Lm Amsterdam UMC

N

Amsterdam UMC

Middle Meningeal Artery Embolization for Nonacute Subdural Hematoma

Liu, Jianmin; Ni, Wei; Zuo, Qiao; Yang, Heng; Peng, Ya; Lin, Zhiging; Li, Zhenbao; Wang,
Jiyue; Zhen, Yong; Luo, Jing; Lin, Yuanxiang; Chen, Jian; Hua, Xuming; Lu, Hua; Zhong,
Ming; Liu, Mingfa; Zhang, Jianmin; Wang, Yang; Wan, Jieqing; Li, Yi; Li, Tianxiao; Mao,
Guohua; Zhao, Wenyuan; Gao, Liang; Li, Conghui; Chen, E.; Cheng, Xin; Zhang, Ping;
Wang, Zigao; Chen, Lei; Zhang, Yongxin; Tian, Bing; Shen, Fang; Lei, Yu; Wu, Yina; Li,
Yanjiang; Duan, Guoli; Xu, Liquan; Lv, Nan; Yu, Jian; Xu, Xiaolong; du, Zhuoying; Zhang,
Hongjian; Hu, Jin; Li, Zifu; Yuan, Qiang; Zhou, Yu; Wu, Gang; Zhang, Lei; Gao, Chao; Dali,
Dongwei; Wu, Xuehai; Zhang, Yongwei; Jiang, Hangiang; Zhao, Rui; Su, Jiabin; Xu, Yi;
Ospel, Johanna Maria; Majoie, Charles B. L. M.; Goyal, Mayank; Li, Qiang; Yang, Pengfei;
Gu, Yuxiang; Mao, Ying

Published in:

New England journal of medicine

DOI:
10.1056/NEJM0a2401201

Published: 21/11/2024

Document Version
Publisher's PDF, also known as Version of record

Document license
Taverne

Link to publication

Citation for pulished version (APA):

Liu, J., Ni, W., Zuo, Q., Yang, H., Peng, Y., Lin, Z,, Li, Z., Wang, J., Zhen, Y., Luo, J., Lin, Y., Chen, J., Hua, X.,
Lu, H., Zhong, M., Liu, M., Zhang, J., Wang, Y., Wan, J., ... Mao, Y. (2024). Middle Meningeal Artery
Embolization for Nonacute Subdural Hematoma. New England journal of medicine, 391(20), 1901-1912.
https://doi.org/10.1056/NEJM0a2401201

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or copyright holder(s),
other than for strictly personal, individual use, unless the work is under an open content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please let the Amsterdam UMC
Medical Library know, stating your reasons. In case of a legitimate complaint, the Medical Library will make the material inaccessible and/or
remove it from the website. Contact address: outputregistratie@amsterdamumc.nl


https://doi.org/10.1056/NEJMoa2401201
https://pure.amsterdamumc.nl/en/publications/7ff9b9b5-816a-42b9-9d23-812a5af06cdc
https://doi.org/10.1056/NEJMoa2401201

Download date: 08. Sep. 2026



The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

Middle Meningeal Artery Embolization
for Nonacute Subdural Hematoma

J. Liu, W. Ni, Q. Zuo, H. Yang, Y. Peng, Z. Lin, Zhenbao Li, J. Wang, Y. Zhen,

J. Luo, Y. Lin, J. Chen, X. Hua, H. Lu, M. Zhong, M. Liu, J. Zhang, Y. Wang, J. Wan,
Yi Li, T. Li, G. Mao, W. Zhao, L. Gao, C. Li, E Chen, X. Cheng, P. Zhang, Z. Wang,
L. Chen, Yongxin Zhang, B. Tian, F. Shen, Y. Lei, Y. Wu, Yanjiang Li, G. Duan,

L. Xu, N. Lv, J. Yu, X. Xu, Z. Du, H. Zhang, J. Hu, Zifu Li, Q. Yuan, Y. Zhou, G. Wu,
L. Zhang, C. Gao, D. Dai, X. Wu, Yongwei Zhang, H. Jiang, R. Zhao, J. Su, Y. Xu,
J.M. Ospel, C.B.L.M. Majoie, M. Goyal, Q. Li, P. Yang, Y. Gu, and Y. Mao,
for the MAGIC-MT Investigators*

ABSTRACT

BACKGROUND
The effect of embolization of the middle meningeal artery in patients with subacute
or chronic subdural hematoma is uncertain.

METHODS

We performed a multicenter, open-label, randomized trial in China, involving pa-
tients with symptomatic nonacute subdural hematoma with mass effect. Patients
were assigned to undergo burr-hole drainage or receive nonsurgical treatment at the
surgeon’s discretion, and patients in each group were then randomly assigned, in
a 1:1 ratio, to undergo middle meningeal artery embolization with liquid embolic
material or to receive usual care. Patients whose condition warranted craniotomy
were excluded. The primary outcome was symptomatic recurrence or progression of
subdural hematoma within 90 days after randomization. Secondary outcomes in-
cluded clinical and imaging outcomes. The main safety outcome was any serious
adverse event (including death).

RESULTS

The analysis included 722 patients, of whom 360 were assigned to the emboliza-
tion group and 362 to the usual-care group. Burr-hole drainage was performed in
78.3% of the enrolled patients; among the patients who underwent burr-hole
drainage, the procedure occurred after embolization in 99.6%. Symptomatic recur-
rence or progression of subdural hematoma within 90 days occurred in 24 patients
(6.7%) in the embolization group and in 36 (9.9%) in the usual-care group (be-
tween-group difference, —3.3 percentage points; 95% confidence interval, -7.4 to
0.8; P=0.10). The incidence of serious adverse events was lower in the emboliza-
tion group than in the usual-care group (6.7% vs. 11.6%, P=0.02).

CONCLUSIONS
Among patients with symptomatic nonacute subdural hematoma (of whom 78%
underwent burr-hole drainage), middle meningeal artery embolization resulted in
a 90-day incidence of symptomatic recurrence or progression similar to that with
usual care but was associated with a lower incidence of serious adverse events. (Fund-
ed by Shanghai Shenkang Hospital Development Center and others; MAGIC-MT
ClinicalTrials.gov number, NCT04700345.)
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HRONIC SUBDURAL HEMATOMA IS A

common neurologic disorder that predomi-

nantly occurs in older persons. Its inci-
dence is predicted to increase owing to an aging
population and increasing use of antithrombotic
agents.! Surgical evacuation, through burr-hole
drainage or open craniotomy, and supportive
medical care are the standard treatments for symp-
tomatic chronic subdural hematoma. However, the
incidence of hematoma recurrence or progres-
sion remains high.”” One explanation is fragility
of the neovasculature underlying the subdural
membrane encapsulating the hematoma, which
is supplied by vessels from the middle menin-
geal artery.*”?

Endovascular embolization of the middle men-
ingeal artery has emerged as a promising treat-
ment method to reduce hematoma growth and
recurrence of chronic subdural hematoma.’® A
meta-analysis indicates a large potential effect
of middle meningeal artery embolization,™ but
there is limited evidence from multicenter, ran-
domized, controlled trials. We conducted the
Managing Non-acute Subdural Hematoma Using
Liquid Materials: a Chinese Randomized Trial of
Middle Meningeal Artery Treatment (MAGIC-MT)
to determine whether the addition of middle
meningeal artery embolization with the use of
liquid materials to best-practice usual care would
lower the incidence of hematoma progression or
recurrence among patients with nonacute (chron-
ic or subacute) subdural hematoma in China.

METHODS

TRIAL DESIGN

MAGIC-MT was an investigator-initiated, multi-
center, randomized, controlled trial with a PROBE
(prospective, randomized, open-label, blinded end-
point) design.!? Written informed consent was ob-
tained from all the patients or their legal represen-
tatives. The trial was designed by an international
steering committee and monitored by an indepen-
dent data and safety monitoring board. An inde-
pendent contract research organization (Clinical
Consultancy Research Center) and site-management
organizations (Shanghai Luoke Medical Informa-
tion Consulting and Beijing Shiyan Medical Tech-
nology) were involved in monitoring to ensure
adherence to high standards of quality. Details
are outlined in the Supplementary Appendix,

N ENGL J MED 391;20
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which is available with the full text of this article
at NEJM.org.

The protocol (available at NEJM.org) was ap-
proved by all relevant local ethics committees and
research boards.” The final protocol and statisti-
cal analysis plan were completed on September 21,
2022, and December 2, 2023, respectively. The
embolic material of the Onyx liquid embolic
system (Medtronic) was provided free to patients
by the investigators. All the investigators vouch for
the completeness and accuracy of the data, adher-
ence of the trial to the protocol, and the report-
ing of adverse events. The first draft of the
manuscript was jointly written by the first three
authors. The trial sponsors (Shanghai Shenkang
Hospital Development Center, Changhai Hospi-
tal, Shanghai Municipal Health Commission,
and Covidien/Medtronic) had no involvement in
the trial design or conduct, protocol review, or
manuscript preparation. Our trial was conducted
in accordance with International Council for
Harmonisation guidelines.

PATIENTS AND CENTERS
The trial was conducted at 31 academic tertiary
care centers in 12 provinces in China (Fig. S1 in
the Supplementary Appendix). Personnel at all the
sites were experienced in the conduct of research
involving patients with neurotrauma or cerebro-
vascular disease and had undertaken both burr-
hole drainage and middle meningeal artery embo-
lization in 50 or more cases of nonacute subdural
hematoma in the previous year. On-site and online
training were provided before and during the
conduct of the trial to ensure adherence to the
protocol, assessments, and standards of care.
Patients were eligible for inclusion in the trial
if they were 18 years of age or older with a symp-
tomatic nonacute subdural hematoma producing
mass effect and were previously independent in
their everyday activities as defined by a score of
0, 1, or 2 on the modified Rankin scale (range,
0 to 6, with higher scores indicating greater dis-
ability and a score of 6 indicating death), accord-
ing to the treating physician. Patients were ex-
cluded if they had bilateral subdural hematoma
with unknown source of symptoms (hematoma
on the left side, right side, or both sides) or if
their condition warranted a craniotomy or emer-
gency hematoma evacuation. Details of the in-
clusion and exclusion criteria are listed in the
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Supplementary Methods section in the Supple-
mentary Appendix. A screening log of the patients
who were assessed for eligibility was kept at
each investigational site.

RANDOMIZATION AND PROCEDURES

Patients were first divided into two groups: those
whose condition warranted burr-hole drainage
of the subdural collection and those whose condi-
tion did not warrant drainage. The patients in
each group were then randomly assigned, in a 1:1
ratio, to undergo middle meningeal artery embo-
lization or to receive usual care. The decision for
a patient to undergo burr-hole drainage was at the
discretion of the treating physician according to
clinical and imaging findings, but there were
nonbinding guidelines in the protocol to assist
with this decision. The trial-group assignments
were known to the treating physician and the
patient. The members of the outcomes assess-
ment committee who adjudicated the clinical
outcomes and the members of the clinical events
committee who adjudicated the safety outcomes
were unaware of the trial-group assignments.
However, owing to the visibility of the emboliza-
tion material on imaging, the staff of the core
laboratory were aware of the trial-group assign-
ments.

Patients who were assigned to the emboliza-
tion group underwent cerebral angiography and
ipsilateral middle meningeal artery emboliza-
tion of the subdural hematoma under general
anesthesia or monitored local anesthesia. Brief-
ly, access to the femoral or radial artery was
obtained, and digital subtraction angiography
was performed with the use of a standard
5-French diagnostic catheter. A guiding catheter
was placed in the proximal external carotid ar-
tery. A microcatheter was advanced under road-
map guidance into the main trunk of the middle
meningeal artery, and superselective angiogra-
phy was performed to identify any potentially
unsafe collateral vessels, such as the ophthalmic
and petrous branches, before embolization. The
middle meningeal artery was embolized with
Onyx. Successful embolization was defined as
selective embolization of both the frontal and
parietal branches or embolization of the main
middle meningeal artery trunk. According to the
protocol, middle meningeal artery embolization
was to be performed before burr-hole drainage.

Patients who were assigned to the usual-care
group were treated according to the current stan-
dard of care — that is, burr-hole drainage as
needed, best medical management, or both. Stan-
dard burr-hole drainage was performed while the
patient was under general anesthesia or moni-
tored local anesthesia, and use of either a single
bur hole or multiple burr holes was acceptable.
After the hematoma was evacuated with ample
irrigation, a subdural drain was placed into the
subdural space and subsequently removed within
several days on the basis of imaging and clinical
indications. Usual care involved the use of atorva-
statin, dexamethasone, and other drugs as need-
ed in patients without a contraindication.

TRIAL OUTCOMES
The primary outcome was symptomatic recur-
rence or progression of subdural hematoma
within 90 days after randomization (with a win-
dow of 14 days). Symptomatic was defined as
involving one or more of the following neuro-
logic symptoms and signs: headache, cognitive
impairment, dysarthria or dysphasia, ataxia or
unsteadiness, paresis, sensory loss, and sei-
zures. Recurrence of subdural hematoma was
defined as a maximum hematoma thickness
exceeding 10 mm or reoperation during follow-
up after previous burr-hole drainage. Progres-
sion of subdural hematoma was defined as an
increase in the maximum hematoma thickness
by more than 3 mm from baseline or surgical
rescue in patients who were receiving usual care.
Secondary outcomes included late symptom-
atic recurrence or progression of the subdural
hematoma at 1 year; successful embolization of
the target vessels on the basis of digital subtrac-
tion angiography; change in hematoma thick-
ness from baseline to the repeat scan at 90 days;
change in hematoma volume from baseline to 90
days; change in midline shift from baseline to
90 days; change in the modified Rankin scale
score between 90 days and 1 year; a modified
Rankin scale score of 0, 1, or 2 at 90 days and 1
year; a modified Rankin scale score of 0 to 3 at
90 days and 1 year; health-related quality of life
on the EuroQol Group 5-Dimension 5-Level Self-
Report Questionnaire (EQ-5D-5L) at 90 days and
1 year; and hospital length of stay, rehospitaliza-
tion, discharge destination, and hospital ex-
penses. Safety outcomes were death within 90
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days and within 1 year, serious adverse events
within 90 days and within 1 year, and procedure-
related complications within 30 days. The main
safety outcome was any serious adverse event
(including death).

Trained investigators who were unaware of the
trial-group assignments obtained clinical end
points at 90 days using standardized forms and
procedures. On the basis of these reports, the
outcomes assessment committee (Whose members
were unaware of the trial-group assignments) re-
viewed all documented symptoms to determine
their neurologic relevance and confirmed the
modified Rankin scale scores. Imaging outcomes
were evaluated by the independent core labora-
tory. Treating physicians decided to perform a
repeat or rescue surgery during follow-up at their
discretion according the clinical and imaging
variables. Owing to the visibility of Onyx on im-
aging studies, they were aware of the trial-group
assignments.

STATISTICAL ANALYSIS

The reported incidence of hematoma recurrence
or progression with usual care ranges from 9.3 to
27.5%.341420 Thus, we assumed an incidence of
12% in the usual-care group. The reported inci-
dence of hematoma recurrence or progression with
middle meningeal artery embolization ranges
from 1.4 to 8.9%.121%2122 Thus, we assumed an
incidence of 5% in the embolization group. The
trial was powered to assess superiority, with a
power of 90% and two-sided alpha of 0.05 and
allowance for 8% loss to follow-up. The estimated
sample size was 722 patients. Five additional pa-
tients were enrolled to compensate for those who
withdrew consent.

Two formal interim analyses were conducted:
after the first 240 patients and after 480 patients
had completed primary-outcome assessments.
These analyses were conducted by an independent
statistician. Given the conservative Haybittle—Peto
stopping rule used by the data and safety moni-
toring board and the negligible amount of type I
error (0.002) expended in two interim analyses
of the emerging data, a P value of less than 5%
remained to indicate statistical significance. The
data and safety monitoring board reviewed the
unblinded data for efficacy, safety, and quality of
trial conduct. The investigators were unaware of
the trial-group assignments with respect to the
results of the interim analyses. Baseline data are

presented according to trial-group assignment,
with the use of descriptive statistics as appro-
priate. Missing baseline data were not imputed.
Analyses for primary, secondary, and safety out-
comes were based on the intention-to-treat popu-
lation. Analyses in the per-protocol population and
safety population were also provided.

The Cochran—-Mantel-Haenszel chi-square test
was used for formal hypothesis testing of the pri-
mary outcome between trial groups, with stratifica-
tion for burr-hole drainage surgery. The between-
group difference and 95% confidence interval
were calculated with the use of the Miettinen—
Nurminen method. A generalized linear mixed-
effects model with a log-link function was used
to estimate the relative risk and 95% confidence
interval for the trial groups, with sex, age, burr-
hole drainage surgery, any use of antithrombotic
therapy, and baseline hematoma volume as co-
variates and with trial site as a random effect.
Prespecified subgroup analyses of the primary
outcome were performed with the use of the
same methods. Subgroups were defined accord-
ing to age, sex, burr-hole drainage stratum,
smoking status, known head trauma, use of anti-
thrombotic medication, statin use, midline shift,
baseline hematoma thickness, hematoma volume,
and bilateral subdural hematoma.

A Markov chain Monte Carlo method would
be used for the multiple-imputation procedure
under the missing-at-random assumption if the
proportion of patients with missing primary-
outcome data was greater than or equal to 5%.
Otherwise, the missing-completely-at-random as-
sumption would be adopted and patients with
missing primary-outcome data would be regarded
as not having had an event in the primary analy-
sis. The missing-completely-at-random assump-
tion was checked by sensitivity analyses in patients
who underwent computed tomography after the
predefined time window. The regression model
included trial group, sex, age, body-mass index,
baseline modified Rankin scale score, and base-
line maximum hematoma thickness.

Binary secondary efficacy outcomes were
analyzed with the use of the same methods.
Ordinal logistic regression was used for the shift
in the modified Rankin scale score, and linear
mixed-effects models were used for the change
in maximum hematoma thickness and hemato-
ma volume from baseline, with covariates and
random effects identical to those used in the
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primary-outcome analysis. Secondary-outcome
analyses are exploratory and based on a complete-
case analysis method with the assumption of
the missing-completely-at-random mechanism in
the main analysis. A chained equation method
was used for the imputation of missing secondary-
outcome data. No multiplicity adjustment was
planned for secondary-outcome analysis and
subgroup analysis. Therefore, no formal statisti-
cal conclusions could be drawn from these re-
sults. All the analyses were performed with the
use of SAS software, version 9.4 (SAS Institute).

RESULTS

PATIENTS

From March 2021 through May 2023, a total of
1343 patients were assessed for eligibility at 31
sites. A total of 727 patients underwent random-
ization: 365 patients were assigned to undergo
middle meningeal artery embolization (emboli-
zation group), and 362 were assigned to receive
usual care. After 5 patients in the embolization
group withdrew consent, 722 trial patients were
included in the intention-to-treat population
(Fig. 1, Fig. S2, and Table S1). Of the patients
who were excluded before randomization, 154
declined to participate, 100 had bilateral subdural
hematoma with unknown source of symptoms,
60 had recurrent subdural hematoma, 59 had no
neurologic symptoms, 58 had a modified Rankin
scale score of more than 2 before symptom on-
set, 37 had a serious or fatal coexisting disease
or a life expectancy of less than 1 year, 29 were
unable to receive embolization before burr-
hole drainage, 25 had an indication for crani-
otomy or emergency subdural hematoma evacu-
ation, 11 met laboratory exclusion criteria, and
83 had other reasons (Fig. 1).

The characteristics of the patients at baseline
were similar in the embolization and usual-care
groups (Table 1 and Table S2). The median age
of the patients was 69 years (interquartile range,
61 to 74), and 596 patients (82.5%) were men. Head
trauma was confirmed in 379 patients (52.5%),
and 53 patients (7.3%) were taking antithrom-
botic medication at the time of diagnosis. Hema-
toma imaging characteristics, including midline
shift, maximum hematoma thickness, and hema-
toma volume, were similar in the two groups. Two
patients in the embolization group and 15 patients
in the usual-care group had missing data on the

mean change in subdural hematoma thickness and
the mean change in midline shift, and 4 patients
in the embolization group and 16 patients in the
usual-care group had missing data on the mean
change in subdural hematoma volume (Table 2).

INTERVENTIONS

A total of 353 patients in the embolization group
and 3 patients in the usual-care group received
endovascular procedures, and 347 patients in the
embolization group and 3 in the usual-care group
successfully underwent middle meningeal artery
embolization (Fig. 1). Successful middle menin-
geal artery embolization was achieved in 98.3%
of the patients in the embolization group. A to-
tal of 31 patients with major protocol violations
(4.3%) were excluded from per-protocol analy-
ses: 6 did not undergo embolization, 10 crossed
over to the alternative treatment, and 15 declined
to undergo follow-up computed tomography. A
total of 565 patients (78.3%) underwent burr-
hole drainage, and the use of burr-hole drainage
was well balanced between the two groups, with
the procedure performed in 281 patients in the
embolization group and 284 in the usual-care
group (Table 1). A total of 273 of 274 patients who
underwent both procedures (99.6%) underwent
drainage after embolization. A total of 707 pa-
tients (97.9%) received statins or glucocorticoids.

PRIMARY OUTCOME

There were no missing data for the primary out-
come. For the primary-outcome visit at 90 days
after randomization (with a window of +14 days),
the median follow-up time was 91 days (inter-
quartile range, 86 to 96) in the embolization
group and 91 days (interquartile range, 85 to 97)
in the usual-care group. In the intention-to-treat
analysis, symptomatic recurrence or progression
of subdural hematoma was reported in 24 of 360
patients (6.7%) in the embolization group and in
36 of 362 patients (9.9%) in the usual-care group;
the between-group difference was —3.3 percent-
age points (95% confidence interval [CI], 7.4 to
0.8; P=0.10) (Table 2). In the embolization group,
17 patients (4.7%) had symptomatic hematoma
recurrence, and 7 (1.9%) had symptomatic he-
matoma progression. In the usual-care group,
19 patients (5.2%) had symptomatic hematoma
recurrence, and 17 (4.7%) had symptomatic he-
matoma progression. Repeat or rescue surgery
was performed within 90 days in 11 patients
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1343 Patients were assessed for eligibility

616 Were excluded
154 Declined to participate
100 Had bilateral subdural hematoma
with unknown source of symptoms
60 Had recurrent subdural hematoma
59 Had no neurologic symptoms
58 Had modified Rankin scale score
of >2 before symptom onset
37 Had serious or fatal coexisting
disease or life expectancy <1 yr
29 Could not receive embolization
before burr-hole drainage
25 Had an indication for craniotomy
or emergency subdural hematoma
evacuation
11 Met laboratory exclusion criteria
83 Had other reasons

Y

727 Underwent randomization

365 Were assigned to the embolization group 362 Were assigned to the usual-care group
281 Underwent burr-hole drainage surgery 284 Underwent burr-hole drainage surgery

5 Withdrew consent

360 Were included in the intention-to-treat 362 Were included in the intention-to-treat
population population
7 Crossed over to the usual-care group 3 Crossed over to the embolization group

356 Underwent endovascular procedures
353 Were in the embolization group
3 Crossed over from the usual-care group
350 Successfully underwent middle meningeal -
artery embolization
347 Were in the embolization group
3 Crossed over from the usual-care group

1 Declined to undergo a CT 14 Declined to undergo a CT
scan within the follow-up | »|  scan within the follow-up
window window
346 Were included in the per-protocol population 345 Were included in the per-protocol population

Figure 1. Randomization and Treatment of the Patients.

Patients in the embolization group were assigned to undergo embolization of the middle meningeal artery. CT denotes
computed tomography.
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Table 1. Characteristics of the Patients at Baseline.*

Embolization Usual Care

Characteristic (N=360) (N=362)
Median age (IQR) — yr 68.5 (60-74) 70 (61-75)
Male sex — no. (%) 292 (81.1) 304 (84.0)
Symptoms at presentation — no. (%)

Headache 206 (57.2) 197 (54.4)

Hemiparesis 192 (53.3) 176 (48.6)

Gait disturbance 134 (37.2) 132 (36.5)

Speech disturbance 39 (10.8) 32 (8.8)

Cognitive impairment 37 (10.3) 30 (8.3)

Other 4(11) 5 (1.4)
Modified Rankin scale score before symptom onset — no. (%)

0 170 (47.2) 174 (48.1)

1 157 (43.6) 157 (43.4)

2 33 (9.2) 31 (8.6)
Known head trauma — no. (%) 178 (49.4) 201 (55.5)
Medical history — no. (%)

History of hypertension 162 (45.0) 166 (45.9)

History of diabetes mellitus 63 (17.5) 55 (15.2)

History of hyperlipidemia 14 (3.9) 19 (5.2)
Use of any antithrombotic medication — no. (%) 28 (7.8) 25 (6.9)

Findings on imaging
Median midline shift (IQR) — mm§
Median maximum thickness of subdural hematoma (IQR) — mm§

Median volume of subdural hematoma (IQR) — mlq|

10.5 (7.3-13.6)
22.8 (18.6-27.1)
117.1 (93.4-143.6)

10.8 (6.9-13.2)
22.4 (18.5-26.8)
118.6 (87.7-142.2)

Burr-hole drainage — no. (%) 281 (78.1) 284 (78.5)
Timing of burr-hole drainage — no.||
Before embolization 1 0
After embolization 271 2
Medical care — no. (%)**
Statins 347 (96.4) 351 (97.0)
Glucocorticoids 54 (15.0) 51 (14.1)
Antiepileptic drugs 23 (6.4) 28 (7.7)

i

Percentages may not total 100 because of rounding. IQR denotes interquartile range.
Patients often had more than one symptom at presentation (screening or randomization).
Scores on the modified Rankin scale range from 0 to 6, with higher scores indicating greater disability and a score

of 6 indicating death. A score of 2 or less indicates functional independence. The modified Rankin scale score before
symptom onset was assessed by the treating physician with the use of information obtained from patients (if possible) or

their family members. Only patients with a modified Rankin scale score of 0, 1, or 2 were included in the trial.

Data were missing for 1 patient in the usual-care group.
Data were missing for 1 patient in each group.

Of 281 patients in the embolization group who underwent burr-hole drainage, 5 patients crossed over to the usual-care
group and 4 patients did not undergo middle meningeal artery embolization. In addition, 2 patients in the usual-care
group who underwent burr-hole drainage crossed over to the embolization group. Therefore, a total of 274 patients
underwent both burr-hole drainage and middle meningeal artery embolization.

< Medical care was defined as the use of medications that promote the absorption of the hematoma, such as statins or
glucocorticoids, along with antiepileptic drugs or simply clinical observation. The application of these medications is
based on the physician’s clinical experience.
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sensory loss, and seizures. Recurrence of subdural hematoma was defined as a maximum hematoma thickness exceeding 10 mm at 90 days (13 patients in the embolization group
and 13 in the usual-care group) or reoperation within 90 days (4 patients in the embolization group and 6 in the usual-care group) among patients who underwent burr-hole drainage.

Progression of subdural hematoma was defined as an increase in the maximum hematoma thickness by more than 3 mm from baseline at 90 days (no patients) or surgical rescue

within 90 days (7 patients in the embolization group and 17 in the usual-care group) among patients who received conservative treatment.

Symptomatic was defined as one or more of the following neurologic symptoms and signs: headache, cognitive impairment, dysarthria or dysphasia, ataxia or unsteadiness, paresis,
P=0.10.

§

MENINGEAL ARTERY EMBOLIZATION FOR SUBDURAL HEMATOMA

(3.1%) in the embolization group and in 23 (6.4%)
in the usual-care group. The per-protocol analy-
sis yielded results similar to those of the intention-
to-treat analysis (Table S4).

Results of exploratory subgroup analyses are
shown in Figure S3; the direction of treatment
effect appeared to be consistent across the pre-
specified subgroups. Middle meningeal artery
embolization was associated with larger point
estimates of potential effect in patients without
burr-hole drainage (relative risk, 0.39; 95% CI,
0.14 to 0.99), those with a midline shift of less
than 10 mm (relative risk, 0.34; 95% CI, 0.14 to
0.77), and those who had never smoked (relative
risk, 0.55; 95% CI, 0.30 to 0.99). Because these
are exploratory analyses that did not control for
multiplicity, no causal inferences can be drawn,
and the results can only serve as hypothesis-
generating findings. Results of sensitivity analy-
ses are shown in Table S9.

SECONDARY OUTCOMES

The adjusted common odds ratio for a shift in the
modified Rankin scale score at 90 days compar-
ing the embolization group with the usual-care
group was 1.10 (95% CI, 0.82 to 1.46) (Fig. S4).
Other secondary outcomes are shown in Table 2,
including the EQ-5D-5L score at 90 days, mean
length of hospital stay, rehospitalization, destina-
tion after discharge, and changes in the hemato-
ma on imaging.

SAFETY

Serious adverse events during the 90-day follow-
up period occurred less often in the emboliza-
tion group than in the usual-care group (6.7%
vs. 11.6%; relative risk, 0.58; 95% CI, 0.34 to
0.98) (Table 3). Mortality within 90 days was
0.6% in the embolization group and 2.2% in the
usual-care group (relative risk, 0.27; 95% CI,
0.06 to 1.25). Details of serious adverse events
are shown in Table S7. Embolization-related
complications occurred in 3 patients (0.8%) in the
embolization group (1 patient had facial-nerve
paralysis, and 2 patients had an allergic reaction
to the contrast agent). The percentage of patients
with burr-hole drainage-related complications
was 2.5% in the embolization group and 1.1% in
the usual-care group (relative risk, 2.26; 95% CI,
0.69 to 7.40). The incidence of adverse events was
similar in the two groups, and details of adverse
events are shown in Table S8.

Patients with a modified Rankin scale score of 3, 4, or 5 were combined into one category in the ordinal logistic regression. The P value of a score test for the proportional-odds as-

sumption was 0.08, which was acceptable.
** The EuroQoL Group 5-Dimension 5-Level Self-Report Questionnaire (EQ-5D-5L) is a standardized instrument for the measurement of health status. Scores range from -0.39 to 1.00,
among whom 6 patients did not receive middle meningeal artery embolization. The 3 patients in usual-care group underwent middle meningeal artery embolization successfully.

For success of middle meningeal artery embolization on DSA, 353 patients who underwent an interventional procedure were included in the analysis of the embolization group,
§§ Data were missing for 2 patients in the embolization group and for 15 patients in the usual-care group.

with higher scores indicating a better quality of life.
i For length of hospital stay, 360 patients were included in the analysis of the usual-care group because 2 patients received the assigned treatment at an outpatient clinic.

99 Data were missing for 4 patients in the embolization group and for 16 patients in the usual-care group.

9
H
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Table 3. Safety Outcomes.*

Variable

Serious adverse event within 90 days
Death within 90 days:

Adverse event of special interest within 90 days§

Embolization-related complication within 30 days
Facial-nerve paralysis
Contrast-agent allergy

Burr-hole surgery—related complication within 30 daysq|
Symptomatic intracranial hemorrhage
Asymptomatic intracranial hemorrhage
Central nervous system infection
Non—central nervous system infection

Incision complications

Epilepsy

Embolization Usual Care Relative Risk
(N=360) (N=362) (95% CI)
number (percent)

24 (6.7) 42 (11.6) 0.58 (0.34-0.98)+
2(0.6) 8(2.2) 0.27 (0.06-1.25)
29 (8.1) 25 (6.9) 1.17 (0.78-2.35)
3(0.8) 0 NA
1(0.3) 0

2 (0.6) 0

9 (2.5) 4(11) 2.26 (0.69-7.40)
1(03) 1(03)

0 1(0.3)

1(0.3) 0

4(1.1) 1(0.3)

2 (0.6) 0

3(0.8) 1(0.3)

* All safety outcomes were evaluated by the clinical events committee.

7P=0.02.

1 Two patients in the embolization group died, with one death definitively related to hematoma and one from another
reason. Eight patients in the usual-care group died, with two deaths definitively related to hematoma, five from another

reason, and one from an undetermined cause.

§ Adverse events of special interest that were reported included asymptomatic intracranial hemorrhage, non—central nervous
system infection, perioperative infection (undetermined cause), adverse drug reaction (liver injury), adverse drug reaction
(allergy), epilepsy, poor incision healing, deep venous thrombosis, new-onset ischemic stroke, and other.

9 Nine patients in the embolization group had a total of 11 burr-hole surgery-related complications. One patient had 3 compli-
cations: symptomatic intracranial hemorrhage, epilepsy, and non—central nervous system infection.

DISCUSSION

In our trial involving patients with symptomatic
nonacute subdural hematoma in China, most of
whom underwent burr-hole drainage, the inci-
dence of hematoma recurrence or progression
within 90 days was similar among those who
underwent middle meningeal artery emboliza-
tion and those who received usual care. Previous
nonrandomized studies suggested that middle
meningeal artery embolization may reduce the
risk of hematoma growth and recurrence by de-
vascularizing the hematoma membranes. The re-
ported incidence of recurrence or progression with
middle meningeal artery embolization ranges
from 1.4 to 8.9%, as compared with 9.3 to 27.5%
with usual care.>*'*?2 The results of our trial did
not show a significantly lower incidence of hema-
toma growth or recurrence with embolization
than with usual care but did show a significantly

lower incidence of serious adverse events, for rea-
sons that are unclear. Several additional multi-
center, randomized, controlled trials are currently
under way that may provide additional data on
the effects of middle meningeal artery emboli-
zation.”

Among patients undergoing burr-hole drain-
age, several studies have shown a lower incidence
of recurrence or repeat surgery with middle
meningeal artery embolization than with sur-
gery alone."? Further trials are needed to assess
the effect of middle meningeal artery emboliza-
tion in patients with and those without burr-hole
drainage.

Our trial has limitations. First, the decision
to perform repeat or rescue burr-hole drainage
was left to the discretion of the physicians at
each participating site, and treating physicians
and core laboratory members were aware of the
trial-group assignments, which introduces the
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possibility of bias in outcome assessments. Sec-
ond, the majority of patients with symptomatic
subdural hematoma in this trial were treated surgi-
cally, which may not be representative of conserva-
tively treated patients. Third, only Onyx liquid
embolic agent was used in this trial. Although
liquid embolic agents show superior occlusion ef-
ficacy to solid embolic materials and precise em-
bolization because of deeper penetration and per-
manence, solid embolic materials may be safer

In this trial involving patients with symptom-
atic subacute or chronic subdural hematoma
(most of whom underwent burr-hole drainage),
the addition of middle meningeal artery emboli-
zation to usual care resulted in an incidence of
hematoma recurrence or progression similar to
that with usual care alone. However, middle men-
ingeal artery embolization resulted in a lower
incidence of serious adverse events, including
death.

because they are less likely to enter dangerous

anastomoses.Z2 The efﬂcacy and safety proﬁle of Supported by grants from Shanghai Shenkang Hospital
diffe boli f iddl . 1 Development Center (SHDC2020CR1018B), Changhai Hospital
1rerent embolic agents Oor mi € meningeal ar- (2020YSL004), Shanghai Municipal Health Commission (2023-62),

tery embolization requires further investigation. and Covidien/Medtronic (20212016387-01/1).
Fourth. variation in different factors such as the Disclosure forms provided by the authors are available with
b

. . 1 ifi . £ subd lh the full text of this article at NEJM.org.
lmaging classitication ot subdural hematoma, A data sharing statement provided by the authors is available

drain position, number of burr holes, and timing with the full text of this article at NEJM.org.
of embolization. which were not standardized or We thank the patients and their families for participating in
t

I d d h infl d th this trial and Craig Anderson of the George Institute for Global
analyzed, cou ave intluenced the recurrence  peupy for monitoring the trial and editing an earlier version of
of subdural hematoma.!**-3!

the manuscript.

APPENDIX

The authors’ full names and academic degrees are as follows: Jianmin Liu, M.D., Wei Ni, M.D., Qiao Zuo, M.D., Heng Yang, M.D., Ya
Peng, M.D., Zhiqing Lin, M.D., Zhenbao Li, M.D., Jiyue Wang, M.D., Yong Zhen, M.D., Jing Luo, M.D., Yuanxiang Lin, M.D., Jian Chen,
M.D., Xuming Hua, M.D., Hua Lu, M.D., Ming Zhong, M.D., Mingfa Liu, M.D., Jianmin Zhang, M.D., Yang Wang, M.D., Jieqing Wan,
M.D., Yi Li, M.D., Tianxiao Li, M.D., Guohua Mao, M.D., Wenyuan Zhao, M.D., Liang Gao, M.D., Conghui Li, M.D., E Chen, M.D., Xin
Cheng, M.D., Ping Zhang, M.D., Zigao Wang, M.D., Lei Chen, M.D., Yongxin Zhang, M.D., Bing Tian, M.D., Fang Shen, M.D., Yu Lei,
M.D., Yina Wu, M.D., Yanjiang Li, M.D., Guoli Duan, M.D., Liquan Xu, M.D., Nan Lv, M.D., Jian Yu, M.D., Xiaolong Xu, M.D., Zhuoying
Du, M.D., Hongjian Zhang, M.D., Jin Hu, M.D., Zifu Li, M.D., Qiang Yuan, M.D., Yu Zhou, M.D., Gang Wu, M.D., Lei Zhang, M.D., Chao
Gao, M.D., Dongwei Dai, M.D., Xuehai Wu, M.D., Yongwei Zhang, M.D., Hanqiang Jiang, M.D., Rui Zhao, M.D., Jiabin Su, M.D., Yi Xu,
M.D., Johanna Maria Ospel, M.D., Ph.D., Charles B.L.M. Majoie, M.D., Ph.D., Mayank Goyal, M.D., Ph.D., Qiang Li, M.D., Pengfei
Yang, M.D., Yuxiang Gu, M.D., and Ying Mao, M.D.

The authors’ affiliations are as follows: the Neurovascular Center (J. Liu, Q.Z., P.Z., L.C., Yongxin Zhang, F.S., Y. Wu, G.D., N.L.,
X.X., Zifu Li, Y. Zhou, L.Z., D.D., Yongwei Zhang, R.Z., Y.X., Q.L., P.Y.), Trauma Center (J. Liu, Q.Z.), and Department of Radiology
(B.T.), Naval Medical University Changhai Hospital, the Key Laboratory of Molecular Neurobiology of the Ministry of Education, Naval
Medical University (J. Liu, P.Y.), the Oriental PanVascular Devices Innovations College, University of Shanghai for Science and Technol-
ogy (. Liu, H.Z., P.Y.), the Departments of Neurosurgery (W.N., H.Y.,J.Y., Z.D., J.H,, Q.Y., G.W., C.G., X.W., HJ., J.S., Y.G., Y.M.) and
Neurology (X.C., Z.W.), and the National Center for Neurological Disorders (Y.G., Y.M.), Fudan University Huashan Hospital, the De-
partment of Neurosurgery, Fudan University Huashan Hospital North (Y. Lei, Yanjiang Li, L.X.), Neurosurgical Institute Fudan Univer-
sity and Shanghai Clinical Medical Center of Neurosurgery (Y.G., Y.M.), the Department of Neurosurgery, Xinhua Hospital Affiliated to
Shanghai Jiao Tong University School of Medicine (X.H.), the Department of Neurosurgery, Renji Hospital, School of Medicine, Shang-
hai Jiao Tong University (J. Wan), the Department of Neurosurgery, Ninth People’s Hospital Affiliated to Shanghai Jiao Tong Univer-
sity School of Medicine (Yi Li), and the Department of Neurosurgery, Shanghai Tenth People’s Hospital (L.G.), Shanghai, the Depart-
ment of Neurosurgery, First People’s Hospital of Changzhou, Changzhou (Y.P.), the Department of Neurosurgery, First Affiliated
Hospital of Ningbo University, Ningbo (Z. Lin), the Department of Neurosurgery, Yijishan Hospital, the First Affiliated Hospital of
Wannan Medical College, Wuhu (Zhenbao Li), the Department of Neurosurgery, Liaocheng People’s Hospital, Liaocheng (J. Wang), the
Department of Neurosurgery, Northern Jiangsu People’s Hospital Affiliated to Yangzhou University, Yangzhou (Y. Zhen), the Depart-
ment of Neurosurgery, First Affiliated Hospital of Anhui Medical University, Hefei (J. Luo), the Department of Neurosurgery, First Af-
filiated Hospital of Fujian Medical University, Fuzhou (Y. Lin), the Department of Neurosurgery, Affiliated Hospital of Nantong Univer-
sity, Nantong (J.C.), the Department of Neurosurgery, Jiangsu Provincial Hospital, the First Affiliated Hospital of Nanjing Medical
University, Nanjing (H.L.), the Department of Neurosurgery, First Affiliated Hospital of Wenzhou Medical University, Wenzhou (M.Z.),
the Department of Neurosurgery, Shantou Central Hospital, Shantou (M.L.), the Department of Neurosurgery, Second Affiliated Hos-
pital Zhejiang University School of Medicine, Hangzhou (J.Z.), the Department of Neurosurgery, Capital Medical University Beijing
Chaoyang Hospital, Beijing (Y. Wang), the Department of Neurosurgery, Henan Provincial People’s Hospital, Zhengzhou (T.L.), the
Department of Neurosurgery, Second Affiliated Hospital of Nanchang University, Nanchang (G.M.), the Department of Neurosur-
gery, Zhongnan Hospital Wuhan University, Wuhan (W.Z.), the Department of Neurosurgery, the First Hospital of Hebei Medical
University, Shijiazhuang (C.L.), and the Department of Neurosurgery, Zhongshan Hospital Xiamen University, Xiamen (E.C.) — all
in China; the Departments of Diagnostic Imaging (J.M.0O.), Radiology (M.G.), and Clinical Neurosciences (M.G.), University of Calgary,
Calgary, AB, Canada; and the Department of Radiology and Nuclear Medicine, Amsterdam University Medical Center, Amsterdam
(C.B.L.M.M.).

N ENGLJ MED 391;20 NEJM.ORG NOVEMBER 21, 2024

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Universiteit van Amsterdam (UvA and AMC) on June 26, 2025. For persona use only.
No other uses without permission. Copyright © 2024 Massachusetts Medical Society. All rights reserved.

1911



1912

MENINGEAL ARTERY EMBOLIZATION FOR SUBDURAL HEMATOMA

REFERENCES

1. Balser D, Farooq S, Mehmood T, Reyes
M, Samadani U. Actual and projected inci-
dence rates for chronic subdural hemato-
mas in United States Veterans Administra-
tion and civilian populations. J Neurosurg
2015;123:1209-15.

2. Torihashi K, Sadamasa N, Yoshida K,
Narumi O, Chin M, Yamagata S. Indepen-
dent predictors for recurrence of chronic
subdural hematoma: a review of 343 con-
secutive surgical cases. Neurosurgery 2008;
63:1125-9.

3. Santarius T, Kirkpatrick PJ, Ganesan
D, et al. Use of drains versus no drains
after burr-hole evacuation of chronic sub-
dural haematoma: a randomised controlled
trial. Lancet 2009;374:1067-73.

4. Jiang R, Zhao S, Wang R, et al. Safety
and efficacy of atorvastatin for chronic
subdural hematoma in Chinese patients:
a randomized clinical trial. JAMA Neurol
2018;75:1338-46.

5. Prud’homme M, Mathieu F, Marcotte
N, Cottin S. A pilot placebo controlled
randomized trial of dexamethasone for
chronic subdural hematoma. Can J Neurol
Sci 2016;43:284-90.

6. Gandhoke GS, Kaif M, Choi L, Wil-
liamson RW, Nakaji P. Histopathological
features of the outer membrane of chron-
ic subdural hematoma and correlation with
clinical and radiological features. J Clin
Neurosci 2013;20:1398-401.

7. Killeffer JA, Killeffer FA, Schochet SS.
The outer neomembrane of chronic sub-
dural hematoma. Neurosurg Clin N Am
2000;11:407-12.

8. Edlmann E, Giorgi-Coll S, Whitfield
PC, Carpenter KLH, Hutchinson PJ. Patho-
physiology of chronic subdural haematoma:
inflammation, angiogenesis and implica-
tions for pharmacotherapy. J Neuroinflam-
mation 2017;14:108.

9. Shapiro M, Walker M, Carroll KT, et al.
Neuroanatomy of cranial dural vessels: im-
plications for subdural hematoma emboli-
zation. J Neurointerv Surg 2021;13:471-7.
10. Link TW, Rapoport BI, Paine SM,
Kamel H, Knopman J. Middle meningeal
artery embolization for chronic subdural
hematoma: endovascular technique and
radiographic findings. Interv Neuroradiol
2018;24:455-62.

11. Srivatsan A, Mohanty A, Nascimento
FA, et al. Middle meningeal artery embo-

lization for chronic subdural hematoma:
meta-analysis and systematic review. World
Neurosurg 2019;122:613-9.

12. Hansson L, Hedner T, Dahlof B. Pro-
spective randomized open blinded end-
point (PROBE) study: a novel design for
intervention trials. Blood Press 1992;1:
113-9.

13. Zuo Q, Ni W, Yang P, et al. Managing
non-acute subdural hematoma using lig-
uid materials: a Chinese randomized trial
of middle meningeal artery treatment
(MAGIC-MT)-protocol. Trials 2023;24:586.
14. Ban SP, Hwang G, Byoun HS, et al.
Middle meningeal artery embolization for
chronic subdural hematoma. Radiology
2018;286:992-9.

15. Shotar E, Meyblum L, Premat K, et al.
Middle meningeal artery embolization re-
duces the post-operative recurrence rate
of at-risk chronic subdural hematoma.
J Neurointerv Surg 2020;12:1209-13.

16. Catapano JS, Ducruet AF, Nguyen CL,
et al. Middle meningeal artery emboliza-
tion for chronic subdural hematoma: an
institutional technical analysis. ] Neuro-
interv Surg 2021;13:657-60.

17. Onyinzo C, Berlis A, Abel M, Kuder-
natsch M, Maurer CJ. Efficacy and mid-
term outcome of middle meningeal artery
embolization with or without burr hole
evacuation for chronic subdural hemato-
ma compared with burr hole evacuation
alone. J Neurointerv Surg 2022;14:297-300.
18. Schucht P, Fischer U, Fung C, et al.
Follow-up computed tomography after
evacuation of chronic subdural hemato-
ma. N Engl J Med 2019;380:1186-7.

19. Soleman J, Lutz K, Schaedelin S, et al.
Subperiosteal vs subdural drain after
burr-hole drainage of chronic subdural
hematoma: a randomized clinical trial
(cSDH-Drain-Trial). Neurosurgery 2019;
85(5):E825-E834.

20. Hutchinson PJ, Edlmann E, Bulters D,
et al. Trial of dexamethasone for chronic
subdural hematoma. N Engl J Med 2020;
383:2616-27.

21. Haldrup M, Ketharanathan B, Debra-
bant B, et al. Embolization of the middle
meningeal artery in patients with chronic
subdural hematoma — a systematic re-
view and meta-analysis. Acta Neurochir
(Wien) 2020;162:777-84.

22. Link TW, Boddu S, Paine SM, Kamel

H, Knopman J. Middle meningeal artery
embolization for chronic subdural hema-
toma: a series of 60 cases. Neurosurgery
2019;85:801-7.

23. Rojas-Villabona A, Mohamed S, Ken-
nion O, et al. A systematic review of mid-
dle meningeal artery embolization for
minimally symptomatic chronic subdural
haematomas that do not require immedi-
ate evacuation. Brain Spine 2023;3:102672.
24, Salih M, Shutran M, Young M, et al.
Reduced recurrence of chronic subdural
hematomas treated with open surgery
followed by middle meningeal artery em-
bolization compared to open surgery alone:
a propensity score-matched analysis. J Neu-
rosurg 2022;139:124-30.

25. Fiorella D, Arthur AS. Middle menin-
geal artery embolization for the man-
agement of chronic subdural hematoma.
J Neurointerv Surg 2019;11:912-5.

26. Wali AR, Himstead A, Bravo J, et al.
Helical coils augment embolization of the
middle meningeal artery for treatment of
chronic subdural hematoma: a technical
note. J Cerebrovasc Endovasc Neurosurg
2023;25:214-23.

27. Shehabeldin M, Amllay A, Jabre R, et
al. Onyx versus particles for middle men-
ingeal artery embolization in chronic
subdural hematoma. Neurosurgery 2023;
92:979-85.

28. Ellens NR, Schartz D, Kohli G, et al.
Safety and efficacy comparison of em-
bolic agents for middle meningeal artery
embolization for chronic subdural hema-
toma. J Cerebrovasc Endovasc Neurosurg
2024;26:11-22.

29. Hamou H, Alzaiyani M, Pjontek R, et
al. Risk factors of recurrence in chronic
subdural hematoma and a proposed ex-
tended classification of internal architec-
ture as a predictor of recurrence. Neuro-
surg Rev 2022;45:2777-86.

30. Sale D. Single versus double burr hole
for drainage of chronic subdural hemato-
ma: randomized controlled study. World
Neurosurg 2021;146:€565-e567.

31. Sousa S, Pinto V, Vaz da Silva F, et al.
Impact of an early mobilization protocol
on the reduction of medical complica-
tions after surgery for chronic subdural
hematoma: the GET-UP Trial. J Neurosurg
2023;139:854-63.

Copyright © 2024 Massachusetts Medical Society.

N ENGL J MED 391;20 NEJM.ORG NOVEMBER 21, 2024

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Universiteit van Amsterdam (UvA and AMC) on June 26, 2025. For persona use only.
No other uses without permission. Copyright © 2024 Massachusetts Medical Society. All rights reserved.



