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Clinical Question Box
Is adjunctive middle meningeal artery embolization (MMAE) combined with surgery recom-
mended for managing non-acute subdural hematomas (SDHs)?

Adjunctive MMAE combined with surgery significantly reduces the recurrence rates of
chronic SDH, as supported by moderate-quality evidence. However, it does not demonstrate
improvements in functional outcomes, mortality, or adverse events, which is supported by low-to
moderate-quality evidence. The effectiveness of adjunctive MMAE in managing subacute SDH
remains limited, and further cost-effectiveness analyses are needed to evaluate its feasibility in
chronic SDH management.

Abstract

Introduction: Subdural hematomas (SDHs), particularly prevalent in older populations, present
significant clinical challenges. For its treatment, middle meningeal artery embolization (MMAE) has
gained attention as a potential adjunctive therapy to surgical intervention. This systematic review and
meta-analysis evaluated the effectiveness and safety of combining MMAE with surgery compared to
surgery alone. Methods: A systematic review and meta-analysis were conducted in accordance with
Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. Relevant studies
were identified through comprehensive database searches. Inclusion criteria focused on randomized
controlled trials comparing adjunctive MMAE with surgery to surgery alone for SDH. Data on
recurrence rates, functional outcomes, mortality, and adverse events were extracted and synthesized.
Results: Six randomized control trials involving 1,327 patients met the inclusion criteria. In cases of
chronic SDH, adjunctive MMAE significantly reduced recurrence rates compared to surgery alone,
with an odds ratio (OR) of 0.45 (95% CI: 0.22–0.93; p = 0.03; I2 = 0%). However, no improvement
in functional outcomes was observed (OR: 1.15; 95% CI: 0.43–3.02; p = 0.78; I2 = 0%). For subacute
or mixed subacute and chronic SDH, limited evidence showed no significant reduction in recurrence
rates (OR: 0.56; 95% CI: 0.21–1.49; p = 0.25; I2 = 70%) or functional improvement (OR: 0.77; 95% CI:
0.40–1.49; p = 0.44). Adjunctive MMAE was not associated with a significant increase in mortality
(OR: 0.72; 95% CI: 0.55–0.95; p = 0.02) or adverse events (OR: 0.89; 95% CI: 0.61–1.31; p = 0.55).
Conclusion: Adjunctive MMAE significantly reduces recurrence rates in chronic SDH but does not
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provide additional functional benefits. Its efficacy in subacute SDH remains inconclusive, highlighting
the need for further research.

Keywords: Subdural hematoma, middle meningeal artery embolization, surgery, adjuvant therapy,
meta-analysis.

Introduction

Subdural hematoma (SDH) is a common neurosurgical condition, particularly among older adults,
characterized by the accumulation of blood in the subdural space, leading to brain compression.1 SDH
is classified into three subtypes based on the timing of symptom onset and duration: acute, subacute,
and chronic.2 The incidence of chronic SDH has been steadily increasing due to global population
aging, with prevalence rates ranging from 8.2 to 58 cases per 100,000 annually in individuals aged 65
years and older.3,4

The standard treatment for symptomatic SDH is surgical intervention, such as burr hole cran-
iotomy, which effectively alleviates intracranial pressure and restores neurological function.5 However,
the high recurrence rate, which occurs in 5–30% of cases after surgery, remains one of the most
significant challenges.6 Recurrences often necessitate additional procedures, leading to increased
healthcare costs, higher risks of complications, and prolonged hospital stays.7 These challenges
underscore the urgent need for more effective and durable treatment strategies.

In recent years, adjunctive therapies aimed at reducing SDH recurrence and improving patient
outcomes have garnered significant attention. Goreisan, a traditional Japanese herbal medicine, has
demonstrated potential in small-scale studies to prevent fluid accumulation in the subdural space
and reduce recurrence rates.8 Another promising innovation is middle meningeal artery embolization
(MMAE), a minimally invasive endovascular procedure designed to promote hematoma resorption
and prevent re-bleeding by targeting the middle meningeal artery.9 It is a catheter-based emboliza-
tion of specific arterial branches that sustain chronic inflammation and neovascularization within
the hematoma membrane, which are believed to contribute to recurrence. During the procedure,
embolization materials such as polyvinyl alcohol particles, liquid embolics like n-butyl cyanoacrylate,
or microspheres are employed to occlude the targeted vessels.10 The goal is complete occlusion of
the distal branches of the middle meningeal artery supplying the hematoma membrane while sparing
non-target vessels to minimize the risk of adverse effects.11 Under fluoroscopic guidance, the catheter
tip is carefully positioned just proximal to the foramen spinosum to ensure precise and controlled
embolization.12 By reducing the vascular supply to the hematoma membrane, MMAE facilitates
hematoma resolution and significantly lowers the likelihood of symptomatic recurrence.

MMAE reduces blood supply to the affected dura mater, stabilizes the subdural space, and prevents
the formation of fragile neovessels associated with hematoma recurrence.13 Preliminary studies suggest
that MMAE may also accelerate hematoma resorption and support neurological recovery.14 These
adjunctive approaches provide promising options for managing SDH, particularly in patients at high
risk of recurrence or those unsuitable for repeated surgical interventions.11 Over the past decade,
retrospective studies have consistently highlighted the benefits of MMAE, including lower recurrence
rates, faster hematoma resolution, and improved functional outcomes.15 A systematic review of
observational studies conducted in 2024 reported that MMAE was associated with a 57% reduction in
treatment failure and a 55% reduction in reoperation rates compared to surgery alone.16 Additionally,
studies have documented a lower incidence of postoperative complications, including symptomatic
recurrences, among patients receiving MMAE treatment.11

While these retrospective findings are promising, they are inherently limited by selection bias and
the lack of randomization, preventing definitive conclusions. To address these limitations, recent years
have seen the initiation of randomized controlled trials (RCTs), widely regarded as the gold standard
for evaluating the efficacy and safety of MMAE, as an adjunct to surgery for SDH. Early results
from these trials have been encouraging, demonstrating reduced recurrence rates and favorable safety
profiles.17 However, the small sample sizes and variability in study designs highlight the need for a
comprehensive synthesis of the available evidence. Therefore, this systematic review and meta-analysis
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aim to provide a robust, evidence-based evaluation of the effectiveness and safety of adjunctive MMAE
combined with surgery compared to surgery alone.

Methods

Ethics and Registration
This systematic review and meta-analysis followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines and was registered with the University Hospital
Medical Information Network Clinical Trials Registry (Registration ID: 000056379), ensuring trans-
parency and methodological rigor.18,19 As the analysis was based solely on previously published data,
no additional ethical approval was required.

Eligibility Criteria
Studies were included if they met the following criteria: 1) focused on patients with subacute or chronic
SDH, 2) employed adjunctive MMAE with surgery as the intervention and compared it to surgery
alone, and 3) reported outcomes such as recurrence rate, functional improvement, adverse events
(AEs), or mortality. Studies were excluded if they met any of the following criteria: 1) non-randomized
studies, case reports, or conference abstracts, 2) duplicate reports, or 3) studies with insufficient data.

Search Strategy
A systematic search was conducted in PubMed, EMBASE, Web of Science, and the Cochrane
Library, updated until December 10, 2024, to identify eligible studies. The search used keywords
such as “subdural hematoma,” “subacute subdural hematoma,” and “chronic subdural hematoma” to
identify the patient population; “middle meningeal artery embolization,” “surgery,” and “adjuvant”
to identify the interventions; and “randomized controlled trials” or “RCT” to define the study design.
Additionally, the reference lists of included studies and relevant reviews were manually screened to
identify additional eligible studies. No language restrictions were applied to the publication.

Data Collection and Extraction Process
Two independent reviewers (C.B. and T.U.) screened the titles and abstracts of all retrieved articles,
followed by full-text assessments of potentially relevant studies to confirm their eligibility. Any
discrepancies were resolved through consensus or, if necessary, by consulting a third reviewer to
ensure accuracy and consistency in the selection process. Data were independently extracted by the
reviewers using a standardized form that captured study characteristics (e.g., author, year, country, and
design), participant demographics (e.g., age, sex, and sample size), intervention and comparator details
(MMAE agent, SDH type), outcomes of interest (recurrence, functional improvement, mortality,
and AEs), and follow-up duration. Authors were contacted for clarification or to request additional
information when required.

Outcomes
The outcomes of this analysis included both the effectiveness and safety of the intervention. Effec-
tiveness was assessed based on recurrence rates and functional improvements. Safety outcomes
were evaluated by examining the incidence of mortality and AEs. Recurrence was defined as the
reappearance of SDH, irrespective of whether surgical intervention was needed. Functional status was
measured using validated scales, such as the modified Rankin Scale (mRS), with recovery assessed by
changes in mRS scores from the time of treatment to the last follow-up, focusing on improvements
in functional categories. Mortality was defined as death from any cause, while AEs were documented
across all severity grades.
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Statistical Analysis
A random-effects model was applied for all meta-analyses to account for between-study variability.
Pooled estimates were expressed as odds ratios (Ors) with 95% confidence intervals (CIs) for dichoto-
mous outcomes. Heterogeneity was assessed using the I2 statistic, with thresholds of 25%, 50%, and
75% indicating low, moderate, and high heterogeneity, respectively. Subgroup and sensitivity analyses
were conducted to explore potential sources of heterogeneity. Publication bias was evaluated through
funnel plot symmetry. To ensure the robustness of the results, sensitivity analyses were performed by
excluding studies at high risk of bias and assessing the impact of outliers. Where applicable, subgroup
analyses stratified by patient characteristics (chronic or subacute SDH) were conducted to identify
potential effect modifiers and improve the clinical interpretability of the findings.

Risk Assessment
The risk of bias for the included studies was rigorously assessed using the Cochrane Risk of Bias 2.0
tool.20 This evaluation covered key domains, including the randomization process, deviations from
intended interventions, missing outcome data, outcome measurement, and the selection of reported
results. Each study was classified into one of three categories: low risk, some concerns, or high risk of
bias. Publication bias was assessed using funnel plots. Any discrepancies between reviewers during the
evaluation process were resolved through discussion and consensus to ensure accuracy and reliability.

Evidence Level Assessment
The level of evidence for each outcome was determined using the GRADE (Grading of Recommenda-
tions Assessment, Development, and Evaluation) system.21 Evidence was classified as high, moderate,
low, or very low, based on factors such as the risk of bias, consistency of results across studies,
directness of evidence, precision of estimates, and the presence of publication bias. When appropriate,
the level of evidence was downgraded due to limitations in study quality or upgraded based on strong
effect sizes or large sample sizes, in accordance with GRADE criteria.

Results

Study Selection and Characteristics
A systematic search identified 995 records, from which 118 duplicates were removed. After screening
titles and abstracts, 769 studies were excluded. Following a full-text review, six RCTs met the inclusion
criteria. These trials, collectively involving 1,327 patients, assessed the efficacy and safety of adjunctive
MMAE combined with surgery, compared to surgery alone for chronic subdural hematoma (CSDH).
The selection process is depicted in the PRISMA flow diagram (Fig. S1). The included RCTs,
published between 2020 and 2024, were conducted across multiple countries, including the USA,
Australia, China, and France (Table 1).22–27 The patient populations primarily consisted of older
adults, with mean ages ranging from 68.7 to 76.0 years, and male representation varying from 56.1%
to 82.5%. While four studies focused exclusively on chronic SDH, two also included patients with
subacute conditions. Four studies employed ethylene vinyl alcohol copolymer as the embolic agent, one
study used polyvinyl alcohol particles, and one utilized multiple agents, depending on the discretion
of the treating neurointerventionist.

Recurrence Prevention
Adjunctive MMAE combined with surgery demonstrated significant effectiveness in reducing recur-
rence rates. The pooled analysis for chronic SDH showed an OR of 0.45 (95% CI: 0.22–0.93, p = 0.03;
I2 = 0%) (Fig. 1). In studies including both subacute and chronic SDH, the pooled analysis indicated
an OR of 0.56 (95% CI: 0.21–1.49, p = 0.25; I2 = 70%), which did not show a statistically significant
difference. A fixed-effect model was applied to studies focusing on adjuvant MMAE in chronic SDH,
yielding an OR of 0.41 (95% CI: 0.20–0.84, p = 0.01; I2 = 0%), confirming the consistency of the results
(Fig. S2). However, only two studies evaluated the effectiveness of adjunctive MMAE in subacute and
chronic SDH, making sensitivity analysis inapplicable.
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Table 1. Characteristics of studies included in the meta-analysis

Author Country Agea Male Adjuvant Surgery Types FU MMAE
agents

Primary outcome

Davies
2024

USA 72.0
(11.2)

73.0% 197 203 Sub or
C

90 EVOH Recurrence or
progression
requiring surgery

Debs
2024

USA 68.6
(10.8)

63.9% 17 19 C 39 EVOH Neurological
outcome and
resource
utilization

Fiorella
2024

USA 73.1
(10.5)

69.3% 91 98 C 180 EVOH Recurrence;
re-surgery; major
disabling stroke or
myocardial
infarction;
mortality

Lam
2023

Australia 68.7
(13.9)

65.7% 16 19 C 90 Multi Symptomatic
recurrence
requiring surgery

Liu 2024 China 69.3
(10.4)

82.5% 281 284 Sub or
C

90 EVOH Symptomatic
recurrence or
progression

Ng 2020 France 76.0
(12.5)

56.1% 19 22 C 90 PVA
particles

Change in
hematoma volume
resorption

Note: a: mean and standard deviation of years; Sub: subacute subdural hematomas; C: chronic subdural
hematomas; FU: follow up (mean days); MMAE: middle meningeal artery embolization; EVOH: ethylene vinyl
alcohol copolymer; Multi: squid 12, Onyx 18, PHIL 25%, and n-butyl cyanoacrylate (25%) mixed with 75%
Lipiodol; PVA particles: polyvinyl alcohol particles.

Figure 1. Effectiveness of recurrence prevention with adjuvant MMAE and surgery. MMAE:
middle meningeal artery embolization; CI: confidence interval.

Functional Recovery
Functional improvement, as assessed by validated scales such as the mRS, was not significantly
different in the adjuvant MMAE group (OR: 0.88, 95% CI: 0.51–1.51, p = 0.63; I2 = 0%) (Fig. 2).
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Subgroup analysis of studies focusing on chronic SDH demonstrated an OR of 1.15 (95% CI: 0.43–
3.02, p = 0.78; I2 = 0%). A fixed-effect model applied to the chronic SDH subgroup yielded similar
results (Fig. S3). One study examining functional recovery in both subacute and chronic SDH reported
an OR of 0.77 (95% CI: 0.40–1.49, p = 0.44).

Figure 2. Functional recovery outcomes with adjuvant MMAE and surgery. MMAE: middle
meningeal artery embolization; CI: confidence interval.

Safety
The overall mortality risk showed no statistically significant difference between the adjuvant MMAE
and surgery groups (OR: 1.01, 95% CI: 0.42–2.49, p = 0.98; I2 = 47%) (Fig. 3). Subgroup analysis
revealed similar results for patients with subacute or chronic SDH, as well as for those with chronic
SDH, with ORs of 0.75 (95% CI: 0.10–5.47, p = 0.78; I2 = 80%) and 1.36 (95% CI: 0.56–3.27, p =
0.50; I2 = 0%), respectively. Although high heterogeneity was observed, sensitivity analysis was not
applicable due to the inclusion of only two studies in the subacute and chronic SDH subgroups. AEs
were comparable between the adjunctive MMAE and surgery groups, with a pooled OR of 1.27 (95%
CI: 0.95–1.70, p = 0.10; I2 = 0%) (Fig. S4). Subgroup analysis of AEs in subacute or chronic SDH
showed an OR of 1.31 (95% CI: 0.95–1.81, p = 0.10; I2 = 0%).

Figure 3. Odds ratio for mortality with adjuvant MMAE and surgery. MMAE: middle
meningeal artery embolization; CI: confidence interval.
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Bias and Evidence
Publication bias was assessed using funnel plots, which appeared symmetrical (Figs. S5–S8), suggesting
that the results are unlikely to be significantly influenced by selective reporting or unpublished studies.
The overall risk of bias is summarized in Fig. S9, which reveals a high risk of detection bias and
performance bias in two studies, as well as attrition bias in one study. The evidence, as evaluated
using the GRADE framework, is presented in Table 2. Moderate-quality evidence supports the use of
adjuvant MMAE to prevent recurrence in chronic SDH. In contrast, low-quality evidence indicates no
significant improvement in functional recovery, while moderate-quality evidence suggests no increase
in AEs or mortality. However, evidence supporting the use of adjuvant MMAE in patients with
subacute or chronic SDH remains limited, highlighting the need for further investigation in these
populations.

Table 2. Summary of evidence for key outcomes

Outcomes Impact Number of
participants
(Studies)

Certainty of the evidence
(GRADE)

Recurrence Chronic SDH, OR: 0.45 (p = 0.03) 1,266 ⊕⊕⊕�
Subacute or chronic SDH, OR: 0.56
(p = 0.25)

(7 studies) Moderate

Functional
recovery

Chronic SDH, OR: 1.15 (p = 0.78) 471 ⊕⊕��
Subacute or chronic SDH, OR: 0.77
(p = 0.44)

(3 studies) Low

Mortality Chronic SDH, OR: 1.36 (p = 0.50) 1,230 ⊕⊕⊕�
Subacute or chronic SDH, OR: 0.75
(p = 0.78)

(5 studies) Moderate

Adverse events Chronic SDH, OR: 1.31 (p = 0.10) 1,154 ⊕⊕⊕�
Subacute or chronic SDH, OR: 1.13
(p = 0.71)

(3 studies) Moderate

Note: GRADE: Grading of Recommendations Assessment, Development, and Evaluation; SDH: subdural
hematomas; OR: odds ratio.

Discussion

This systematic review and meta-analysis of RCTs offer valuable insights into the efficacy and safety
of adjunctive MMAE combined with surgery for managing chronic SDH. The findings provide a
robust evidence base, addressing gaps in previous retrospective studies and supporting MMAE as
an effective adjunctive therapy for patients undergoing surgical treatment for chronic SDH.16,28

However, the analysis highlights limited evidence regarding the efficacy of MMAE in populations
with a combination of subacute and chronic SDH, as no statistically significant improvements were
observed in recurrence prevention or functional recovery in this group. This may be due to the
reduced effectiveness of MMAE in subacute SDH patients. Additionally, subgroup analysis comparing
outcomes between subacute and chronic SDH patients was not feasible due to insufficient data.
Importantly, MMAE therapy did not increase mortality and demonstrated a favorable safety profile,
underscoring its reliability for managing chronic SDH.

While the findings affirm the potential of MMAE to enhance treatment outcomes, the lack of
significant improvements in functional recovery warrants further investigation. As assessed by the
mRS, functional outcomes may require longer follow-up periods or larger sample sizes to detect
more subtle benefits. Most studies used ethylene vinyl alcohol copolymer as the liquid embolic agent
for MMAE; however, the variability in study protocols—such as differences in embolic agents and
the timing of MMAE relative to surgery—highlights the need for standardized clinical guidelines to
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optimize its implementation. The safety profile of MMAE, as observed in this analysis, is reassuring,
with no significant differences in mortality or AEs between the adjuvant MMAE and surgery-alone
groups. This suggests that the procedure does not introduce additional risks, even in populations with
advanced age or complex medical conditions. Nonetheless, the long-term safety and potential impacts
on neurological and cognitive outcomes remain underexplored and should be prioritized in future
research.

Cost-effectiveness analysis is a crucial factor in evaluating the broader applicability of adjunctive
MMAE in managing chronic SDH.29 By effectively reducing recurrence rates, MMAE has the
potential to significantly lower healthcare costs associated with repeat surgeries, prolonged hospital
stays, and additional interventions for recurrent cases. Moreover, its minimally invasive nature could
lead to shorter recovery times and fewer postoperative complications, thus alleviating economic
burdens on both healthcare systems and patients. However, the upfront costs of embolization pro-
cedures—including the use of specialized embolic agents, advanced imaging technologies, and the
expertise required for neurointerventional procedures—may present accessibility challenges, especially
in resource-limited settings.30 Future research should prioritize comprehensive cost-effectiveness
analyses that encompass not only direct medical expenses but also indirect costs, such as the impact
on patient productivity and quality of life. Evaluating these factors across diverse healthcare systems
will be critical in determining the value of MMAE as a standard adjunctive therapy and in developing
strategies to enhance its affordability and global accessibility.

In addition to the combined use of MMAE with surgery, alternative treatment strategies, such as
MMAE alone, warrant consideration. MMAE as a standalone therapy has been explored in select
cases where surgical intervention is considered high-risk or unnecessary, particularly in patients with
mild symptoms or significant comorbidities.31 The mechanistic rationale for MMAE-only therapy
lies in its ability to reduce neovascularization and stabilize hematomas without requiring surgical
evacuation. While preliminary evidence suggests that MMAE alone may be effective for specific
chronic SDH cases, robust data on its efficacy compared to surgical options remain limited.24

Additionally, emerging approaches, such as endovascular embolization using alternative agents or
techniques, may offer distinct advantages in terms of safety, efficacy, or cost. Direct comparisons
between MMAE alone, surgery alone, and combination therapy are essential to identify the most
optimal treatment pathways. Future research should prioritize comparative effectiveness studies to
clearly define the specific indications, benefits, and limitations of MMAE-only therapy and other
innovative treatment modalities.

Despite its promising potential, several limitations should be considered. The small number of
included RCTs, combined with variability in study populations, follow-up durations, and outcome
definitions, limits the generalizability of the findings. Most studies primarily focused on chronic
SDH, leaving the role of MMAE in other forms of SDH, such as acute or traumatic cases, unclear.
Furthermore, the heterogeneity in reporting AEs and defining criteria for functional improvement
complicates the ability to draw consistent conclusions. The reliance on advanced imaging techniques
and specialized expertise for MMAE may also limit its accessibility in resource-limited settings,
underscoring the need for strategies to expand its availability.

Conclusion

Adjunctive MMAE with surgery represents a significant advancement in the management of CSDH,
effectively reducing recurrence rates without compromising patient safety. While current evidence
supports MMAE as a valuable addition to surgical treatment, further studies are necessary to address
its limitations, refine treatment protocols, and assess its broader applicability. By reducing recurrence
and promoting recovery, MMAE has the potential to transform the management of CSDH, ultimately
improving patient outcomes and quality of life.
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