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ABSTRACT

Middle meningeal artery (MMA) embolization has been
proposed as a minimally invasive treatment for chronic
subdural hematoma (cSDH). The aim of this systematic
review and meta-analysis is to compare outcomes after
MMA embolization versus conventional management
for cSDH. We performed a systematic review of
PubMed, Embase, Oxford Journal, Cochrane, and Google
Scholar databases from April 1987 to October 2020 in
accordance with PRISMA guidelines. Studies reporting
outcomes after MMA embolization for =3 patients

with c¢SDH were included. A meta-analysis comparing
MMA embolization with conventional management was
performed. The analysis comprised 20 studies with 1416
patients, including 718 and 698 patients in the MMA
embolization and conventional management cohorts,
respectively. The pooled recurrence, surgical rescue, and
in-hospital complication rates in the MMA embolization
cohort were 4.8% (95% Cl 3.2% t0 6.5%), 4.4% (2.8%
t0 5.9%), and 1.7% (0.8% to 2.6%), respectively.

The pooled recurrence, surgical rescue, and in-hospital
complication rates in the conventional management
cohort were 21.5% (0.6% to 42.4%), 16.4% (5.9%

t0 27.0%), and 4.9% (2.8% to 7.1%), respectively.
Compared with conservative management, MMA
embolization was associated with lower rates of cSDH
recurrence (OR=0.15 (95% CI 0.03 to 0.75), p=0.02)
and surgical rescue (OR=0.21 (0.07 to 0.58), p=0.003).
In-hospital complication rates were comparable
between the two cohorts (OR=0.78 (0.34 to 1.76),
p=0.55). MMA embolization is a promising minimally
invasive therapy that may reduce the need for surgical
intervention in appropriately selected patients with
cSDH. Additional prospective studies are warranted to
determine the long-term durability of MMA embolization,
refine eligibility criteria, and establish this endovascular
approach as a viable definitive treatment for cSDH.

INTRODUCTION

Chronic subdural hematomas (¢cSDH) are a common
intracranial pathology, with an incidence of approx-
imately 1 to 5.3 cases per 100 000 people.! The
incidence of ¢SDH is highest in elderly patients (age
>65 years), with a range of 8.2 to 18.8 per 100
000 people in this subgroup.”™ As the population
ages worldwide, ¢SDH prevalence is expected to
rise.! Surgical drainage, either with burr hole(s) or
craniotomy, is considered as the definitive manage-
ment for ¢SDHs.’™® However, recurrence rates after
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surgical cSDH drainage range from 2% to 37%.”'*

Neurosurgical decision-making in this patient
population frequently requires the practitioner to
consider medical comorbidities and determine the
necessity, as well as timing, of restarting anticoagu-
lants or antiplatelets.” ' ' '¢ Recently, efforts have
been directed towards the identification of non-
surgical treatment strategies for cSDH.'"

Accumulation of blood within the subdural space
incites an inflammatory response, comprising fibro-
blast proliferation, granulation tissue formation,
and release of angiogenic factors.”” This results in
formation of a neomembrane within 3-4 weeks
of the primary injury.?* It has been hypothesized
that leakage from neomembrane capillaries, which
contain highly permeable endothelial gap junc-
tions, might contribute to ¢SDH enlargement and
recurrence.” 2° Eliminating the blood supply to
the neomembrane by embolization of the middle
meningeal artery (MMA), either upfront or adjunc-
tive to surgical evacuation, has been proposed as a
minimally invasive treatment for cSDH.'® 20 2773
Established guidelines for the management of
cSDH are lacking, and treatment practices are vari-
able.'? ** Endovascular intervention for cSDH is
a novel treatment with heterogeneous indications
and techniques.*® The aim of this systematic review
and meta-analysis is to summarize the current liter-
ature comparing the outcomes after MMA emboli-
zation versus conventional management, including
surgical drainage and observation, for patients with
c¢SDH.

METHODS

Study design

No registered review protocol was used in this
study. This review follows guidelines set forth by the
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) (online supplemental
figure 1).

Inclusion and exclusion criteria

The systematic review used the following inclu-
sion criteria: (1) =3 patients undergoing MMA
embolization for c¢SDH; (2) post-embolization
outcomes data describing ¢cSDH recurrence were
reported; and (3) the language is English. Review
articles, letters, editorials, comments, case reports,
and technical reports were excluded. Articles with
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Table 1 Study design, treatment characteristics, and follow-up durations of the overall cohort
Embolization for
Prophylactic recurrent cSDH
Total embolization Total conventional Upfront embolization after  after
F/U (months)  patients g patients bolization surgical evacuation surgical evacuation ~ Embolization material
Study, year Country Design Patients n  mean (SD) n (%) n (%) N (%) N (%) N (%) (N)
Mino, Japan  Retrospective 4 6 4 0 0 0 4 Gelatin sponge and
2010 (0) (100) (0) (0) (0) (100) Guglielmi detachable
coils (4).
Hashimoto, 2013 Japan  Retrospective 5 35 5 0 0 2 3 n-BCA (4), n-BCA+PVA
(0.5) (2) (100) (0) (0) (40.0) (60.0) (1)
Chihara, 2014 Japan  Retrospective 3 12 3 0 0 0 3 PVA +coil (3)
(8.5) (100) (0) (0) (0) (100)
Tempaku, 2015 Japan Retrospective 5 17.6 5 0 0 0 5 PVA (4), PVA+coil (1)
(21.4) (100) (0) (0) (0) (100)
El Kim, 2017 Korea Retrospective 43 3.45 20 Surgery 23 (53.5) 0 0 20 PVA (20)
(1.1) (46.5) (0) (0) (100)
Matsumoto, 2017  Japan Retrospective 14 NR 4 Surgery 10 0 0 4 n-BCA (4)
(28.6) (71.4) (0) (0) (100)
Ban, 2018 Korea Retrospective 541 6 (0) 72 Observation 67 (12.4), 27 45 0 PVA (72)
(13.3) surgery 402 (74.3) (37.5) (62.5) 0)
Link, 2018 USA Retrospective 49 At least 6 weeks 49 0 32 10 7 PVA (49)
(100) 0) (65.3) (20.4) (14.3)
Nakagawa, 2019  Japan Retrospective 20 24 weeks after 20 0 0 0 20 n-BCA (20)
embolization (100) 0) 0) 0) (100)
Ng, 2018 France  Prospective, 41 3 19 Surgery 22 0 19 0 PVA (19)
randomized (0) (46.3) (53.7) (0) (100) (0)
Okuma, 2019 Japan  Retrospective 17 26.3 17 0 0 0 17 n-BCA (11), embosphere
(17.4) (100) (0) (0) (0) (100) (3), n-BCA+embosphere
(2), coil (1)
Wagas, 2019 USA Retrospective 8 33 8 0 6 0 2 Onyx (n=8)
(1.0) (100) (0) (75.0) (0) (25.0)
Catapano, 2021 USA Retrospective 35 3-4 35 (100) 0 4 2 9 Onyx (29), particles (7),
(0) (68.6) (5.7) (25.7) n-BCA (5)
Fan, 2020 China Retrospective 7 4-6 7 0 0 7 0 Absolute alcohol (7)
(100) 0 0 (100) ]
Joyce, 2020 * USA Retrospective 151 At least 6 weeks 151 0 79 17 55 Coil (6), liquid (30),
to 90 days (100) 0) (52.3) (11.3) (36.4) particles (38), liquid +coil
(2), particles+coils (72),
particles+liquid (1)
Kan, 2020 USA Prospective 138 32 138 0 92 0 46 Coils (5), liquid (37),
(2.5) (100) 0) (66.7) 0) (33.3) liquid+coil (2), particles
(38), particles+coil (70)
Mureb, 2020 USA Retrospective 8 3 8 0 8 0 0 PVA (8)
(2 to 4 months) ~ (100) (0) (100) (0) (0)
Rajah, 2020 USA Prospective 46 2 46 0 37 4 5 Onyx (43), n-BCA (1)
(1) (100) 0) (80.4) 8.7) (10.9)
Shotar, 2020 France  Retrospective 263 NR 89 174 0 89 0 Microsphere (81), n-BCA
(33.8) (66.2) (0) (100) (0) (5), coil (5)
Yajima, 2020 Japan Retrospective 18 8 18 0 2 14 n-BCA (18)
(2 to 53 months)  (100) 0) (11.1) (1.1 (77.8)
Total 1416 718/1416 698/1416 307/718 197/718 214/718
(50.7) (49.3) (42.8) (27.4) (29.8)
Pooled 28.4 23.2 478
estimatet (11.7t045.2) (5.9 to 40.5) (27.7 10 67.9)

*Study reported outcome data using number of cases of cSDH instead of number of patients.

tWeighted pooled proportions in percentage (%) with 95% confidence intervals and weighted means with SD are presented.

<SDH, chronic subdural hematoma; F/U, follow up; n-BCA, n-butyl cyanoacrylate; NR, not reported; PVA, polyvinyl alcohol particles.

insufficient surgical outcomes data or with overlapping published
data in a more recent series were excluded.

Literature search

A systematic literature search was performed on October 2020
in the PubMed, Embase, Oxford Journal, Cochrane, and Google
Scholar databases with the following search terms: ‘hematoma,
subdural, chronic (MeSH)’ OR ‘chronic” OR ‘subdural hema-
toma’ AND ‘meningeal arteries (MeSH)” OR ‘middle meningeal
artery” AND ‘embolization, therapeutic’ (MeSH) OR ‘emboliza-
tion’ AND ‘recurrence’. The literature search was performed by
two reviewers (NI and CN). Articles were screened by title and

abstract. The remaining articles underwent a further detailed,
full-text review for relevance and usable data that adhered to the
inclusion criteria. The references of selected articles were manu-
ally screened for potentially relevant studies that had not previ-
ously been identified using the study search terms. Disagreement
between reviewers was resolved by discussion until a consensus
decision was reached.

Definitions

Indications for embolization were categorized as (1) upfront
embolization in patients with a previously untreated ¢SDH;
(2) prophylactic embolization after surgical evacuation without
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evidence of interval postoperative ¢SDH recurrence; or (3)
embolization for recurrent cSDH after previous surgical evac-
uation. Conventional management was defined as either obser-
vation with serial neuroimaging or surgical cSDH drainage (burr
holes or craniotomy with or without drain placement). ¢<SDH
recurrence was defined as an increase of hematoma width on
follow-up imaging compared with the immediate postoperative
imaging.

In-hospital complications were defined as any adverse event
related to the endovascular procedure, including new neurologic
deficit or radiologic evidence of acute ischemic or hemorrhagic
changes on post-embolization imaging. Surgical rescue was
defined as the requirement for surgical evacuation for recurrent
or persistent cSDH after MMA embolization. When reported,
the modified Rankin Scale (mRS) was used to assess functional
outcome, and favorable outcome was defined as mRS score 0-2
at the time of last follow-up.®’

Outcome measures and data extraction

The primary outcome was c¢SDH recurrence. Secondary
outcomes included need for surgical rescue, in-hospital compli-
cations, and favorable outcome. Extracted patient demographic
and study data included year of publication, study design,
location of institution(s), age at presentation, sex, and mean
follow-up duration. Clinical data included signs or symptoms of
headache, speech disturbance, focal motor weakness, gait insta-
bility, altered mental status, seizure, and history of head trauma.
Medical history data included history of congestive heart failure,
hypertension, atrial fibrillation, diabetes mellitus, malignancy,
coagulopathy, and antiplatelet or anticoagulant use at the time
of presentation. Radiographic and treatment data included pres-
ence of bilateral ¢<SDH, type of embolic agent used, indication
for embolization, and history of surgical ¢SDH evacuation. A
subgroup analysis was performed comparing the primary and
secondary outcomes between patients who underwent upfront
versus postoperative MMA embolization.

The methodological quality of the included studies was
assessed using the Down’s and Black checklist, in which each
study was evaluated for sources of non-random error using a
validated 32-point index (online supplemental table 1).*

Statistical analysis

Statistical analysis of pooled data was performed using Review
Manager version 5.3 (Copenhagen: The Nordic Cochrane
Centre, The Cochrane Collaboration, 2014) and Meta-Essentials
Software version 1.4 (Erasmus Research Institute of Manage-
ment, 2017).%° Patient demographic, clinical, medical history,
radiographic, treatment, and outcomes data were summarized
for the included studies using pooled weighted means with SD
for continuous variables or pooled weighted proportions with
corresponding 95% confidence intervals for categorical vari-
ables, as appropriate.*’

Among the double-arm studies comparing conventional
management with MMA embolization, odds ratios (ORs) for
the primary and secondary outcomes were computed using the
Mantel-Haenszel test. Both fixed and random effects models
were tested. Negligible differences were found between the two
models, and the random effects model was implemented in the
final analyses. Study heterogeneity was detected using the y* and
I” test statistics. Significant heterogeneity was considered to be
present when both the ¥ value was within a 10% level of signif-
icance (p<0.10) and the I* value exceeded 50%.*" All statistical
tests were two-sided, and p<0.05 was considered statistically
significant.

RESULTS

Study characteristics

A total of 20 studies, comprising 1416 patients with cSDH, met
the inclusion criteria for the study cohort (online supplemental
figure 1). Five double-arm studies, comprising 902 patients with
c¢SDH, compared outcomes between conventional management
versus MMA embolization. Fifteen single-arm studies, comprising
514 patients with c¢SDH, reported outcomes after MMA embo-
lization with or without surgical evacuation for ¢SDH. Table 1
summarizes the characteristics of the study cohort. The majority
of studies originated from Japan (n=38), followed by USA (n=7),
Korea (n=2), France (n=2), and China (n=1). MMA emboliza-
tion was performed, for recurrent cSDH after previous surgical
evacuation in 47.8%, prophylactically after surgical evacuation
in 23.2%, and upfront in 28.4%. The mean follow-up duration
ranged from 1.5 to 26.3 months. Embolization materials used
were particles (n=403), liquid (n=143), coils (n=171), micro-
spheres (n=86) and Onyx (n=80).

Patient demographic, clinical and radiographic characteristics
Table 2 summarizes the demographics and clinical characteristics
of the 688 patients with ¢SDH treated with MMA emboliza-
tion. The mean age was 72.7+11.8 years, and 74% were male.
There was a history of head trauma in 54.7%. Bilateral cSDHs
were present in 17.5%. Presenting symptoms included focal
motor weakness or gait instability in 51.8%, headache in 35.8%,
speech disturbance in 5.5%, and seizure in 2.8%. Comorbidi-
ties included hypertension in 50.7%, diabetes mellitus in 23.29%,
congestive heart failure in 14.7%, malignancy in 18.7%, and
coagulopathy in 3.7%. Concurrent antiplatelet or anticoagulant
use was reported in 47.2%.

Outcomes after MMA embolization versus conservative
management for ¢SDH

Table 3 summarizes the outcomes after MMA embolization
(n=714) versus conventional management (n=698) for ¢cSDH.
Following MMA embolization, the rates of ¢SDH recurrence,
in-hospital complications, surgical rescue, and mRS score 0-2 at
last follow-up were 4.8% (95% CI 3.2% to 6.5%), 1.7% (0.8%
to 2.6%), 4.4% (2.8% to 5.9%), and 72.8% (46.3% to 99.2%),
respectively. After conventional management, rates of ¢SDH
recurrence, in-hospital complications, surgical rescue, and mRS
score 0-2 at last follow-up were 21.5% (0.6% to 42.4%), 4.9%
(2.8% to 7.1%), 16.4% (5.95% to 27.0%), and 92.3% (10.8%
to 100%), respectively. Reported in-hospital complications
in the conventional management cohort were epilepsy (n=9),
cerebral infarction (n=8), acute epidural or subdural hematoma
(n=38), surgical site infection (n=8), and intracerebral hemor-
rhage (n=2).

Meta-analysis of MMA embolization versus conventional
management for ¢SDH

Five double-arm studies, comprising 902 patients with ¢SDH,
compared outcomes between MMA embolization (n=204,
22.6%) versus conventional management (n=698, 77.4%),
and these were included in the meta-analysis. MMA emboli-
zation was associated with a lower likelihood of ¢SDH recur-
rence (OR=0.15, 95% CI 0.03 to 0.75, p=0.02, 12=38%) and
surgical rescue (OR=0.21, 95% CI 0.07 to 0.58, p=0.003,
*=19%; figure 1). In-hospital complication rates were compa-
rable between the two cohorts (OR=0.78, 95% CI 0.34 to 1.76,
p=0.55, I*=0%; figure 1).
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Table 3  Primary and secondary outcomes after MMA embolization versus conventional management for cSDH

mRS score
In-hospital Surgical mRS score 0-2  Conventional In-hospital Surgical 0-2 at last

Embolization Recurrence complication  rescue at last F/U management  Recurrence complication rescue F/U

Study, year N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%)

Mino, 4 0 0 0 0 NR NR NR NR NR

2010 (100) (0) 0) (0) (0)

Hashimoto, 2013 5 0 0 0 NR NR NR NR NR NR
(100) (0) (0) (0)

Chihara, 2014 3 1(33.3) 0 1 NR NR NR NR NR NR
(100) (0) (33.3)

Tempaku, 2015 5 0 0 0 NR NR NR NR NR NR
(100) 0) (0) 0

El Kim, 2017 20 1 2 0 17 23 8 2 8 20
(46.5) (5) (10) (0) (85) (53.5) (34.8) (8.7) (34.8) (87.0)

Matsumoto, 2018 4 0 0 0 4 10 2 0 2 10
(28.6) 0 0) 0 (100) (7.4 (20) (0) (20) (100)

Ban, 2018 72 1 0 1 NR 469 129 (27.5) 20 (4.3) 88(18.8) NR
(13.3) (1.4) (0) (1.4) (86.7)

Link, 2018 45** 4 0 4 NR NR NR NR NR NR
(100) (8.9) (0) (8.9)

Nakagawa, 2019 20 0 0 0 NR NR NR NR NR NR
(100) () (0) 0

Ng, 2020 19 1 1(5.3) 1 NR 22 1 1(4.5) 1 NR
(46.3) (5.3) (5.3) (53.7) (4.5) (4.5)

Okuma, 2019 17 0 0 0 9 NR NR NR NR NR
(100) (0) (0) (0) (52.9)

Wagqas, 2019 8 0 0 0 8 NR NR NR NR NR
(100) (0) (0) (0) (100)

Catapano, 2021 35 1(2.9) 1(2.9 1(2.9) 25 NR NR NR NR NR
(100) (71.4)

Fan, 2020 7 0 0 0 NR NR NR NR NR NR
(100) (0) 0) 0

Joyce, 2020 * 151 8 3 9 NR NR NR NR NR NR

(5.3) (2.0) (6.0)

Kan, 2020 138 10 2(1.4) 9 90 NR NR NR NR NR
(100) (7.2) (6.5) (65.2)

Mureb, 2020 8 0 0 0 8 NR NR NR NR NR
(100) (0) (0) (0) (100)

Rajah, 2020 46 5 1 5 NR NR NR NR NR NR
(100) (11.4) (2.3) (11.4)

Shotar, 2020 89 7 6 4 NR 174 NR 14 24 NR
(33.8) (7.9) (6.7) (4.5) (66.2) (8.0) (13.8)

Yajima, 2020 18 0 0 0 NR NR NR NR NR NR
(100) 0 0 0

Total n 714 39/714 16/714 35/714 161/234 698 140/524 37/698 123/698 30/33

(%) (5.5) (2.2) (4.9) (68.8) (26.7) (5.3) (17.6) (90.9)

Pooled 438 1.7 4.4 72.8 21.5 49 16.4 923

estimatet (3.21t06.5) (0.8 t0 2.6) (2.81t05.9) (46.3 10 99.2) (0.6 to 42.4) (2.81t07.1) (5.9t027.0) (10.8to 100)

*Study reported outcome data using # of cSDH instead of # of patients.
tWeighted pooled proportions in percentage (%) with 95% confidence intervals are presented.

¢SDH, chronic subdural hemorrhage; F/U, Follow up; MMA, middle meningeal artery; mRS, modified Rankin Scale; NR, not reported.

Subgroup analysis of upfront versus postoperative MMA
embolization for ¢SDH

Online supplemental table 2 summarizes the outcomes
after upfront (n=43) versus postoperative MMA emboliza-
tion (n=256) for ¢SDH. Based on the four studies reporting
outcomes after upfront MMA embolization, the rates of cSDH
recurrence, in-hospital complications, and surgical rescue were
each 0%. Based on the 15 studies reporting outcomes after post-
operative MMA embolization, the rates of ¢<SDH recurrence,
in-hospital complications, and surgical rescue were 3.9% (95%
CI 1.4% to 6.4%), 2.8% (0.7% to 4.8%), and 2.9% (0.8% to
5.0%), respectively.

DISCUSSION

Formation of a vascular neomembrane derived from the dura
mater is hypothesized to contribute to cSDH pathogenesis and
recurrence, as the fragile neomembrane undergoes repetitive
cycles of breakdown and reconstitution.”*** MMA emboli-
zation targets the blood supply to the neomembrane, thereby
eliminating the potential source of persistent bleeding.'® In
this systematic review and meta-analysis, we pooled data from
20 studies reporting outcomes after MMA embolization for
cSDH, '8 20722 27:29 31 32 34 4232 "The primary outcome of ¢SDH
recurrence was observed in 4.8% of the MMA embolization
cohort versus 21.5% of the conventional management cohort.
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Recurrence
MMA Embolization  Conventional Treatment 0Odds Ratio 0Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
El Kim, 2017 1 20 8 23 29.1% 0.10(0.01, 0.88] 2017 6
Ban, 2018 1 72 129 489  32.3% 0.04[0.01,027) 2018 +—&%——
Matsurmoto, 2018 0 4 2 10 17.5% 0.38[0.01,9.69) 2018
Ng, 2020 1 19 1 22 211% 1.17(0.07,20.02) 2020
Total (95% CI) 115 524 100.0% 0.15[0.03, 0.75] ——aEEE—
Total events 3 140

N G . e & o “PR= I + + {
Heterogeneity: Tau®= 1.00; Chi*= 4.87, df= 3 (P = 0.18); P = 38% b = % o

Testfor overall effect: Z= 2.32 (P=0.02)

Favors MMA Embolization Favors Conventional

Surgical re-treatment

MMA Embolization  Conventional Treatment Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
El Kim, 2017 0 20 8 23 11.1% 0.04 (0.00,0.83] 2017 ¢
Ban, 2018 1 72 88 469 21.2% 0.06[0.01,0.44) 2018 ¢
Matsumoto, 2018 0 4 2 10 92% 0.38(0.01,9.69] 2018
Ng, 2020 1 19 1 22 11.7% 1.17[0.07,20.02] 2020
Shotar, 2020 4 89 24 174 468% 0.29[0.10,0.88] 2020 ——
Total (95% CI) 204 698 100.0% 0.21[0.07, 0.58] e
Total events 6 123

. - P - - - - } + } {
Heterogeneity. Tau®= 0.28; Chi*= 4.94 df= 4 (P=0.29), F=19% 001 01 10 100

Test for overall effect: Z= 3.00 (P = 0.003)

Favors MMA Embolization Favors Conventional

In-hospital complications

MMA Embolization  Conventional Treatment Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Rand 95% Cl Year M-H, Random, 95% CI
El Kim, 2017 2 20 2 23 157% 1.17[0.15,9.14] 2017
Matsumoto, 2018 0 4 0 10 Not estimable 2018
Ban, 2018 0 72 20 469 B84% 0.15(0.01,253] 2018 ¢
Ng, 2020 1 19 1 22 82% 1.17[0.07,20.02] 2020
Shotar, 2020 6 89 14 174 676% 0.83(0.31,223) 2020 j
Total (95% CI) 204 698 100.0% 0.78[0.34, 1.76]
Total events 9 37
Heterogeneity. Tau®= 0.00; Chi*=1.70, df= 3 (P = 0.64), F=0% o1 01 10 100

Testfor overall effect: Z= 0.60 (P = 0.55)

Figure 1

Favors MMA Embolization Favors Conventional

Forest plot showing rates of chronic subdural hematoma (cSDH) recurrence, surgical re-treatment, and in-hospital complication rate after

middle meningeal artery (MMA) embolization versus conventional management for cSDH. *Indicates p<0.05.

MMA embolization was associated with a lower rate of ¢SDH
recurrence than conventional management (OR=0.15; p=0.02),
and this corresponded to a reduced likelihood of surgical rescue
(OR=0.21; p=0.003). The rates of in-hospital complications
were similar between the two cohorts (OR=0.78; p=0.55). Our
overall findings suggest that MMA embolization is a promising
therapeutic strategy that can be employed as an adjunct or alter-
native to surgical drainage for judiciously selected patients with
cSDH.

cSDH is a common neurosurgical pathology, and its worldwide
incidence is expected to rise in tandem with the aging popula-
tion."™ Although spontaneous resolution of ¢SDHs has been
reported, conventional management of enlarging or symptomatic
¢SDHs requires surgical evacuation.”>* Burr hole craniotomy
and irrigation of the subdural space, with or without subdural or
subgaleal drain placement, is the preferred technique for cSDH
evacuation at many institutions, although miniature craniotomy

can be performed in cases of thick subdural membranes or those
with a sizeable acute hematoma component.’™ *¢ While ¢SDH
drainage is not technically challenging, the overall manage-
ment of these patients can be complicated, as affected patients
frequently have multiple risk factors for poor postoperative and
in-hospital outcomes.' *” *® Increasing age, presence of comor-
bidities, and lower Glasgow Coma Scale score at presentation
have been associated with increased disability and reduced
survival after cSDH surgery.’” *®

Our findings are consistent with the current literature
reporting ¢SDH recurrence rates after surgical evacuation in
2-37% of patients.”* Treatment for ¢SDH should account for
the substantial overlap between risk factors for ¢SDH recur-
rence and those for perioperative morbidity and mortality.’”~’
Recently, interest in MMA embolization for ¢SDH, both as an
upfront definitive intervention and postoperative adjunctive
therapy, has increased.'® 2! 2 %% ¢* In our pooled analysis, MMA
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embolization was performed upfront in 28.4% of patients, as a
post-surgical adjunct in 23.2%, and as rescue therapy following
cSDH recurrence in 47.8%. No cases of ¢SDH recurrence or
re-treatment were observed in patients who underwent upfront
MMA embolization. However, patients treated with postopera-
tive MMA embolization had ¢SDH recurrence and re-treatment
rates of 3.9% and 2.9%, respectively. A two-arm open-label
randomized controlled trial (NCT04065113) by Benitez et al
is currently underway to compare outcomes between MMA
embolization versus surgical evacuation for ¢cSDH. The study,
which includes patients with a new or recurrent ¢SDH, will
assess cSDH persistence or recurrence as the primary outcome
to inform the efficacy of MMA embolization as an upfront treat-
ment. Another three-arm open-label randomized controlled trial
(NCT04095819) has been designed by Osbun et al to compare
change in ¢SDH size between upfront MMA embolization,
surgery followed by MMA embolization, and surgery alone for
c¢SDH. This study is expected to characterize differences between
MMA embolization as an upfront versus adjuvant treatment.
The findings of these trials may help to guide patient selection
for MMA embolization and refine the management of ¢cSDH.

Previous systematic reviews have evaluated MMA emboliza-
tion for cSDH. Srivatsan et al reviewed three double-arm and six
single-arm studies comprising 126 patients with ¢cSDH, and they
found lower recurrence (OR=0.087; p<0.001) and comparable
complication (OR=0.563; p=0.497) rates after MMA emboli-
zation versus conventional management.”® These findings were
consistent with those from our study. Haldrup et al reviewed
18 single-arm studies comprising 191 patients with ¢SDH, and
they reported recurrence rates of 4.1% and 2.4% after upfront
and postoperative MMA embolization, respectively.®* The recur-
rence rate after upfront MMA embolization was higher than in
the present study, although several case reports were included
in prior analysis. The aforementioned reviews did not compare
surgical rescue rates between MMA embolization versus conven-
tional management, they lacked assessment of neurological and
functional outcomes, and they were published before the dissem-
ination of two recent multicenter studies. A recent single-center
retrospective cohort study of 35 patients, which was published
after completion of this systematic review, achieved complete
¢SDH resolution in 63% of patients. Although the authors did
not report recurrence rates, surgical rescue (2%) and compli-
cation rates (3%) were comparable to the pooled data in the
present study.*

Limitations

We acknowledge that our analyses have several limitations. The
majority of the included studies are retrospectively designed, and
as such, the analyzed data are heterogeneous. The patient inclu-
sion criteria varied across studies, and the relatively favorable
outcomes in the MMA embolization cohort may reflect some
degree of selection bias. Our subgroup analysis of upfront versus
postoperative MMA embolization was limited by a paucity of
data comparing the two treatment approaches in patient with
similar baseline characteristics. Therefore, the usefulness of
upfront MMA embolization could be limited for cSDHs causing
significant mass effect for which urgent surgical evacuation is
requisite.

Insufficient data were available to compare differences in
outcomes between burr holes versus craniotomy for ¢SDH
drainage, presence versus absence of a surgical drain, location of
surgical drain (eg, subdural vs subgaleal), type of embolic mate-
rials, and techniques used for MMA embolization (eg, bilateral
vs unilateral, complete vs partial embolization). Many studies did

not report long-term outcomes. Furthermore, the definition of
cSDH recurrence might have been inconsistent across different
studies, and the decision to perform surgical rescue was made at
the discretion of the treating physician. The decision to perform
MMA embolization might have necessitated withholding anti-
platelet or anticoagulant agents, which can contribute to differ-
ences in outcomes and complications. Patient selection for MMA
embolization was heterogeneous and varied between centers.
Our inability to compare these variations in diagnosis and
management between practitioners and institutions might have
contributed to unmeasured confounding and significantly limits
the generalizability of our results.

CONCLUSIONS

MMA embolization for the treatment of ¢cSDH may be associ-
ated with lower probabilities of recurrence and surgical rescue
than conventional management, with comparable in-hospital
complication rates. MMA embolization is an emerging mini-
mally invasive therapy that has the potential to reduce the
requirement for surgical intervention in appropriately selected
patients with ¢SDH. MMA embolization indications and tech-
niques are heterogeneous, and there is a critical need to define
appropriate patient selection criteria. Prospective randomized
studies with predefined MMA embolization protocols are neces-
sary to evaluate the long-term durability of MMA embolization
and determine the efficacy of this endovascular approach as an
upfront or adjunctive treatment for cSDH.
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Supplemental Table 1: Quality assessment of studies according to the Downs and Black checklist. Articles have been assigned
points, out of a possible 32, according to the referenced criteria.

Reporting External validity Internal validity — bias Internal validity — confounding Power | Y

Ql | Q2 | Q3 | Q4 |Q5(Q6 | Q7 | Q8 | Q9 | QIO | QI | QI2 | QI3 | Q14 | QI5 | Q16 | Q17 | QI8 | Q19 | Q20 | Q21 | Q22 | Q23 | Q24 | Q25 | Q26 | Q27
Mino, 2010 1 1 1 1 0 1 0 1 1 0 0 0 1 0 0 1 1 1 1 1 1 1 0 0 0 1 0 16
Hashimoto, 2013 1 1 0 1 0 1 0 1 1 0 0 0 0 0 0 1 0 1 0 1 0 1 0 0 0 0 0 10
Chihara, 2014 0 0 1 1 0 1 0 1 1 0 0 0 1 0 0 1 0 1 1 1 1 1 0 0 0 0 0 12
Tempaku, 2015 1 1 1 1 0 1 0 1 1 0 0 0 1 0 0 1 0 1 1 1 1 1 0 0 0 1 0 15
El Kim, 2017 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 0 0 0 0 1 0 18
Matsumoto, 2017 1 1 1 1 0 1 1 1 1 1 0 0 1 0 0 1 1 1 1 1 1 0 0 0 0 1 0 17
Ban, 2018 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 0 0 0 0 1 1 19
Link, 2018 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 0 0 0 1 0 19
Nakagawa, 2019 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 0 0 0 0 0 0 17
Ng, 2019 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 1 0 0 1 0 20
Okuma, 2019 1 1 1 1 0 1 1 1 0 0 0 0 1 0 0 1 0 1 1 1 1 1 0 0 0 0 0 14
Wagqas, 2019 1 1 1 1 0 1 0 1 1 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0 10
Catapano, 2020 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 0 0 0 1 0 19
Fan, 2020 1 1 1 1 0 1 0 1 1 0 0 0 0 0 0 1 1 0 1 1 1 1 0 0 0 1 0 14
Joyce, 2020 1 1 1 1 0 1 1 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 0 0 0 1 0 18
Kan, 2020 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 0 0 0 1 0 19
Mureb, 2020 1 1 0 1 0 1 0 1 0 1 0 0 0 0 0 1 1 1 1 1 0 1 0 0 0 0 0 12
Rajah, 2020 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 0 0 0 1 0 19
Shotar, 2020 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 0 0 0 0 1 0 18
Yajima, 2020 1 1 1 1 0 1 0 1 1 0 0 0 1 0 0 1 0 0 1 1 1 0 0 0 0 1 0 13
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Supplemental Table 2. Subgroup analysis of primary and secondary outcomes after upfront versus postoperative MMA embolization
for cSDH.

Abbreviations: n = number, NR = not reported, MM A=middle meningeal artery, cSDH=chronic subdural hemorrhage.

* Weighted pooled proportions in percentage (%) with 95% confidence intervals are presented.
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Study, year Upfront MMA Recurrence, In-hospital Surgical rescue, Surgery with Recurrence, In-hospital Surgical rescue,
embolization, n (%) complication, n (%) MMA n (%) complication, n (%)
n (%) n (%) embolization, n n (%)
(%)
Mino, 0(0) 0(0) 0(0) 0(0) 4 0(0) 0(0) 0(0)
2010 (100)
Hashimoto, 2013 0(0) 0 (0) 0(0) 0(0) 5 0(0) 0(0) 0(0)
(100)
Chihara, 2014 0(0) 0(0) 0(0) 0 (0) 3 1(33.3) 0(0) 1(33.3)
(100)
Tempaku, 2015 0(0) 0(0) 0(0) 0(0) 5 0(0) 0(0) 0(0)
(100)
El Kim, 2017 0(0) 0(0) 0(0) 0(0) 20 1 2 0(0)
(100) ) 10)
Matsumoto, 2017 0(0) 0(0) 0(0) 0(0) 4 0(0) 0(0) 0(0)
(100)
Ban, 2018 27 0(0) 0(0) 0(0) 45 1 0(0) 1
(37.5) (62.5)
Nakagawa, 2019 0(0) 0(0) 0(0) 0(0) 20 0(0) 0(0) 0(0)
(100)
Ng, 2019 0(0) 0(0) 0(0) 0(0) 19 1 1 (5.3) 1
(100) (5:3) (5.3)
Okuma, 2019 0(0) 0(0) 0(0) 0(0) 17 0(0) 0(0) NR
(100)
Wagqas, 2019 6 0(0) 0(0) 0(0) 2 0(0) 0(0) 0(0)
(75.0) (25.0)
Fan, 2020 0(0) 0(0) 0(0) 0(0) 7 0(0) 0(0) 0(0)
(100)
Mureb, 2020 8 0 (0) 0(0) 0(0) 0 0(0) 0(0) 0(0)
(100) (0)
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Shotar, 2020 0 0(0) 0(0) 0(0) 89 7 6 4

0) (33.8) 7.9 6.7) 4.5)
Yajima, 2020 2 0(0) 0 (0) 0 (0) 16 0(0) 0(0) 0(0)

11.1) (88.9)
Total n 43 0/43 0/43 0/43 256 11/256 9/256 7/239
(%) ) 0) ©) “4.3) (3.5) (2.9)
Pooled estimate* 0 0 0 39 2.8 29
[0.0 to 0.0] [0.0 to 0.0] [0.0 to 0.0] [1.4t0 6.4] [0.7 to 4.8] [0.8 to 5.0]
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Identification

Records identified through
database searching (n=1993)

Screening

Records screened (n=1993)

Eligibility

Full-text articles assessed
for eligibility (n=87)

Included

Studies included in meta-
analysis (n=20)

-
~

Records excluded (n=1906)
Duplicates
Full text not in English
Not relevant
Review only
Letter or reply

Records excluded (n=67)
Abstract only
Studies/cases do not include
follow-up duration and patient
characteristics

Double-arm studies (n=5)

Single-arm studies (n=15)

Supplemental Figure 1: PRISMA flow diagram outlining the study selection process.
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