolization

SDH: subdural hematoma; MMA: middle meningeal artery; RR: risk ratio; SMD: standardized mean difference;
N/A: not applicable.

Regarding the primary efficacy outcome, patients receiving MMA embolization had
significantly lower rates of SDH recurrence compared to those receiving BMT alone (RR:
0.50; 95% CI: 0.37-0.69; p < 0.001; PI: 0.33-0.76; 6 studies; 2 = 0%; p for Cochran Q = 0.47;
Figure 2; Supplementary Table S3). The NNT of MMA embolization vs. BMT for ¢cSDH
was 13 (95% CI: 11-22).

Concerning secondary outcomes, similar rates of good functional outcome were noted
for those receiving MMA embolization with BMT compared to those receiving BMT alone
(RR: 1.01; 95% CI: 0.97-1.05; p = 0.557; PI: 0.93-1.10; three studies; 2 = 0%; p for Cochran
Q = 0.98; Figure 3). Similarly, rates of independent ambulation did not differ between
intervention and control group (RR: 1.01; 95% CI: 0.99-1.04; p = 0.222; PI: 0.97-1.06; three
studies; 2 = 0%; p for Cochran Q = 0.97; Figure 4). In the follow-up brain CT, thickness of
hematoma was similar between the two groups (SMD: —0.1; 95% CI: —0.3 to 0; p = 0.091;
PL: —0.5 to 0.3; four studies; 12 = 42%; p for Cochran Q = 0.16; Figure 5).
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MMAe BMT Risk Ratio Risk Ratio
Study Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI

Ng et al. 2019 1 21 1 25 1.4% 1.19[0.08, 17.90]
Lam et al. 2023 0 16 3 19 12% 0.17[0.01, 3.03]
1 7
8

Debs et al. 2024 14 14 26% 0.14[0.02, 1.01]

EMBOLISE 2024 182 23 190 16.6% 0.36[0.17, 0.79] ——

MAGIC-MT 2024 24 360 36 362 41.1% 0.67 [0.41, 1.10] ‘.f

STEM 2024 16 120 43 149 37.1% 0.46[0.27, 0.78] '

Total (95% ClI) 713 759 100.0% 0.50 [0.37, 0.69] L 2

Prediction interval [0.33, 0.76] S—

Heterogeneity: Tau? = 0; Chi? = 4.59, df = 5 (p = 0.47); I2 = 0% I ! ' :
Test for overall effect: Z = =4.26 (p < 0.001) 0.01 0.1 1 10 100

Favors MMAe Favors BMT
Recurrence of Subdural Hematoma
Figure 2. Forest plot presenting the risk ratio of recurrence of subdural hematoma (SDH) at follow-
up among patients receiving middle meningeal artery embolization (MMAe) versus best medical
treatment alone (BMT) [27-32]. Blue squares indicate study-specific estimates (size reflects study
weight), with horizontal black lines showing 95% confidence intervals. The black diamond represents
the pooled estimate, and the black dashed line marks the summary risk ratio. The black vertical line
at 1.0 indicates no effect. The red horizontal line represents the prediction interval, reflecting the

expected range of effect in future studies.

MMAe BMT Risk Ratio Risk Ratio
Study Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI

Debs et al. 2024 122 "7 12 18 0.7% 1.06[0.68, 1.66]
EMBOLISE 2024 144 167 154 180 19.0% 1.01[0.93, 1.10]
MAGIC-MT 2024 335 360 333 362 80.3% 1.01[0.97, 1.05]

Total (95% CI) 544 560 100.0% 1.01 [0.97, 1.05]
Prediction interval [0.93, 1.10]

Heterogeneity: Tau? = 0; Chi2 = 0.05, df = 2 (p = 0.98); I2 = 0%
Test for overall effect: Z = 0.59 (p = 0.557)

| I 1
0.75 1 1:5
Favors BMT Favors MMAe

Good functional outcome

Figure 3. Forest plot presenting the risk ratio of good functional outcome at three months among
patients receiving middle meningeal artery embolization (MMAe) versus best medical treatment
alone (BMT) [29-31]. Blue squares indicate study-specific estimates (size reflects study weight),
with horizontal black lines showing 95% confidence intervals. The black diamond represents the
pooled estimate, and the black dashed line marks the summary risk ratio. The black vertical line
at 1.0 indicates no effect. The red horizontal line represents the prediction interval, reflecting the
expected range of effect in future studies.

MMAe BMT Risk Ratio Risk Ratio
Study Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Lam et al. 2023 16 16 16 16 35% 1.00[0.89, 1.12]
EMBOLISE 2024 160 167 170 180 21.2% 1.01[0.97, 1.06] —
MAGIC-MT 2024 352 360 349 362 753% 1.01[0.99, 1.04] —-.—
Total (95% CI) 543 558 100.0%  1.01[0.99, 1.04] <‘
Prediction interval [0.97, 1.06] S——
[ ]
Heterogeneity: Tau? = 0; Chi? = 0.05, df = 2 (p = 0.97); 12 = 0%
Test for overall effect: Z = 1.22 (p = 0.222) 0.9 1 11

Favors BMT Favors MMAe
Independent ambulation
Figure 4. Forest plot presenting the risk ratio of independent ambulation at three months among
patients receiving middle meningeal artery embolization (MMAe) versus best medical treatment
alone (BMT) [28,30,31]. Blue squares indicate study-specific estimates (size reflects study weight),
with horizontal black lines showing 95% confidence intervals. The black diamond represents the
pooled estimate, and the black dashed line marks the summary risk ratio. The black vertical line
at 1.0 indicates no effect. The red horizontal line represents the prediction interval, reflecting the

expected range of effect in future studies.
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MMAe BMT Std. Mean Difference Std. Mean Difference
Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ng et al. 2019 6.4 57 17 6.853 18 4.7% -0.1[-0.7, 0.6]
Debs et al. 2024 5553 149 7.893 161 26.0% -0.3[-0.5,-0.1] —&—
EMBOLISE 2024 555.0 197 6.46.2 203 30.1% -0.2[-0.4, 0.0] T
MAGIC-MT 2024 5.054 360 5.05.0 362 39.1% 0.0 [-0.1, 0.1] -]
Total (95% CI) 723 744 100.0% -0.1[-0.3, 0.0] -
Prediction interval [-0.5, 0.3] —_—
Heterogeneity: Tau? = 0.009; Chi2 = 5.20, df = 3 (p = 0.16); 12 =42% I l J ) I I
Test for overall effect: Z = =1.69 (p = 0.091) -06-04-020 0204 06

Follow-up thickness of hematoma

Figure 5. Forest plot presenting the standardized mean difference of subdural hematoma thickness (in
mm) at follow-up among patients receiving middle meningeal artery embolization (MMAe) versus
best medical treatment alone (BMT) [27,29-31]. Green squares indicate study-specific estimates (size
reflects study weight), with horizontal black lines showing 95% confidence intervals. The black
diamond represents the pooled estimate, and the black dashed line marks the summary risk ratio.
The black vertical line at 0 indicates no effect. The red horizontal line represents the prediction
interval, reflecting the expected range of effect in future studies.

Regarding safety outcomes, all-cause mortality was similar between the MMA em-
bolization and BMT groups (RR: 1.01; 95% CI: 0.42-2.39; p = 0.988; PI: 0.10-9.96; five studies;
12 = 44%; p for Cochran Q = 0.15; Figure 6). Procedure-related complications following
MMA embolization were infrequent. Among the two trials reporting such events [31,32],
adverse outcomes included facial nerve palsy, contrast-agent allergy, and ischemic stroke.
No cases of blindness were reported. The pooled complication rate was 1% (95% CI: 0-3%;
two studies; PI: 0-29%; 12 = 35%; p for Cochran Q = 0.21; Supplementary Figure S7).

MMAe BMT Risk Ratio Risk Ratio
Study Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ng et al. 2019 0 21 1 25 67% 0.39[0.02, 9.19] =
Lam et al. 2023 0 16 0 19 0.0%
EMBOLISE 2024 10 177 6 186 33.8% 1.75[0.65, 4.72] —
MAGIC-MT 2024 2 360 8 362 20.7% 0.25[0.05, 1.18] ——
STEM 2024 12 144 9 166 38.7% 1.54[0.67, 3.54] ——

Total (95% CI) 718 758 100.0% 1.01 [0.42, 2.39]
Prediction interval [0.10, 9.96]

Heterogeneity: Tau? = 0.323; Chi? = 5.32, df = 3 (p = 0.15); I? = 44%
Test for overall effect: Z = 0.02 (p = 0.988) 0.1 051 2 10

Favors MMAe Favors BMT
All-cause Mortality

Figure 6. Forest plot presenting the risk ratio and prediction interval of all-cause mortality at follow-
up among patients receiving middle meningeal artery embolization (MMAe) versus best medical
treatment alone (BMT) [27,28,30-32]. Blue squares indicate study-specific estimates (size reflects
study weight), with horizontal black lines showing 95% confidence intervals. The black diamond
represents the pooled estimate, and the black dashed line marks the summary risk ratio. The black
vertical line at 1.0 indicates no effect. The red horizontal line represents the prediction interval,
reflecting the expected range of effect in future studies.

The pooled proportions per arm for each outcome of interest are presented in Supple-
mentary Table S4.

In the assessment of publication bias, no asymmetry was noted for any of the outcomes
during inspection of the funnel plots (Supplementary Figures S8-510).

4. Discussion

In this systematic review and meta-analysis, we included six RCTs comprising 1548 pa-
tients with ¢cSDH and concluded that MMA embolization significantly reduces hematoma
recurrence compared to BMT alone. Specifically, embolization was associated with a 50%
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reduction in recurrence risk, a finding that remained robust across studies with minimal sta-
tistical heterogeneity. However, no significant differences were observed in secondary out-
comes, including good functional outcome, independent ambulation, residual hematoma
thickness, or all-cause mortality.

The discrepancy between the reduced recurrence rate and the lack of difference in
functional outcomes warrants further exploration. One possible explanation lies in the
limitations of the mRS, a commonly used functional outcome measure [33] that may
not fully capture the subtleties of cognitive and neurobehavioral impairment frequently
observed in patients with cSDH. Given that cognitive deficits often predominate in this
population [34], reliance on mRS, which primarily assesses mobility and independence,
may underestimate the true benefit of embolization [35,36]. Moreover, motor deficits in
¢SDH may be subtle [37], and thus can be under-represented in mRS scoring. Notably, the
MAGIC-MT trial employed a broader health-related quality of life assessment (EQ-5D-
5L) [31], but similarly found no significant difference between groups, reinforcing the need
for more sensitive and specific outcome measures in future trials. Another explanation for
this discrepancy may be the timing of outcome assessment; functional recovery after SDH
can be a slow process, especially considering the elderly population it usually pertains to.
The three-month follow-up, common in most studies, may not be long enough to capture
the full extent of functional improvement, even if recurrence is reduced. Moreover, timing
relative to surgery may play a role as well; if embolization is performed after surgical
evacuation, the initial surgery might have already set the trajectory for functional recovery.
Embolization might prevent recurrence but not necessarily reverse pre-existing functional
deficits. Notably, only three of the included RCTs reported functional outcomes using the
mRS, limiting the strength of conclusions on functional recovery [28,30,31]. This further
highlights the need for future trials to include comprehensive and sensitive measures of
post-treatment neurological and cognitive function.

Regarding radiographic outcomes, follow-up hematoma thickness appeared marginally
lower in the embolization group; however, this difference did not reach statistical signifi-
cance. It is worth noting that the STEM trial [32], one of the largest of the included studies,
did not report on hematoma thickness at follow-up, potentially limiting power in the
analysis of this secondary outcome. Additional data from future RCTs are needed to clarify
whether embolization meaningfully influences hematoma resolution on imaging.

Safety outcomes were also reassuring. Mortality rates were low and comparable
between treatment arms, and adverse events directly attributable to the embolization pro-
cedure were rare. Given the lack of significant difference in all-cause mortality, NNT was
not calculated for safety outcomes to avoid overinterpretation of non-significant findings.
The favorable safety profile may be partly explained by the anatomical characteristics of
the MMA, which plays a limited role in cerebral perfusion, and the use of the external
carotid approach, minimizing the risk of intracranial ischemia. As embolization techniques
continue to evolve and operator experience in endovascular techniques increases [38,39],
complication rates may further decline, enhancing the safety and feasibility of this inter-
vention in routine clinical practice.

An area of growing clinical interest is the potential role of MMA embolization as a
primary standalone therapy for patients with ¢cSDH, particularly those in whom surgical
evacuation may be unnecessary or high-risk. It is important to note that all RCTs included
in this meta-analysis investigated MMA embolization as an adjunct to BMT, which, in
more than 95% of cases, included surgical evacuation. As such, the current analysis does
not evaluate the efficacy or safety of standalone MMA embolization. Emerging data from
observational studies suggest that embolization alone may be a viable therapeutic option
in selected patient populations. A recent systematic review and meta-analysis synthesized
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evidence from eight observational studies, including 156 patients treated with MMA
embolization alone and 246 patients treated with combined MMA embolization and surgical
evacuation [40]. The analysis revealed low rates of surgical recurrence (i.e., requiring
rescue surgery) in both groups, with no statistically significant difference, suggesting that
standalone embolization can achieve durable hematoma control in the majority of cases.
These findings highlight the potential of embolization as a minimally invasive alternative
in patients who are poor surgical candidates, are asymptomatic or mildly symptomatic, or
have small-to-moderate hematomas with minimal midline shift. Importantly, subgroup
analyses from the MAGIC-MT and STEM trials also suggested a trend toward greater
relative benefit of embolization in non-surgical patients [31,32], although these analyses
were exploratory and not powered for definitive conclusions. Further RCTs specifically
designed to evaluate MMA embolization as a monotherapy are warranted, as this approach
could substantially expand treatment options for a growing population of elderly and
comorbid patients with cSDH.

Another important clinical consideration is the use of antithrombotic therapy at the
time of cSDH diagnosis. In our analysis, 27% of patients in the MMA embolization group
and 29% in the BMT-alone group were receiving antithrombotic medications, including
antiplatelets and anticoagulants. However, with the exception of the MAGIC-MT trial, the
included RCTs did not provide subgroup analyses stratified by antithrombotic use. Notably,
however, MAGIC-MT did not identify any significant interaction between antithrombotic
therapy and the primary efficacy outcome of recurrence [31]. Given the extracranial nature
of the embolization procedure and its theoretically lower bleeding risk profile, MMA em-
bolization may be a particularly attractive option in patients requiring ongoing antithrom-
botic therapy. Still, as surgical intervention was performed in the majority of patients
across both study arms, our meta-analysis does not directly compare MMA embolization
to surgery in this context. Future studies are needed to determine whether embolization
confers a safety or efficacy advantage in patients on chronic antithrombotic treatment.

Our findings are consistent with prior meta-analyses, though several important dis-
tinctions should be emphasized. Unlike previous reviews, we included only published
RCTs, thereby minimizing biases inherent in observational designs such as confounding
and patient selection. To our knowledge, this is the most comprehensive aggregate data
meta-analysis to date exclusively synthesizing data from all currently available RCTs. For
example, Kabir et al. included five RCTs and eight observational studies (n = 2960) and
similarly reported a significant reduction in recurrence without a difference in functional
outcomes [41]. More recently, Shankar et al. included only the three largest RCTs (EM-
BOLISE, MAGIC-MT, STEM), corroborating our findings regarding the efficacy and safety
of MMA embolization [42].

Ongoing and upcoming trials may offer additional insights. The ELIMINATE trial
(NCT04511572), currently recruiting patients with ¢cSDH in the Netherlands, includes
cognitive and quality-of-life measures as part of its secondary outcomes. Moreover, the
MEMBRANE trial (NCT04816591) is expected to present its results at the European Stroke
Organisation Conference 2025 and may further inform patient selection, procedural timing,
and long-term efficacy. As these studies progress, they will help refine the clinical under-
standing of MMA embolization’s effectiveness and safety, potentially addressing some of
the unanswered questions in the present meta-analysis.

Despite its strengths, this meta-analysis has limitations. Although restricted to RCTs,
the number of included studies remains modest (n = 6), and heterogeneity exists in study
design, follow-up duration, and definitions of outcomes. Notably, patient attrition was
relatively high in two of the largest trials (15% in STEM and 13% in EMBOLISE) [30,32],
complicating the interpretation of long-term outcomes. Additionally, surgical decisions in
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several trials were made at the discretion of the treating physician rather than based on
randomization, introducing potential selection bias. Furthermore, inclusion and exclusion
criteria varied across the included RCTs, particularly with respect to hematoma size thresh-
olds, bilaterality, and baseline functional status. For instance, all studies except MAGIC-MT
included patients with bilateral hematomas, which may confound the attribution of neu-
rological deficits to a single lesion. Such heterogeneity in patient selection may affect the
generalizability of our findings and underscores the need for future trials with harmonized
eligibility criteria and standardized reporting. In addition, future RCTs should incorporate
standardized neurocognitive assessments and validated quality-of-life instruments to more
comprehensively evaluate patient-centered outcomes following MMA embolization. These
measures are especially relevant in the elderly cSDH population and will be essential to
defining the true long-term benefits of this minimally invasive approach. Finally, our
analysis was based on aggregate data rather than individual patient-level data, limiting
subgroup analyses and adjustment for potential confounders. Future individual patient
data meta-analyses would help overcome these limitations and provide more granular
insights into patient-specific treatment effects.

5. Conclusions

In conclusion, MMA embolization is a safe and effective intervention for reducing
recurrence in patients with cSDH. However, its impact on functional recovery, hematoma
thickness reduction, and mortality remains uncertain. Given the promising safety profile,
MMA embolization may serve as a valuable adjunct to conventional treatment of patients
with ¢SDH, particularly for preventing recurrence. Future research should identify patient
subgroups that would benefit most from MMA embolization, and also focus on longer-term
outcomes, cognitive and quality-of-life measures, and refinement of patient selection criteria
to better define the role of embolization in the comprehensive management of cSDH.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm14092862 /s1, Methods S1: Complete search algorithm used
in MEDLINE and Scopus; Table S1: Excluded studies with reasons of exclusion; Table S2: Embolic
materials used in the included studies for the middle meningeal artery embolization procedure;
Table S3: Definition and follow-up duration for the primary efficacy outcome in the included studies;
Table S4: Pooled proportions per arm for each outcome of interest; Figure S1: Forest plots presenting
the mean age (in years) among patients treated with middle meningeal artery embolization (MMAe)
(A), the mean age (in years) among patients treated with best medical treatment (BMT; (B)), and
the standardized mean difference of age (in years) among the patients treated with MMAe versus
BMT (C); Figure S2: Forest plots presenting the pooled proportion of female patients among those
treated with MMAe (A), the pooled proportion of female patients treated with BMT (B), and the
odds ratio of female patients treated with MMAe versus BMT (C); Figure S3: Forest plots presenting
the pooled proportion of patients that underwent surgery among those treated with MMAe (A), the
pooled proportion of patients that underwent surgery among those treated with BMT (B), and the
odds ratio of patients that underwent surgery of those treated with MMAe versus BMT (C); Figure S4:
Forest plots presenting the pooled proportion of patients that were receiving antithrombotics prior
to index event among those treated with MMAe (A), the pooled proportion of patients that were
receiving antithrombotics among those treated with BMT (B), and the odds ratio of patients that
were receiving antithrombotics of those treated with MMAe versus BMT (C); Figure S5: Forest plots
presenting the mean thickness of hematoma at baseline (in mm) among patients treated with middle
meningeal artery embolization (MMAe) (A), the mean thickness of hematoma at baseline (in mm)
among patients treated with best medical treatment (BMT; (B)), and the standardized mean difference
of thickness of hematoma at baseline (in mm) among the patients treated with MMAe versus BMT
(C); Figure S6: Traffic light plot (A) and summary plot (B) presenting the quality assessment of the
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included randomized-controlled clinical trials (RCTs), using the Cochrane Collaboration tool (RoB 2);
Figure S7: Forest plot presenting the rate of adverse events related to the middle meningeal artery
embolization (MMAe) in patients receiving MMAe; Figure S8: Funnel plot on the reported rates of
recurrence of subdural hematoma (p for Egger’s test = 0.348); Figure S9: Funnel plot on the reported
thickness of subdural hematoma at follow-up (p for Egger’s test = 0.649); Figure 510: Funnel plot on
the reported rates of all-cause mortality (p for Egger’s test = 0.288).

Author Contributions: Conceptualization: G.T.; data curation: N.\M.P,, L.P, KM., A.T., M.-LS,,
P-ET,PV,LCS,EB,GM,MT,AS, VKS, N.G. and G.T,; formal analysis: NN\M.P,, L.P. and G.T;
investigation: NM.P,, L.P, KM., A.T.,, M.-1S,, P-E.T. and G.T.; methodology: N.M.P, L.P, KM., A.T,,
M.-LS,, P-E.T. and G.T.; project administration: G.T.; supervision: G.T.; visualization: N.M.P. and L.P;
writing—original draft: N.M.P,, L.P. and G.T.; writing—review and editing: KM., AT.,, M.-LS,, P-E.T.,
PV,L.CS, EB,GM.,MT,AS., VKS. and N.G. All authors have read and agreed to the published

version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare that there are no conflicts of interest.

References

1. Yadav, Y.R,; Parihar, V.; Namdev, H.; Bajaj, J. Chronic subdural hematoma. Asian J. Neurosurg. 2016, 11, 330-342. [CrossRef]

2. Balser, D.; Farooq, S.; Mehmood, T.; Reyes, M.; Samadani, U. Actual and projected incidence rates for chronic subdural hematomas
in United States Veterans Administration and civilian populations. J. Neurosurg. 2015, 123, 1209-1215. [CrossRef]

3. Nouri, A,; Gondar, R.; Schaller, K.; Meling, T. Chronic Subdural Hematoma (cSDH): A review of the current state of the art. Brain
Spine 2021, 1, 100300. [CrossRef]

4. Ryu, S.M,; Yeon, J.Y.; Kong, D.S.; Hong, S.C. Risk of Recurrent Chronic Subdural Hematoma Associated with Early Warfarin
Resumption: A Matched Cohort Study. World Neurosurg. 2018, 120, e855-e862. [CrossRef]

5. Santarius, T.; Kirkpatrick, PJ.; Ganesan, D.; Chia, H.L.; Jalloh, I.; Smielewski, P.; Richards, H.K.; Marcus, H.; Parker, R.A.; Price,
S.J.; et al. Use of drains versus no drains after burr-hole evacuation of chronic subdural haematoma: A randomised controlled
trial. Lancet 2009, 374, 1067-1073. [CrossRef] [PubMed]

6. Rauhala, M.; Helén, P.; Huhtala, H.; Heikkild, P; Iverson, G.L.; Niskakangas, T.; Ohman, J.; Luoto, T.M. Chronic subdural
hematoma-incidence, complications, and financial impact. Acta Neurochir. 2020, 162, 2033-2043. [CrossRef] [PubMed]

7. Levitt, M.R,; Hirsch, J.A.; Chen, M. Middle meningeal artery embolization for chronic subdural hematoma: An effective treatment
with a bright future. J. Neurointerv. Surg. 2024, 16, 329-330. [CrossRef] [PubMed]

8.  Rudy, R.F; Catapano, ].S.; Jadhav, A.P; Albuquerque, EC.; Ducruet, A.F. Middle Meningeal Artery Embolization to Treat Chronic
Subdural Hematoma. Stroke Vasc. Interv. Neurol. 2023, 3, €000490. [CrossRef]

9.  Onyinzo, C,; Berlis, A.; Abel, M.; Kudernatsch, M.; Maurer, C.J. Efficacy and mid-term outcome of middle meningeal artery
embolization with or without burr hole evacuation for chronic subdural hematoma compared with burr hole evacuation alone.
J. Neurointerv. Surg. 2022, 14, 297-300. [CrossRef]

10. Enriquez-Marulanda, A.; Gomez-Paz, S.; Salem, M.M.; Mallick, A.; Motiei-Langroudi, R.; Arle, J.E.; Stippler, M.; Papavassiliou, E.;
Alterman, R.L.; Ogilvy, C.S,; et al. Middle Meningeal Artery Embolization Versus Conventional Treatment of Chronic Subdural
Hematomas. Neurosurgery 2021, 89, 486—495. [CrossRef]

11. Catapano, J.S.; Ducruet, A.F.; Nguyen, C.L.; Baranoski, J.E; Cole, T.S.; Majmundar, N.; Wilkinson, D.A.; Fredrickson, V.L.;
Cavalcanti, D.D.; Albuquerque, F.C. Middle meningeal artery embolization for chronic subdural hematoma: An institutional
technical analysis. ]. Neurointerv. Surg. 2021, 13, 657-660. [CrossRef]

12.  Shotar, E.; Meyblum, L.; Premat, K.; Lenck, S.; Degos, V.; Grand, T.; Cortese, ]J.; Pouvelle, A.; Pouliquen, G.; Mouyal, S.;
et al. Middle meningeal artery embolization reduces the post-operative recurrence rate of at-risk chronic subdural hematoma.
J. Neurointerv. Surg. 2020, 12, 1209-1213. [CrossRef]

13. Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef]

14. Richardson, W.S.; Wilson, M.C.; Nishikawa, J.; Hayward, R.S. The well-built clinical question: A key to evidence-based decisions.
ACP . Club 1995, 123, A12-A13. [CrossRef]

15. Sterne, J.A.C.; Savovi, ].; Page, M.].; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H.Y.; Corbett, M.S.; Eldridge,

S.M.; et al. RoB 2: A revised tool for assessing risk of bias in randomised trials. BM]J 2019, 366, 14898. [CrossRef]


https://doi.org/10.4103/1793-5482.145102
https://doi.org/10.3171/2014.9.JNS141550
https://doi.org/10.1016/j.bas.2021.100300
https://doi.org/10.1016/j.wneu.2018.08.177
https://doi.org/10.1016/S0140-6736(09)61115-6
https://www.ncbi.nlm.nih.gov/pubmed/19782872
https://doi.org/10.1007/s00701-020-04398-3
https://www.ncbi.nlm.nih.gov/pubmed/32524244
https://doi.org/10.1136/jnis-2024-021602
https://www.ncbi.nlm.nih.gov/pubmed/38365442
https://doi.org/10.1161/SVIN.122.000490
https://doi.org/10.1136/neurintsurg-2021-017450
https://doi.org/10.1093/neuros/nyab192
https://doi.org/10.1136/neurintsurg-2020-016552
https://doi.org/10.1136/neurintsurg-2020-016048
https://doi.org/10.1136/bmj.n71
https://doi.org/10.7326/ACPJC-1995-123-3-A12
https://doi.org/10.1136/bmj.l4898

J. Clin. Med. 2025, 14, 2862 14 of 15

16.

17.

18.

19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Saver, ].L.; Chaisinanunkul, N.; Campbell, B.C.V.; Grotta, ].C.; Hill, M.D.; Khatri, P.; Landen, J.; Lansberg, M.G.; Venkatasub-
ramanian, C.; Albers, G.W. Standardized Nomenclature for Modified Rankin Scale Global Disability Outcomes: Consensus
Recommendations From Stroke Therapy Academic Industry Roundtable XI. Stroke 2021, 52, 3054-3062. [CrossRef]

Mendes, D.; Alves, C.; Batel-Marques, F. Number needed to treat (NNT) in clinical literature: An appraisal. BMC Med. 2017,
15, 112. [CrossRef]

McGrath, S.; Zhao, X.; Steele, R.; Thombs, B.D.; Benedetti, A. Estimating the sample mean and standard deviation from commonly
reported quantiles in meta-analysis. Stat. Methods Med. Res. 2020, 29, 2520-2537. [CrossRef]

DerSimonian, R.; Laird, N. Meta-analysis in clinical trials revisited. Contemp. Clin. Trials 2015, 45, 139-145. [CrossRef]

Egger, M.; Davey Smith, G.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BM] 1997, 315,
629-634. [CrossRef]

Palaiodimou, L.; Katsanos, A.H.; Turc, G.; Asimakopoulos, A.G.; Mavridis, D.; Schellinger, P.D.; Theodorou, A.; Lemmens, R.;
Sacco, S.; Safouris, A.; et al. Tenecteplase vs Alteplase in Acute Ischemic Stroke Within 4.5 Hours: A Systematic Review and
Meta-Analysis of Randomized Trials. Neurology 2024, 103, €209903. [CrossRef]

Balduzzi, S.; Riicker, G.; Schwarzer, G. How to perform a meta-analysis with R: A practical tutorial. Evid. Based Ment. Health 2019,
22,153-160. [CrossRef]

Carpenter, A.; Rock, M.; Dowlati, E.; Miller, C.; Mai, J.C.; Liu, A.H.; Armonda, R.A.; Felbaum, D.R. Middle meningeal artery
embolization with subdural evacuating port system for primary management of chronic subdural hematomas. Neurosurg. Rev.
2022, 45, 439-449. [CrossRef]

Ban, S.P; Hwang, G.; Byoun, H.S.; Kim, T.; Lee, S.U.; Bang, ].S.; Han, ].H.; Kim, C.Y.; Kwon, O.K.; Oh, C.W. Middle Meningeal
Artery Embolization for Chronic Subdural Hematoma. Radiology 2018, 286, 992-999. [CrossRef]

Matsumoto, H.; Hanayama, H.; Okada, T.; Sakurai, Y.; Minami, H.; Masuda, A.; Tominaga, S.; Miyaji, K.; Yamaura, I.; Yoshida,
Y. Which surgical procedure is effective for refractory chronic subdural hematoma? Analysis of our surgical procedures and
literature review. J. Clin. Neurosci. 2018, 49, 40-47. [CrossRef]

Kim, E. Embolization Therapy for Refractory Hemorrhage in Patients with Chronic Subdural Hematomas. World Neurosurg. 2017,
101, 520-527. [CrossRef]

Ng, S.; Derraz, I.; Boetto, J.; Dargazanli, C.; Poulen, G.; Gascou, G.; Lefevre, P.H.; Molinari, N.; Lonjon, N.; Costalat, V. Middle
meningeal artery embolization as an adjuvant treatment to surgery for symptomatic chronic subdural hematoma: A pilot study
assessing hematoma volume resorption. J. Neurointerv. Surg. 2020, 12, 695-699. [CrossRef]

Lam, A ; Selvarajah, D.; Htike, S5.S.; Chan, S.; Lalloo, S.; Lock, G.; Redmond, K.; Leggett, D.; Mews, P. The efficacy of postoperative
middle meningeal artery embolization on chronic subdural hematoma—A multicentered randomized controlled trial. Surg.
Neurol. Int. 2023, 14, 168. [CrossRef]

Debs, L.H.; Vale, EL.; Walker, S.; Toro, D.; Mansouri, S.; Macomson, S.D.; Rahimi, S.Y. Middle meningeal artery embolization
following surgical evacuation of symptomatic chronic subdural hematoma improves outcomes, interim results of a prospective
randomized trial. J. Clin. Neurosci. 2024, 128, 110783. [CrossRef]

Davies, ].M.; Knopman, J.; Mokin, M.; Hassan, A.E.; Harbaugh, R.E.; Khalessi, A.; Fiehler, J.; Gross, B.A.; Grandhi, R.; Tarpley,
J.; et al. Adjunctive Middle Meningeal Artery Embolization for Subdural Hematoma. N. Engl. J. Med. 2024, 391, 1890-1900.
[CrossRef]

Liu, J.; Ni, W.; Zuo, Q.; Yang, H.; Peng, Y.; Lin, Z.; Li, Z.; Wang, ].; Zhen, Y.; Luo, J.; et al. Middle Meningeal Artery Embolization
for Nonacute Subdural Hematoma. N. Engl. |. Med. 2024, 391, 1901-1912. [CrossRef]

Fiorella, D.; Monteith, S.J.; Hanel, R.; Atchie, B.; Boo, S.; McTaggart, R.A.; Zauner, A.; Tjoumakaris, S.; Barbier, C.; Benitez, R.; et al.
Embolization of the Middle Meningeal Artery for Chronic Subdural Hematoma. N. Engl. |. Med. 2025, 392, 855-864. [CrossRef]
Banks, J.L.; Marotta, C.A. Outcomes validity and reliability of the modified Rankin scale: Implications for stroke clinical trials: A
literature review and synthesis. Stroke 2007, 38, 1091-1096. [CrossRef]

Blaauw, J.; Boxum, A.G.; Jacobs, B.; Groen, R.J.M.; Peul, W.C,; Jellema, K.; Dammers, R.; van der Gaag, N.A ; Lingsma, H.F,; den
Hertog, H.M.; et al. Prevalence of Cognitive Complaints and Impairment in Patients with Chronic Subdural Hematoma and
Recovery after Treatment: A Systematic Review. . Neurotrauma 2021, 38, 159-168. [CrossRef]

Kapoor, A.; Lanctot, K.L.; Bayley, M.; Kiss, A.; Herrmann, N.; Murray, B.J.; Swartz, R.H. “Good Outcome” Isn’t Good Enough:
Cognitive Impairment, Depressive Symptoms, and Social Restrictions in Physically Recovered Stroke Patients. Stroke 2017,
48,1688-1690. [CrossRef]

Polding, L.C.; Tate, W.].; Mlynash, M.; Marks, M.P.; Heit, ].J.; Christensen, S.; Kemp, S.; Albers, G.W.; Lansberg, M.G. Quality
of Life in Physical, Social, and Cognitive Domains Improves With Endovascular Therapy in the DEFUSE 3 Trial. Stroke 2021,
52, 1185-1191. [CrossRef]

Ajoku, U,; Iroegbu-Emeruem, L. Chronic subdural haematoma: A case series of uncommon presentations of a common disease.
J. Surg. Case Rep. 2023, 2023, rjad649. [CrossRef]


https://doi.org/10.1161/STROKEAHA.121.034480
https://doi.org/10.1186/s12916-017-0875-8
https://doi.org/10.1177/0962280219889080
https://doi.org/10.1016/j.cct.2015.09.002
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1212/WNL.0000000000209903
https://doi.org/10.1136/ebmental-2019-300117
https://doi.org/10.1007/s10143-021-01553-x
https://doi.org/10.1148/radiol.2017170053
https://doi.org/10.1016/j.jocn.2017.11.009
https://doi.org/10.1016/j.wneu.2017.02.070
https://doi.org/10.1136/neurintsurg-2019-015421
https://doi.org/10.25259/SNI_208_2023
https://doi.org/10.1016/j.jocn.2024.110783
https://doi.org/10.1056/NEJMoa2313472
https://doi.org/10.1056/NEJMoa2401201
https://doi.org/10.1056/NEJMoa2409845
https://doi.org/10.1161/01.STR.0000258355.23810.c6
https://doi.org/10.1089/neu.2020.7206
https://doi.org/10.1161/STROKEAHA.117.016728
https://doi.org/10.1161/STROKEAHA.120.031490
https://doi.org/10.1093/jscr/rjad649

J. Clin. Med. 2025, 14, 2862 15 of 15

38.

39.

40.

41.

42.

Zhu, F; Ben Hassen, W.; Bricout, N.; Kerleroux, B.; Janot, K.; Gory, B.; Anxionnat, R.; Richard, S.; Marchal, A.; Blanc, R.; et al.
Effect of Operator’s Experience on Proficiency in Mechanical Thrombectomy: A Multicenter Study. Stroke 2021, 52, 2736-2742.
[CrossRef]

Delgado Almandoz, J.E.; Kayan, Y.; Tenreiro, A.; Wallace, A.N.; Scholz, ].M.; Fease, J.L.; Milner, A.M.; Mulder, M.; Uittenbogaard,
K.M.; Tenreiro-Picén, O. Clinical and angiographic outcomes in patients with intracranial aneurysms treated with the pipeline
embolization device: Intra-procedural technical difficulties, major morbidity, and neurological mortality decrease significantly
with increased operator experience in device deployment and patient management. Neuroradiology 2017, 59, 1291-1299. [CrossRef]
Chen, H.; Colasurdo, M.; Kan, P.T. Middle meningeal artery embolization as standalone treatment versus combined with surgical
evacuation for chronic subdural hematomas: Systematic review and meta-analysis. |. Neurosurg. 2024, 140, 819-825. [CrossRef]

Kabir, N.; Owais, B; Trifan, G.; Testai, F. Efficacy and Safety of Middle Meningeal Artery Embolization for Patients with Chronic
Subdural Hematoma: A Systematic Review and Meta-Analysis. Cerebrovasc. Dis. 2024, 1-9. [CrossRef] [PubMed]

Shankar, J. Embolization of middle meningeal artery (EMMA) for non-acute subdural hematoma: Insight from recent randomized
trials and meta-analysis. Interv. Neuroradiol. 2025, 15910199251318408. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1161/STROKEAHA.120.031940
https://doi.org/10.1007/s00234-017-1930-z
https://doi.org/10.3171/2023.7.JNS231262
https://doi.org/10.1159/000543041
https://www.ncbi.nlm.nih.gov/pubmed/39681110
https://doi.org/10.1177/15910199251318408
https://www.ncbi.nlm.nih.gov/pubmed/39901576

	Introduction 
	Methods 
	Standard Protocol Approvals, Registrations, and Patient Consents 
	Data Sources, Searches, and Study Selection 
	Quality Control, Bias Assessment, and Data Extraction 
	Outcomes 
	Statistical Analysis 
	Data Availability Statement 

	Results 
	Literature Search and Included Studies 
	Quality Control of Included Studies 
	Quantitative Analyses 

	Discussion 
	Conclusions 
	References

