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Abstract

Evidence for nusinersen administration in adult 5q spinal muscular atrophy (5q-SMA) patients is scarce and based on
real-world observational data. The present systematic review and meta-analysis aimed to explore the efficacy and safety of
nusinersen in patients older than 12 years of age with 5q-SMA. We searched MEDLINE, EMBASE, the Cochrane Library,
and grey literature through April 2021. Cross-sectional studies, case reports, review articles, and studies with follow-up less
than 6 months were excluded. We included 12 records (seven case-series, five cohorts) representing 11 population cohorts
and enrolling 428 SMA patients. We observed statistically significant improvements on motor function Hammersmith
Functional Motor Scale Expanded (HFMSE) and Revised Upper Limb Module (RULM) scores at the longest follow-up
assessments [SMD =0.17(95% CI 0.01-0.33), SMD =0.22(95% CI 0.06-0.38), respectively]. HFMSE and RULM signifi-
cant improvements were also detected at the subgroup analysis during 10 and 14 months. HFMSE and RULM amelioration
occurred earlier in patients with SMA type 3 or 4 during short-term analysis (< 6 months). 6-min walk tests (6MWT) and
pulmonary function tests did not change. Minimal clinically important differences in HFMSE and RULM were observed in
43.3% (95% CI 34.5-52.3) and 38.9% (95% CI 27.7-50.7), respectively. Severe adverse events were reported in 2% (95%
CI 0-5.8). Treatment withdrawal rate was 3% (95% CI 0.5-6.6). Despite the low quality of evidence and the unmet need
for randomized data to establish the safety and efficacy of nusinersen in adults, our meta-analysis confirms that nusinersen
is a valuable treatment option for older patients with longer-disease duration.

Trial registration: PROSPERO database CRD42020223109.
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Introduction

Spinal muscular atrophy (SMA) is a rare neuromuscular
disease occurring in ~1 in 11,000 births [1]. A single gene
mutation, survival motor neuron 1 (SMN1) deletion on chro-
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mosome 5q13.2 leading to decreased full-length functional
SMN protein and extensive motor neuron degeneration in
the spinal cord, has been identified as the most common
etiologic factor [2, 3]. The inheritance pattern of 5q-SMA
is autosomal recessive. SMA phenotypic variability is
explained by the SMN protein additional production by the
homologous SMN2 gene [4], while SMN2 copy number has
been inversely associated with disease severity [5]. Disease
severity is reflected on SMA types that have been classi-
fied according to highest acquired motor milestone (sitters,
standers, or walkers) and age at onset (infantile-onset type 1
to adulthood type 4) [9].
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Nusinersen, an intrathecally delivered antisense oligonu-
cleotide, became available worldwide on 2017 as the first
disease modifying treatment for SMA patients of all types
and ages [6]. Drug’s interference with SMN2 exon 7 splicing
results in augmented fully functional SMN protein produc-
tion [7]. Nusinersen’s approval and determination of dosing
regimen was based on pivotal sham-controlled clinical trials
in infants and children [8, 9]. Nevertheless, patients older
than 12 years of age represent a significant portion of the
overall SMA population considering that SMA type 3 and
4 patients have a normal life-expectancy [10]. Furthermore,
more SMA patients are expected to survive into adulthood
with the advent of various disease modifying treatments
[11].

However, the effect of nusinersen in adult SMA patients
with longer disease duration and slower rate of progression,
who often are severely affected and may present with severe
scoliosis, is still questionable given the lack of targeted clini-
cal trials in this population. Natural history data of adult
SMA are scarce, hindering the establishment of treatment
benefit. It remains unclear whether stabilization of motor
function or muscle strength or pulmonary function should
be interpreted as prevention of disease progression and
attributed to treatment. Evidence for nusinersen tolerability,
safety and efficacy in adults is based on real-world observa-
tional studies usually including a small number of patients.
Hence, a higher level of evidence is warranted prior to the
introduction of recommendations for adult SMA individual-
ized therapeutic management based on sound start and stop
criteria in the dawn of different, yet high-cost, therapeutic
options [12, 13].

The objective of this study is to systematically review the
literature and conduct a meta-analysis to explore the efficacy,
tolerability, and safety of nusinersen therapy in adult patients
with genetically confirmed 5q-SMA.

Methods

The present systematic review and meta-analysis is reported
in accordance with the Preferred Reporting Items for Sys-
tematic reviews and Meta-Analysis (PRISMA) 2020 state-
ment [online-only electronic Supplemental Material 1 (ESM
1)] [14]. The study’s protocol was registered in the Interna-
tional Prospective Register of Ongoing Systematic Reviews
PROSPERO database (ID: CRD42020223109). A thorough
description of methods is presented in ESM 2.

Information Sources, Search, and Eligibility Criteria
Last literature search at MEDLINE (via PubMed), EMBASE

(via Ovid), and the Cochrane Library was performed on
April 1, 2021. Our search strategy was based on the key

words ‘spinal muscular atrophy’, ‘nusinersen’, and ‘outcome
assessment’. No search restriction was applied. The complete
search strategy for MEDLINE database is presented at ESM
3. Conference proceedings, ClinicalTrials.gov site, and ref-
erence lists from both included studies and relevant reviews
were examined to identify additional studies.

We searched for any randomized controlled trial (RCT),
case—control, cohort (prospective/retrospective) study, or
case series reporting outcomes of nusinersen intrathecal
administration in adult patients (> 12 years) with genetically
confirmed 5q-SMA during a follow-up period of at least
6 months. Cross-sectional studies, case reports, and review
articles were excluded. We included only studies reporting
a comparator, such as data on a natural history group or a
comparison between baseline and post treatment outcomes
of the same population.

The primary outcome of interest was nusinersen thera-
peutic efficacy in SMA adults determined by the change
from baseline score of any of the following: motor function
scales [Hammersmith Functional Motor Scale Expanded
(HFMSE), Revised Upper Limb Module (RULM), 6-min
or 10-m walk tests (6MWT or I0OMWT), ALS Functional
Rating Scale (ALSFR-S), SMA Function Rating scale
(SMAFRS)] or muscle strength [Medical Research Council
(MRC) sum score, dynamometer testing] or pulmonary func-
tion tests [Forced Expiratory Volume in 1 s (FEV1), Forced
Vital Capacity (FVC), and peak expiratory flow (PEF)].

Secondary outcomes of interest included (i) incidence of
patients achieving minimal clinically important difference
(MCID) at any of the primary outcomes, incidence of overall
responders, and incidence of patients with motor function
decline under nusinersen and (ii) safety of nusinersen ther-
apy determined by the incidence of severe nusinersen-related
adverse events in SMA adults and treatment withdrawal rate.

Based on previous reports, MCID was estimated at an
increment of at least 3 points from baseline for HFMSE
score, 2 points for RULM, and 30 m in the 6GMWT [15-18].
Overall responders were defined as patients presenting with
MCID in at least one of the HFMSE, RULM, or 6MWT.
Severe adverse events (attributed to nusinersen treatment
by the authors of each original record) were determined as
those requiring or lengthening hospitalization, being life-
threatening or fatal. Treatment withdrawal rate was deter-
mined as the proportion of patients who stopped nusinersen
according to original records.

Summary Measures and Synthesis of Results

We performed meta-analysis for primary and secondary out-
comes whenever data were available by three studies or more
using the Comprehensive Meta-analysis software (version
2.0, Biostat Inc.) and OpenMeta[ Analyst], respectively.
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Fig.1 PRISMA flow diagram

The primary outcome of interest regarding pre- and post-
treatment comparisons of motor function scales, muscle
strength, and pulmonary function tests was assessed using a
standardized mean difference (SMD) with a 95% confidence
interval (CI). We calculated the effect size for each outcome
measure using a random-effect model based on follow-up
sample size. We applied a conservative value of 0.5 as a
correlation between pre- and post-treatment assessments
when the correlation was not reported. We pooled together
data regarding the same outcome measure assessed either
during short-term (<6 months) or long-term (> 6 months)
follow-up. Secondary outcomes were assessed in the form
of incidence rates using the Freeman-Tukey double arcsine
transformation [19]. We quantified the degree of heterogene-
ity by I? statistics [20]. We considered an I value > 50% as
substantial heterogeneity.

Results

Study Selection — Flow Diagram

Our search yielded a total of 406 records after deduplication
as shown at PRISMA flow diagram (Fig. 1). Twelve reports

(seven case series, five cohort studies) representing eleven
population cohorts enrolling 428 SMA patients older than
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12 years with a follow-up of at least 6 months were included
in qualitative and quantitative synthesis.

Descriptive Characteristics and Risk of Bias Within
Studies

We present the characteristics of included studies and risk of
bias (RoB) assessment for the primary outcome in Table 1
and ESM 4. A total of 384 SMA patients were treated with
nusinersen; most of whom were SMA type 3. De Wel et al.
evaluated the effectiveness and safety of nusinersen in 16
SMA adult patients in a prospective cohort study but also
reported retrospective natural history data of 48 untreated
patients [21]. Moreover, Moshe-Lilie et al. described in a
case series 22 SMA adult patients, ten of whom were treated
with nusinersen [22]. The remaining reports presented com-
parisons between pre- and post-treatment evaluations of our
primary outcome of interest in the same group of nusinersen-
treated SMA patients older than 12 years [23-32].
Hagenacker et al. and Freigang et al. both examined patients
of the German multicenter cohort [23, 26]. Hence, these two
reports were merged in synthesis of the results.

Five reports designed as cohorts scored low risk (good
quality) at Newcastle—Ottawa scale (SM 3A) [21, 23-26].
RoB assessment for included case series using a tool pro-
posed by Murad et al. is presented at SM 3B. RoB of two
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case series [31, 32] was deemed fair (satisfying quality).
One case series scored high risk (moderate quality) at RoB
[29]. The remaining four case series scored low risk (good
quality) [22, 27, 28, 30].

Nusinersen Effect on Motor Function, Muscle
Strength, and Pulmonary Function Tests

Each of the included reports evaluated at least one of our
primary outcomes of interest (change from baseline meas-
urements of motor function scales or muscle strength or pul-
monary function tests) as presented at ESM 5. We performed
quantitative synthesis of our primary outcome measures
HFMSE, RULM, 6MWT, and FVC during short-term and
long-term follow-up period using SMD based on data avail-
ability. The effect of nusinersen treatment on the remaining
outcome measures is presented at qualitative synthesis.

Qualitative Synthesis
Motor Function Scales

ALSFRS-R remained stable over 10 months of nusinersen
injections as reported by both Walter and Jochmann et al.
[25, 30]. Moreover, Yeo et al. found that SMAFRS which was
designed for SMA type 3 patients and 10MWT showed high
individual variability in a case series [33]. Veerapandiyan
et al. assessed 30-foot walk TFT only in two patients in a
case series [28]. Among TFTs examined by Maggi and Bello,
rise from chair velocity and 10 m run/walk speed improved
significantly during follow-up [24].

Muscle Strength

De Wel et al. showed that muscle strength, measured by
both handheld dynamometry measurements and MRC sum
scores, improved significantly after 14 months of nusinersen
treatment in a cohort of SMA adults type 3 or 4 [21]. Inter-
estingly, Moshe-Lille et al. observed that %MRC improved
2.5% at 12 months and 3.9% at 24 months of follow-up in the
treatment group in contrast with the observed stabilization
or decline in the untreated group. However, no significant
change was reported in handheld dynamometry measure-
ments [22]. Finally, Walter et al. did not show a statistically
significant amelioration of a non-classic MRC score in adult
SMA type 3 patients during the first 10 months of nusinersen
administration [25].

Pulmonary Function Tests
PEF remained stable over 14 months of nusinersen treatment

as reported by De Wel et al. [21]. Nevertheless, Walter et al.
showed that peak cough flow (PCF) changed statistically

@ Springer

significant at the 6-month analysis [25]. Similarly, Maggi
et al. proved that FEV1% improved in adult SMA 3 patients
after 14 months of treatment.

Quantitative Synthesis

HFMSE

The pooled effect estimate of the six studies on the compari-
son between pre- and post-treatment at the longest follow-up
of adult SMA patients receiving nusinersen showed statis-
tically significant improvement of HFMSE (SMD=0.173,
95% C10.013-0.332, p=0.034, I?=0%), with no heteroge-
neity (Fig. 2A). Nevertheless, no significant improvement
of HFMSE resulted from the comparison between pre- and
post-treatment of the seven studies reporting short-term
HFMSE assessment (SMD =0.108, 95% CI—0.04 to 0.220,
p=0.058, I’=0%, Fig. 2B).

We performed a pre-planned subgroup analysis at differ-
ent follow-up time-points. We observed a statistically signifi-
cant amelioration of HFMSE on adult SMA patients both at
10 months (SMD=0.188, 95% CI 0.048-0.328, p=0.009,
I’=0%, ESM 6A) and at 14 months (SMD =0.257, 95% CI
0.078-0.436, p=0.005, ’=0%, ESM 6B) after nusinersen
treatment. Moreover, the statistically significant improve-
ment of HFMSE was also observed at the pre-planned
subgroup analysis according to SMA types. HFMSE score
of adult SMA type 3 or 4 changed significantly during
short-term (SMD =0.239, 95% CI 0.012-0.465, p=0.039,
1>=54%, ESM 6C) and longest follow-up (SMD =0.391,
95% CI 0.020-0.761, p=0.039, 1>=70.39%, ESM 6D).

RULM

Six studies examined the effect of nusinersen treatment at
RULM score of adult SMA patients during long-term fol-
low-up. The pooled analysis on the comparison between pre-
and post-treatment at the longest follow-up showed a statisti-
cally significant improvement of RULM (SMD =0.222, 95%
CI 0.061-0.383, p=0.007, =0%, Fig. 3A). However, no
statistically significant change of RULM score was revealed
at the short-term analysis including SMA patients of any
type (SMD =0.057, 95% CI—0.060 to 0.173, p=0.342,
1*=0%, Fig. 3B).

At the pre-planned subgroup analysis, we observed
a statistically significant change of RULM on adult
SMA patients both at 10 months (SMD=0.172, 95% CI
0.032-0.312, p=0.016, ’=0%, ESM 7A) and at 14 months
(SMD =0.213, 95% CI 0.035-0.301, p=0.019, I*=0%,
ESM 7B) after nusinersen treatment. Likewise, in SMA
type 3 or 4, RULM increased significantly from baseline
both during short-term (SMD =0.156, 95% CI0.021-0.292,
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4 HFMSE pre-post change, long-term

Study name Time point Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper

in means error  Variance limit limit Z-Value p-Value
DeWel 14-months 0,108 0.251 0083 0388 0597 0.422 0.673 L
Freigang 18-months 0,105 0,133 0018 0,155 0385 0791 0429 ——
Jochmann 10-months 0,346 0.420 0177 0,477 1.170 0.824 0,410
Maggi 14-months 0,253 0,142 0,020 0,026 0,532 1.779 0,075 +-
SHINE end of follow-up 0,081 0,379 0,143 0881 0822 0,214 0.830
Walter 10-months 0,208 0,245 0,080 0272 0888 0,848 0,38 &

0,173 0.081 0,007 0,013 0,332 2,124 0,024 -‘
-1,00 -0,50 0,00 0,50 1,00
b HFMSE pre-post change short-term
Study name Statistics for each study Std diff in and 95% CI
Std diff Standard Lower Upper Relative
in means error  Variance limit limit Z-Value p-Value weight
Dewel 0,107 0,251 0,083 0,384 0,599 0.428 0,688 518
Faravelii 0,283 0.234 0,088 0312 0838 0,8%6 0,370 3,78
Hagenacker 0,073 0,090 0,008 0,103 0,249 0.810 0.418 —t 40,08
Inan 0513 0,244 0080 0035 0992 2,102 0,035 5.44
Jochmann 0,118 0,410 0,188 0885 0921 0,289 0,773 193
Maggi 0,081 0,093 0009 0,121 0243 0,658 0,511 —t— 37,54
Walter 0,168 0,231 0053 0287 0619 0,719 0.472 6.08
0,108 0,057 0,003 0,004 0220 1,895 0,058 ol
1,00 -0,50 0,00 0,50 1,00

Fig.2 A Forest plot presenting the pooled analysis of the six studies
on the comparison between pre- and post-treatment HFMSE change at
the longest follow-up. B Forest plot presenting the pooled analysis of

p=0.024, ’=0%, ESM 7C) and long-term (SMD =0.317,
95% CI0.130-0.504, p=0.001, I*=0%, ESM 7D) follow-up.

6MWT

The pooled effect estimates showed no significant differ-
ence between pre- and post- nusinersen treatment on 6 MWT
during short-term (SMD=0.156, 95% CI—0.022 to 0.334,
p=0.086, =0%, Fig. 4A) and long-term (SMD =0.204,
95% CI—0.039 to 0.447, p=0.1, 1>=0%, Fig. 4B) follow-up.
Similarly, no significant difference on 6 MWT was observed
at 10 months (SMD =0.123, 95% CI—-0.093 to 0.340,
p=0.263, ’=0%, ESM 8A) or at 14 months (SMD =0.234,
95% CI—0.033 to 0.501, p=0.085, ?’=0%, ESM 8B) of
treatment.

FVC

FVC% remained unchanged both during short-term
(SMD=0.078, 95% CI—0.163 to 0.319, p=0.527, ’=0%,
Fig. 4C), at 10 months (SMD=0.211, 95% CI-0.089
to 0.511, p=0.167, I’=0%, ESM 9), and long-term
(SMD=0.182, 95% CI—0.14 to 0.504, p=0.268, I*=0%,
Fig. 4D) follow-up.

the seven studies on the comparison between pre- and post-treatment
HFMSE change during short-term follow-up

Responder Rates

MCID in HFMSE was observed in 35.3% (95% CI
22.1-49.7, I’=77.2%, ESM 10) of adult SMA patients
receiving nusinersen during short-term and 43.3% (95% CI
34.5-52.3, 1’=0%, Fig. 5A) during long-term follow-up.
Likewise, 38.9% (95% CI 27.7-50.7, 1> =0%, Fig. 5B) of
adult SMA patients achieved a MCID in RULM score during
long-term evaluation. Overall responder rate was examined
only by Maggi et al. representing 53%, 63%, and 69% of
treated patients at 6, 10, and 14 months after initial admin-
istration [24]. We did not perform a pooled analysis for the
secondary outcome of motor function decline under treat-
ment because of studies’ heterogeneity on outcome meas-
ures reported and time-points assessed. Hence, we present
the proportion of SMA patients with motor function decline
under nusinersen as reported by each study in Table 2.

Adverse Events
We also intended to examine the adverse events follow-
ing nusinersen treatment. We present in Table 2 a narra-

tive description of severe adverse events and reasons of
treatment withdrawal as extracted from each study. Severe

@ Springer
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A RULM pre-post change, long-term

Study name Time point Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
DeWel 14-months 0,133 0,251 0,083 035 0625 0,530 0,596 —
Hagenacker  14-months 0.238 0.133 0018 0025 0497 1771 0078 -
Jochmann 10-months 0,816 0.471 0222 0,108 1,740 1,732 0,083
Maggi 14-months 0213 0,143 0020 0087 0483 1,489 0.137 ..._
Veerapandiyan last follow-up 0,307 0.418 0,175 0,512 1,126 0,735 0,462
Walter 10-months 0,101 0.243 0059 0378 0577 0.413 0,679
0,222 0,082 0,007 0,061 0,283 2,708 0,007 ‘
-2,00 41,00 0,00 1,00 2,00
b RULM pre-post change, short-term
Study name Time point Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper

in means error Variance limit limit Z-Value p-Value
DeWel B-months 0,108 0,251 0,083 038 059 0.431 0,668
Hagenacker  @-months 0.048 0,091 0008 0,133 0225 0,504 0614
Jochmann B-months 0,588 0,442 0,195 0,280 1.452 1326 0,185 e
Maggi &-months 0.027 0,083 0009 0,185 0210 0,234 0,769
Veerapandiyan G-months 0,210 0,382 0,146 0539 0,95 0,550 0,583
Walter @-months 0,060 0.220 0,053 0,3% 0510 0,261 0,754 —_—

0,057 0.080 0004 0080 0173 0851 0342 ®
2,00 41,00 0,00 1,00 2,00

Fig.3 A Forest plot presenting the pooled analysis of the six studies
on the comparison between pre- and post-treatment RULM change
at the longest follow-up. B Forest plot presenting the pooled analysis

adverse events were reported in 5.8% (95% CI 0.9-13.2,
12=69.51%, ESM 11A). In a subgroup analysis according to
number of patients included in each study (N> 10), we found
that 2% (95% CI 0-5.8, 12=47.52%, SM 11B) of patients
experienced a severe adverse event. Furthermore, treat-
ment withdrawal rate was 3% (95% CI 0.5-6.6, 1?’=26.93%,
ESM 12). The most frequent non-severe adverse events
were related to the administration procedure. Post lumbar
puncture headache occurred in 43.9% (95% CI 33.3-54.7,
1°=52.77%, ESM 13A) and back pain in 28.9% (95% CI
12.8-48, I’=85.9%, ESM 13B) of SMA adults following
intrathecal nusinersen injections.

Risk of Bias Across Studies and Publication Bias

We did not detect publication bias for our primary outcome
at visual inspection of funnel plots nor when we applied
Egger’s linear regression test (ESM 14). We assessed qual-
ity of evidence of our primary outcome estimates which was
low applying the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) tool based on obser-
vational nature of included studies (ESM 15) [34].

@ Springer

of the six studies on the comparison between pre- and post-treatment
RULM change during short-term follow-up

Discussion
Summary of Evidence

The present study is the first systematic review and meta-
analysis that explored the efficacy and safety of nusinersen
administration in 384 treated adult patients with genetically
confirmed 5q-SMA. We documented a statistically signifi-
cant improvement on motor function HFMSE and RULM
scores at the longest follow-up assessments. The favorable
outcomes on HFMSE and RULM were also found at the
subgroup analysis during 10 and 14 months after initiation
of nusinersen. Interestingly, we observed that the statistically
significant amelioration of HFMSE and RULM occurred
earlier in patients with SMA type 3 or 4 during short-term
analysis in a subgroup analysis. Moreover, we found a sta-
bilization on 6MWT and pulmonary function tests. The esti-
mated incidence of adult SMA patients achieving MCID in
HFMSE and RULM was 43.3% and 38.9% during long-term
follow-up assessments, respectively. The most frequently
reported adverse events were post lumbar puncture headache
and back pain occurring in 43.9% and 28.9% of SMA adults
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a 6MWT pre-post change, short-term

Study name Time point

Statistics for each study

Std diff in means and 95% CI

Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
DeWel 6-months 0,080 0,379 0,143 -0662 0,822 0,210 0,833
Faravelli 6-months 0,226 0,320 0,103 -0,402 0,854 0,706 0,480 &
Hagenacker ~6-months 0,226 0148 0022 -0063 0516 1532 0,126 ——
Maggi 6-months 0,105 0,145 0021 -0,178 07389 0728 0466 —i—
Walter 6-months 0,068 0,302 0,091 -0,524 0,659 0,224 0,823 L
0,156 0,091 0,008 -0,022 0,334 1,717 0,086 ‘
-1,00 -0,50 0,00 0,50 1,00
b 6MWT pre-post change, long-term
Study name Time point Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error  Variance limit limit Z-Value p-Value
DeWel 14-months 0,034 0,378 0,143 -0,707 0,775 0,080 0,928 h
Hagenacker 14-months 0,381 0,207 0,043 -0,025 0,786 1,837 0,086 -
Maggi 14-months 0,149 0,205 0,042 -0,253 0,551 0,727 0,467 .
Walter 10-months 0,057 0,302 0,091 -0,534 0,649 0,190 0,849
0,204 0,124 0,015 -0,039 0,447 1,647 0,100
-1,00 -0,50 0,00 0,50 1,00
C FVC% pre-post change, short-term
Study name Time point Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
Jochmann  6-months 0,171 0411 0169 -0635 0976 0415 0678 ! ! |
Maggi 6-months -0,017 0,154 0,024 -0,320 0,285 -0,113 0,910
Walter 6-months 0,266 0,233 0,054 -0,192 0,723 1,138 0,255 —
0,078 0,123 0,015 -0,163 0,319 0,633 0,527
-1,00 -0,50 0,00 0,50 1,00
d FVC% pre-post change, long-term
Study name Time point Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
Jochmann 10-months 0,096 0,409 0,167 -0,706 0,898 0,234 0,815 ! L
Maggi 14-months 0,034 0,258 0,067 -0,472 0,541 0,133 0,894
Walter 10-months 0,353 0,250 0,062 -0,137 0,843 1,411 0,158 —
0,182 0,164 0,027 -0,140 0,504 1,107 0,268
-1,00 -0,50 0,00 0,50 1,00

Fig.4 A Forest plot presenting the pooled analysis of the five studies
on the comparison between pre- and post-treatment 6MWT change dur-
ing short-term follow-up. B Forest plot presenting the pooled analysis
of the four studies on the comparison between pre- and post-treatment
6MWT change at the longest follow-up. C Forest plot presenting the

pooled analysis of the three studies on the comparison between pre- and
post-treatment FVC% change during short-term follow-up. D Forest plot
presenting the pooled analysis of the three studies on the comparison
between pre- and post-treatment FVC% change at the longest follow-up
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A. HFMSE minimal clinically important difference, long -term

Studies Estimate (95% C.I.) |

DeWel 2020 0.313 (0.105, 0.564) » :

Hagenacker 2020 0.404 (0.279, 0.534) -

Jochmann 2020 0.667 (0.236, 0.987) =

Maggi 2020 0.490 (0.353, 0.628) —

Moshe-Lilie 2020 0.333 (0.000, 0.941) = ;

SHINE 2020 0.429 (0.081, 0.814) ]

Yeo 2020 0.500 (0.103, 0.897) —

Overall (1*2=0 % , P=0.803) 0.433 (0.345, 0.523) —
I T T : T 1
0 0.2 0.4 0.6 0.8

Freeman-Tukey Double Arcsine Proportion

B. RULM minimal clinically important difference, long -term

Studies Estimate (95% C.I.) !

DeWel 2020 0.500 (0.254, 0.746) i ]

Jochmann 2020 0.500 (0.103, 0.897) . =

Maggi 2020 0.340 (0.214, 0.478) . i

Veerapandiyan 2020 0.600 (0.138, 0.982) : L ]

Yeo 2020 0.333 (0.013, 0.764) L i

Overall (12=0 % , P=0.654) 0.389 (0.277, 0.507) ———
I ’LI T 1
02 04 0.6 0.8

Freeman-Tukey Double Arcsine Proportion

Fig.5 A Forest plot presenting the pooled incidence of the seven studies reporting on HFMSE MCID during long-term follow-up. B Forest plot
presenting the pooled incidence of the five studies reporting on RULM MCID during long-term follow-up

following intrathecal nusinersen administration. Neverthe-
less, severe adverse events and treatment withdrawal rates
were 2% and 3%, respectively. Overall, our results provide
evidence that nusinersen has a favorable outcome on motor
and pulmonary function tests and is well-tolerated in adult
SMA patients with longer disease duration.

Limitations of the Evidence Included in the Review
and the Review Processes Used

The main limitation of evidence included in this meta-
analysis is the design of studies with pre- versus post-
treatment comparisons along with the lack of an untreated
control group. The observational nature of included stud-
ies downgraded the overall quality of evidence of this
meta-analysis. The approval of nusinersen, an orphan
drug, in SMA patients of all ages and types hindered the
implementation of sham-controlled trials in adults. Thus,
new ethical dilemmas were raised. The possibility of a

@ Springer

placebo effect could not be eliminated by studies lack-
ing a control group especially in this group of patients in
which the natural history of the disease has not been stud-
ied thoroughly [35]. The stabilization of a neurodegenera-
tive disease previously lacking a disease specific treatment
may be desirable for patients and their treating physicians.
Nevertheless, in certain SMA patients with longer disease
duration and milder phenotypes, this stabilization in cer-
tain time periods may reflect natural disease course [36].
MCID cut-offs used in the included studies and adopted
in this meta-analysis should be interpreted with caution
in adult SMA considering that the methods used for their
determination remain questionable [37]. Moreover, it
should be highlighted that the motor function scales used
as primary outcome measures in the included studies may
not be sensitive enough to monitor therapeutic efficacy in
SMA adults with different SMA types as ceiling and floor
effects have been previously reported [38]. Finally, the
small sample size, the variability of SMA types examined
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Table 2 Data regarding motor function decline, severe adverse events, and treatment withdrawal as defined and reported in each study

First author N treated Treatment Motor function decline  Severe Severe adverse Treatment Reasons of treatment
duration under treatment (%N) adverse events description withdrawal withdrawal
(months) events (V) (N)

De Wel 2020 16 6-14 18.8 0 na 0 na

Faravelli 2019 12 6 na 0 na 0 na

German multicenter 139 6-14 10 0 na Post-LP syndrome

cohort® (n=2), patient’s
wish (n=2)

Inan 2020 40 3-9 na 0 na 2 LP intolerance (n=2)

Jochmann 2020 7 2-10 14.3 0 na Post-LP syndrome

(n=1)

Maggi 2020 116 6-14 na 6 Post-LP syndrome 2 LP intolerance (n=2)
(n=5), renal
colic (n=1)

Moshe-Lilie 2020 10 6-24 0 3 LUTS (n=1), 3 Lack of improvement
bacterial men- (n=1), pneumonia
ingitis (n=1), (n=1), proteinuria
death® (n=1) (n=1)

SHINE study 2020° 7 64-82 28.5 3 Post-LP syndrome 0 na
(n=1), pro-
teinuria (n=1),

LUTS/pyelone-
phritis (n=1)

Veerapandiyan 2020 12 4-26 0 2 Post-LP syndrome 0 na
(n=1), general-
ized tonic clonic
seizure (n=1)

Walter 2019 19 2-10 29.4 0 na 2 Patient’s wish (n=2)

Yeo 2020 6 14-21 16.7 2 Fall with sacral 0 0

compression
fractures (n=1),
leg cellulitis
(n=1)

na non-applicable, N number of patients, LP lumbar puncture, LUTS lower urinary tract symptoms

#Hagenacker 2020 and Freigang 2021 reports
"Muntoni 2020 report

By respiratory failure in the setting of pneumonia

in each cohort, and the heterogeneity of population cohorts
among the studies included in this meta-analysis are still
important limiting factors. SMA is a rare disease with a
unique phenotypic pattern. Patients with SMA type 2 do
not gain the ability to walk independently; yet some SMA
type 3 patients lose this ability during disease course, and
some may be still ambulatory. It should be pointed out that
although our study focused on adult SMA patients, we also
included subjects aged 12 to 18 years on the basis of previ-
ously published cohorts suggesting that disease trajectory
is similar in adolescents and adults [39]. The variability in
disease severity may also reflect a variability in therapeutic
response. Thus, we observed minor statistically significant
improvements on motor function scores changes follow-
ing nusinersen treatment despite the moderate treatment

response as measured with MCID. However, the effect of
nusinersen in each SMA type could not be reliably deter-
mined in subgroup analyses given the small number of
patients included in these cohorts.

The strength of this study is the comprehensive search
of all published and grey literature resources according to
our study protocol leading to the enrollment of 428 SMA
patients in this qualitative and quantitative synthesis. Nev-
ertheless, none of the included studies reported the cor-
relation between pre- and post-treatment assessments. We
applied a conservative correlation value of 0.5. Thus, we
may have underestimated the effect of nusinersen treat-
ment. Finally, we did not conduct a meta-analysis to assess
nusinersen effect on SMA adults muscle strength due to
data heterogeneity and insufficiency.
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Implications of the Results for Practice and Future
Perspectives

Our meta-analysis indicates that nusinersen is a generally
safe and promising treatment even in older SMA patients
with longer disease duration, although the evidence is
based on real-world data with small sample size and with-
out extended follow-up. Given the paucity of randomized
data, a meta-analysis of observational studies provides
a higher level of evidence for the use of nusinersen in
clinical practice and identifies research gaps. DEVOTE
is an ongoing double-blind randomized, controlled dose-
escalating trial which will enroll SMA patients of all ages
and will elucidate the effect of higher regimen dosing
on adult SMA [40]. However, several questions remain
to be answered to provide superior quality of evidence
and justify these costly treatments. Future studies should
explore whether there is a wider therapeutic benefit on
adult SMA patients that we currently cannot measure due
to the inaccuracy of the established outcome measures.
Moreover, it should be clarified whether there is a sub-
group of SMA adults who could benefit the most from
nusinersen administration. Finally, we should determine
whether there is a timepoint in which physicians should
stop nusinersen treatment because of a possible wearing-
off phenomenon.

To that end, future randomized clinical trials should
focus on the stratification of SMA participants based on
prognostic biomarkers, the introduction of start and stop
criteria, and the exploration of additional outcome meas-
ures and standardized patient-reported outcomes to moni-
tor therapeutic response.

Conclusions

Despite the relatively low quality of evidence and the
unmet need for randomized data to establish the safety
and efficacy of nusinersen in adults, our meta-analysis
confirms that nusinersen is a valuable treatment option
for adult patients with longer-disease duration. Reliable
and objective biomarkers should be employed to stratify
adult SMA patients in future multicentre trials and moni-
tor therapeutic benefit during a longer follow-up towards
a personalized medical approach in the era of newly intro-
duced high-cost disease modifying treatments.
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