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Abstract

Background: There is an increasing number of papers reporting the real world use of Nusinersen in different cohorts
of SMA patients.

Main body: The aim of this paper was to critically review the literature reporting real world data on motor function in
type 2 and 3 patients treated with Nusinersen, subdividing the results according to SMA type, age and type of assess-
ment and performing a meta-analysis of the available results. We also report the available data collected in untreated
patients using the same measures. Of the 400 papers identified searching for Nusinersen and spinal muscular atrophy,
19 reported motor function in types 2 and 3: 13 in adults, 4 in children and 2 included both. Twelve papers reported
untreated patients'data. All studies reported positive changes on at least one of the functional measures and at every
time point while all-untreated cohorts showed negative changes.

Conclusion: Our review suggests that Nusinersen provides a favorable benefit in motor function across a wide range
of SMA type 2 and 3 patients over a 10-14 month observation period. Although a direct comparison with studies
reporting data from untreated patients cannot be made, the longitudinal changes in the treated cohorts (consistently
positive) are divergent from those observed in the untreated cohorts (consistently negative). The difference could be

observed both in the global cohorts and in smaller groups subdivided according to age, type or functional status.
Keywords: Spinal muscular atrophy, Critical review, Nusinersen

Background

Spinal muscular atrophy (SMA) is an autosomal reces-
sive genetic disease characterized by degeneration of the
a-motor neurons of the anterior horn cells of the brain
stem and spinal cord, leading to progressive muscle
weakness [1]. SMA is caused by mutations in the sur-
vival motor neuron 1 (SMNI) gene, encoding the SMN
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protein, which is essential for motor neuron survival. A
limited amount of functional SMN protein is produced
by another gene, SMN2, also located on chromosome
5q. SMN2 differs from SMN1 by few nucleotides, one of
which creates an alternative splicing motif in exon 7 that
largely exclude it from the mature SMN2 mRNA.

In the last few years a number of therapeutic
approaches have targeted a possible increase of the pro-
duction of SMN protein in target motor neurons by
genetic replacement of the defective SMNI gene [2, 3] or
by modifying pre-mRNA splicing in SMN2 to promote
exon 7 inclusion by using an antisense oligonucleotide or
small molecule drugs [4-7].
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Nusinersen, an antisense oligonucleotide that targets
pre-mRNA splicing of the SMN2 gene, is the first medi-
cal treatment approved for SMA. Following two suc-
cessful pivotal trials in early-infantile and later-infantile
onset SMA [6, 7], the drug was first approved by Food
and Drug Administration (FDA) in 2016 and over the fol-
lowing years by the and by European Medicines Agency
(EMA) and several other countries worldwide.

Most of the early real-world data have focused on type
1 infants enrolled in early access programs, [8—10] but in
the last few years several studies have reported additional
data in older children [11-14] and adults [15-29], cover-
ing the whole spectrum of SM A, from young infants with
the most severe forms [30] to adults with a milder pheno-
type. The real-world data have expanded our knowledge
on safety and efficacy of the drug in a much larger popu-
lation of SMA patients than those reported in the pivotal
studies. As of mid-2021 over 11,000 patients with SMA
have been treated with Nusinersen [31].

The papers reporting the use of Nusinersen in infants
with early onset SMA consistently showed an increase
in survival and function and achievement of motor
milestones [8-10]. These findings are different from the
known natural history of untreated type 1 infants who
had reduced survival and never showed any functional
improvement [32-36]. Functional improvement has also
been reported in children and adult classically labeled as
type 2 and 3 but the interpretation of the data and the
comparison between different datasets is complicated
by the differences in the cohorts studied and by the tools
used to establish efficacy. The interpretation of the results
is further complicated by the relative paucity of age spe-
cific reference data in untreated patients, especially in
adult cohorts [26, 37-46]. The aim of this paper was to
critically review the existing literature on motor function
in type 2 and 3 patients treated with Nusinersen, trying
to establish possible patterns of efficacy by subdivid-
ing the results according to SMA type, age (pediatric vs
adults) and type of assessment. When available, for each
measure, we also reported data collected in untreated
patients using the same measures.

Main text

Search methodology

PRISMA guidelines were applied in order to conduct the
critical review, including research on online-databases
for peer-reviewed journal (PUBMED, MEDILINE, Web
of Science, CINAHL, PsycINFO, and EMBASE), and
manual research on reference lists of included articles.
To identify articles on SMA motor trajectories in the
field of nusinersen treatment, the following key terms
were used: “Spinal Muscular Atrophy’, “SMA’, combined

with keywords “Nusinersen’, “Spinraza”. In parallel, we
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also performed a search combing “SMA” or “Spinal Mus-
cular Atrophy” with “Motor function’, “Outcome meas-
ures’, “natural history” to identify changes in untreated
patients. All electronic searches were limited to the Eng-
lish language and to publication until Jan 2021. As the
studies on nusinersen were all relatively recent, with the
first studies performed approximately 10 years ago, we
decided to include natural history data from the same
decade.

The screening and data collection procedure was given
by five authors (CC, FC, GC, LA, MCP). Full-text review
was applied by the same group and by the senior author
(EM) to determine the full eligibility of articles. Studies
reporting data on type 1 only were excluded. Eligible arti-
cles reporting treated patients were grouped into catego-
ries based on SMA type (SMA 2, SMA 3, combination)
or age (pediatric vs adult). A similar approach was used
to classify data from untreated patients. When needed,
re-calculation on mean and standard deviation of age or
motor outcome was performed from papers reporting
full data access.

Statistical analysis

Data were analyzed looking at the reported changes and
standard deviation (SD) in the individual motor outcome
measures in the different treated groups, subdivided by
age category (adults, pediatric), motor function (ambu-
lant, non-ambulant) and SMA type [2, 3].

Data extracted included the name of the first author,
outcome measure, target population (n, type, age cat-
egory, age range at treatment, mean age at treatment),
magnitude of changes at 10, 12 or 14 months from base-
line (mean, standard deviation/95% confidence interval).

The pooled analysis was conducted at different levels:
first a rough evaluation on the overall benefit of treat-
ment vs no-treatment was run including the largest avail-
able evidence, even if heterogeneous. The effect size was
estimated using random-effect models and heterogeneity
among studies was quantified by the I? coefficient [47].

Subgroup analyses were further conducted to verify
and estimate the influence of different categories (age,
SMA type and motor function) on the pooled results of
the treated population.

Meta-regression analysis was undertaken in order to
identify possible sources of heterogeneity among studies.
Meta-regression analyses were employed with random-
effects model using aggregate-level data. Only studies
with complete data available (sample N, mean, standard
deviation/95% confidence interval) were included in the
meta-analysis.

The statistical software Stata (v.16; IBM Corp.) was to
run the meta-analyses and draw the forest plots.
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Search results

Applying the search terminology, a total of 14,627 articles
were preliminarily selected based on their title. Of this,
788 were related to nusinersen treatment. After review-
ing the full abstracts, 9221 were excluded from the review
of the full paper.

The review of the literature showed over 400 papers
on Nusinersen. Approximately the 15% of these studies
focused on modalities of administration or safety, other
studies reported socioeconomic issues (7%), electrophys-
iology or biomarkers (6%). Others were review articles
or general papers not reporting details of efficacy using
functional scales or motor outcome measures. After
reviewing the full papers, 30 papers were selected and
analyzed. Figure 1 describes the search and selection pro-
cess using the PRISMA framework.

After excluding reviews, commentaries or individual
case reports (see Fig. 1 for details), we selected 19 papers
reporting data on efficacy using structured assessments
in type 2, 3. In 4 of the 19 papers type 1 patients were also
included, with 1 of the 4 papers describing type 1 data
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separately. None of the HFMSE, RULM and 6MW T data
included type 1 patients. Type 1 patients were only part
of CHOP-INTEND, MEFM and HINE 2 datasets. Data
from clinical trials were not included in the review. The
19 papers were reviewed using a risk of bias assessment
tool for non randomized studies (ROBANS) [48] (see
Additional file 3: Fig. S1).
Twelve papers reported data in untreated patients.

Results on motor function scales

Hammersmith Functional Motor Scale Expanded
(HFMSE) A total of 13 papers reporting nusinersen
treated patients and 5 papers reporting studies from
untreated cohorts were identified. Two of the 13 studies
reporting nusinersen treated patients included both pedi-
atric and adult patients, 9 only adults and 2 only pediatric
patients (Fig. 2). Individual data on HFMSE were available
in three papers (Mendonca 2020, Jochmann 2020 e Kes-
sler 2019), therefore, in order to subgroup the populations
according to type, age group or avoid missing data, we
have re-calculated mean change overtime.

Records identified through PUBMED,
MEDLINE and Web of Science
database searching (n=14599)

788/14599 were related to
nusinersen treatment
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Additional records identified through
hand searching

(n=28) 9221 were excluded due to the reasons:

= |rrilevant title or abstract

}

= Review articles
= (Case Reports

] - = Only SMA 1 cohorts

w | 5351 duplicate records were removed | * Pre-symptomatic patients

c l = Procedural articles

S * Non motor outcome measures

o Records screened (n=9276) = Pre-clinical data

A > = Clinical trial

400/788 were related to nusinersen efficacy = Only cross-sectional studies

E Full text articles assessed for eligibility 25 articles excluded due to reasons:

a (n=55) = Short follow-up

W = Case reports

w L) = No motor outocome scales (HMFSE-2,
L] Full text articles included in the analysis RULM, 6MW, MFM, other) or strength

(n=30) test (MRC)
] = Review articles
= Comments
= Papers reporting overlapping datasets
= Papers not reporting annual change
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he]
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Adult nusinersen Pediatric nusinersen Adult natural Pediatric natural
treated data treated data History Data History Data
(n=15%) (n=7%) (n=10%) (n=6*)

* 6 papers were reporting real-word data from both adult and pediatric population, 1 was reporting data from both treated and untreated cohorts

Fig. 1 Search and selection process (PRISMA framework)
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All the manuscripts describing nusinersen treated
patients reported an increase on the HFMSE score and
overall, the benefit of the treatment resulted to be statis-
tically significant (pooled mean change=2.27 (95% CI
1.41-3.13)). For the untreated patients the pooled mean
change was—1.00 (95% CI—1.33;—0.67) indicating a
significant reduction of the HFMSE score from base-
line. Pooled mean change across treated and untreated
patients’ datasets was statistically significant (p <0.0001).

Since heterogeneity was considerable (I>=90%) and
highly significant we performed a multivariate meta-
regression analysis. When adjusting by age group, SMA
type and treatment, we found that the difference in the
HFMSE score was associated with the nusinersen treat-
ment (coefficient (standard error (SE)): 3.30 (0.51),
p<0.0001), while the HFMSE score change was not sig-
nificantly associated with SMA type (2/3) (p=0.437) and
age group (adult/pediatric) (p=0.981). Results remained
consistent when we analyzed studies with 10, 12, 14 or
24 months of follow-up, separately (data not shown).
Subgroup analysis in treated patients Adult and pediat-
ric population
Both adult and pediatric populations reported an increase
on the HFMSE score (pooled mean change=1.87 (95%
CI 1.05-2.68) and 2.98 (95% CI 0.97-4.99), respectively,
with no difference in pooled mean change between the
two populations (p =0.320) (Additional file 4: Fig. S2).

SMA type

Both SMA type 2 and SMA type 3 populations reported
a significant increase on the HFMSE score (pooled mean
change =2.54 (95% CI 1.00-4.09) and 2.26 (95% CI 1.06—
3.47), respectively), with no difference in pooled mean
change between the two populations (p=10.780).

Ambulatory status

Both ambulant and non-ambulant populations reported
a significant increase on the HFMSE score (pooled mean
change=1.99 (95% CI 0.24-3.74 and=2.39 (95% CI
0.99-3.79), respectively), with no difference in pooled
mean change between the two populations (p=0.730).

Revised Upper Limb Module (RULM)
A total of 13 papers reporting nusinersen treated patients
and 5 papers reporting studies from untreated cohorts
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were identified. Two of the 13 studies reporting nusin-
ersen treated patients included both pediatric and adult
patients, 9 only adults and 2 only pediatric patients
(Fig. 3).

Individual data on RULM were available in one paper
(Jochmann 2020), therefore, in order to avoid missing
data, we have re-calculated mean change overtime.

With one exception [27], all the manuscripts describ-
ing nusinersen treated patients reported an increase
on the RULM score and overall the benefit of the treat-
ment resulted to be statistically significant [pooled
mean change=1.11 (95% CI 0.53-1.69)]. For the
untreated patients the pooled mean change was 0.47
(95% CI—0.79-1.74) Pooled mean change across
treated and untreated patients was not statistically sig-
nificant (p=0.370). Since heterogeneity was consider-
able (I’=81.00%) and highly significant we performed
a multivariate meta-regression analysis. We found that
RULM score change in SMA type 3 patients was sig-
nificantly lower than in SMA type 2 patients (coefficient
(SE)): —1.00 (0.37), p=0.007) that in adults the change
in the RULM score was significantly lower than pediatric
patients (coefficient (SE)): — 1.28 (0.40), p=0.002. When
adjusted for SMA type and age the RULM score was also
significantly higher in treated patients than in untreated
patients (coefficient (SE)): 1.0 (0.45), p=0.025). Results
remained consistent when we analyzed studies with 10,
12, 14 and 24 months of follow-up, separately (data not
shown).

Subgroup analysis  Adult and pediatric population

Both adult and pediatric populations reported a sig-
nificant increase on the RULM score (pooled mean
change =0.64 (95% CI 0.27-1.01) and 2.31 (95% CI 0.49—
4.14), respectively) with no significance in pooled mean
change between the two populations (p=0.08) (Addi-
tional file 4: Fig. S2).

SMA type

Both SMA type 2 and SMA type 3 populations
reported a significant increase on the RULM score
[pooled mean change=2.05 (95% CI 0.88-3.22) and
0.55 (95% CI 0.12-0.98), respectively] with a difference
in pooled mean change between the two populations
(p=0.01).

(See figure on next page.)

Fig. 2 Hammersmith Functional Motor Scale Expanded results reporting author, HFMSE results (0-66 scale, mean £ SD), sample size, mean age
(years, range/SD), mean baseline HFMSE (range/SD). a Adult population, b pediatric population. Key to figure: dashed line =95% Confidence
interval, plain line = Standard Deviation, square = SMA 2, circle =SMA 3, diamond = ambulant SMA 3, triangle =non ambulant SMA 3,

square + circle +triangle = mix phenotypes. Bold font = Median value, Italic=Mean value. Color coding: light blue = ~10 months from initiation
of drug, Red = ~12 months from initiation of drug, Green = ~24 months from infusion. Grey shade =SMA 2, White shade = SMA 3, Striped
shade =mixed phenotypes. *Mean/median values of the baseline population non excluding drop-outs at T10, 14 or 24 months of follow-up,
**mean/median values of the baseline population of both SMA Il and Ill combined
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Adults
A Source Results N, Age Baseline
Jochmann et al. 2020 115 ;——D——— n=3  34.3(22-50) 0.7 (0-2)
Maggi et al. 2020 16) —0— n=9 240 (19-41)* 0.0 (0-9)*
Hagenacker et al. 2020 117 ——c‘}—- n=30 37.0 (16-65)** 229 (+21.7)%*
Maggi et al. 2020 116/ n=5  24.0(19-41)* 0.0 (0-9)*
Duong et al. 2021 27 - | | | n=11 337 (17-66)** 19.0 (0-60)**
Hagenacker et al. 2020 17 i n=20 33.0(16-59)** 24.6 (+21.8)
Maggi et al. 2020 (16 O n=75 Not reported Not reported
Ambulant o n=40 33.0(18-68)* 50.5 (17-64)*
“ Non ambulant 4+ n=35 40.0(18-72)* 9.0 (0-40)*
b Hagenacker et al. 2020 17 n=60 37.0 (16-65)** 22.9 (+21.7)%*
g Ambulant n=35 Not reported Not reported
S |Watier etal. 2019 1 ° n=12  35.1 (18-59)* 35.2 (0-64)*
~S |Kessler etal. 2020 1) n=9  37.5(18-50) 26.8 (6-56)
S |Jochmann et al. 2020 115, n=3  44.3(20-68) 31.7 (6-60)
5 Maggi et al. 2020 1) o n=46  Not reported Not reported
: Ambulant N n=27 33.0(18-68)* 50.5 (17-64)*
Non ambulant > n=19 40.0 (18-72)* 9.0 (0-40)*
Pera et al. 2021 291 n=45 38.2(20-68) 30.1(0-61)
Ambulant n=19 35.8(20-68) 46.9 (23-61)
Non ambulant > n=26 40.0 (20-58) 17.8 (0-43)
Hagenacker et al. 2020 117 P n=37 33.0(16-59)** 24.6 (+21.8)**
Ambulant N n=23 Not reported Not reported
Duong et al. 2021 127 n=20 33.7 (17-66)** 19.0 (0-60)**
Yeo et al. 2020 20 ° n=6 299 (24-56) 35.0 (21-53)
Mendonga et al. 2021 126 n=4  33.0(26-42) 16.8 (3-44)
Osmanovic et al. 2020 121 : n=24 37.9(19-64) 23.2(0-64)
De Wel et al. 2020 12/ | n=16 37.5(22-66) 27.3(+19.8)
6-5-4-32-1012345678910111213141516
& |Coratti et al. 2020 s/ —— | n=117 20.2 (14-35) 3.21(0-24)
N Wijngaarde et al. 2020 /4201a 5 n=68 134 (5-21) Not reported
g 2b e n=50 15.0(7-25) Not reported
8 3a —o n=63 252(6-47) Not reported
~ 3b —o n=40 42.8(26-48) Not reported
S Coratti et al. 2020 15 1o n=49 24.0(20-29) 304 (6-62)
§ Non amb < n=31 24.2(20-28) 17.9 (6-33)
= Ambul | | | [ n=18 237(20-29) 51.94 (38-62)
D |Wadman et al. 2018 55 i L ‘ v | | n=180 Not r{fggpﬂtﬁ{% Not reported
Pediatrics
B Source Results N, Age Baseline
Mendonga et al. 2021 (26 —— n=14 10.6 (+10.3)* Not reported
a Mendonga et al. 2021 (26 ——T8 n=14 10.6 (+10.3)* Not reported
S Szabo et al. 2020 11 n=16 4.5(+3.3)* 21.2(+6.5)
= Coratti et al. 202114 e n=77 7.5(2-17) 10.3 (0-39)
8 Mendonga et al. 2021 126) —&— n=16 10.6(+10.3)* Not reported
= Mendonga et al. 2021 126 o n=16 10.6 (+10.3)* Not reported
N e e ssgsig | pawm
S o n=18 10.8(2.5-17.9) 21.2(6-32)
~ Szabo et al. 2020 111 e n=15 109(+52) Not reported
Mendonga et al. 2021 1261 - n=30 106 (+10.3) 254 (+172)
Mendonga et al. 2021 1251 e n=30 106 (+10.3) 254 (+172)
n Mendonga et al. 2021 (26 . n=20 102 (+5.6)* Not reported
';: Mendonga et al. 2021 126) o n=20 102 (+5.6)* Not reported
'g Coratti et al. 2020 45 e n=589 7.83(24-17.5) 12.55(9-41)
Q Coratti et al. 2020 14 R e [ n=283 747(24-17.6) 13.1 (0-36)
< Mendonga et al. 2021 (261 ° n=17 102 (+5.6)* Not reported
"g Mendonga et al. 2021 (261 o n=17 102 (+5.6)* Not reported
Y [Corattiet al. 2020 1s5) —_—— n=317 94(2.5-17.9) 48.2 (4-66)
§ Ambul n=253 8.9(2.5-17.9) 52.9 (30-66)
2 Non ambul > n=64 11.6(3.0-16.9) 294 (4-57)
N Mendonga et al. 2021 1261 L n=37 102 (+5.6) 24.9(+18.0)
b Mendonga et al. 2021 (261 - n=37 102 (+5.6) 24.9(+18.0)

Fig. 2 (See legend on previous page.)
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Adults
A Source Results N, Age Baseline
[Jochmann et al. 2020 [15] ; 0 n=3 34.3 (22-50) 4.0 (3-5)
(Maggi et al. 2020 16] 00— n=9  24.0 (19-41)* 2.5(0-22)*
Hagenacker et al. 2020 [17) ——DJ— n=30 37.0(16-65)* 23.0 (+12.80)**
(Maggi et al. 2020 (16] i n=5 240 (19-41)* 2.5(0-22)*
Duong et al. 2021 127 —J— n=16 33.7 (17-66)* 18.2 (0-37)*
[Hagenacker et al. 2020 [17] +—— n=20 33.0(16-59)** 23.8(+12.16)%*
Veerapandayan et al. 2020 25 = n=3 16.5(16-17) 11.0(11-11)
[Jochmann et al. 2020 115] O n=3 44.3 (20-68) 23.0(15-37)
Maggi et al. 2020 16 1o T n=71  Not reported Not reported
Ambulant N n=38 33.0(1868)* | 37.0(25-37)*
§ Non ambulant Il n=33 40.0(1872)% | 200 (0-34)*
-§ Hagenacker et al. 2020 [17] Lol n=58 37.0(16-65)** | 23.0(+12.80)**
% Maggi et al. 2020 [16] n=44  Not reported Not reported
§ Ambulant > n=25 33.0(18-68)* 37.0 (25-37)*
N Non ambulant < n=19 40,0 (18-72)* 20.0 (0-34)*
=
Veerapandayan et al. 2020 p2s) o n=4 34.5(14-52) 17.5 (10-35)
Duong et al. 2021 27 o n=23 33.7(17-66)** 18.2 (0-37)**
[Hagenacker et al. 2020 (17] n=38 33.0(16-59)** 23.8(+12.16)**
Walter et al. 2019 (18] ® n=16 35.1(18-59)* 32.3(11-37)*
De Wel et al. 2020 1227 o n=16 37.5(22-66) 27.1 (+8.10)
Pera et al. 2021 129] o n=55  38.2(20-68) 27.1(1-37)
Ambulant & n=21  35.8(20-68) 34.0(23-37)
Non ambulant D> n=34  40.0(20-58) 22.7(1-37)
Yeo et al. 2020 20] .‘ n=6 29.9 (24-56) 31.5(22-37)
Osmanovic et al. 2020 217 | — O ' | n=24  37.9(19-64) 20.0 (0-37)
Konersman et al. 2021 [25] | i 2 I | n=14 220 (+17.1)% Not reported
8-76-54-32-101234567 8 91011121314151617181920
2 |Peraetal. 2019 5 ——b——; ‘ ‘ ‘ ‘ n=9 20.8 (15-35) 11.8(0-22)
5 Pera et al. 2019 [s5] ! n=I13 354 (20-49) 29.8(10-37)
3 Ambulant - ‘ n=7  328(20-48) | 36.0(32-37)
;; Non ambulant ‘ ‘ ‘ n=6 384 (27-49) 22.7 (10-30)
Pediatrics
B| Source Results N, Age Baseline
. [Corattiet al. 2021 114 R — n=73 7.7 (3-17) 13.7(7.26)
E Szabo et al. 2020 (117 —_—— n=16 4.5 (+3.3)* Not reported
S
Y [|Peraetal 202129 —1—— n=45 9.5(3-17) 31.8(20-37)
§ Ambulant | oI n=31 9.0(3-17) 33.8(23-37)
= Non ambul, > n=14 1081 (3-17) 26.9 (20-37)
6 -5 -4 012 3 4 5 6 7 9 10 11 12 13 14 15 16
2 |Peraetal. 2019 55 —_— n=51 9.5(3-18) 154 (+6.6)
S
§ Pera et al. 2019 [55] S " —— n=41 9.0 (3-15) 319 (+5.0)
3 Ambulant b———— n=25 8.0(3-14) 33.7(+3.7)
g Non ambulant —p— n=16 10.5 (6-14) 29.19 (+4.34)
S

Fig. 3 Revised Upper Limb Module results reporting author, results (mean = SD), sample size, mean age (years, range/SD), mean baseline RULM
(range/SD). a Adult population, b pediatric population. Key to figure: dashed line =95% Confidence interval, plain line = Standard Deviation,
square=SMA 2, circle=SMA 3, diamond =ambulant SMA 3, triangle =non ambulant SMA 2, square + circle 4 triangle =mix phenotypes.

Bold font =Median value, Italic=Mean value. Color coding: light blue = ~10 months from infusion, Red = ~12 months from infusion,

Green = ~24 months from infusion. Grey shade = SMA 2, White shade = SMA 3, Striped shade = mixed phenotypes. *Mean/median values of the
baseline population non excluding drop-outs at T10, 14 or 24 months of follow-up, **mean/median values of the baseline population of both SMA

Il'and Il combined
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Ambulatory status

Both non-ambulant and ambulant populations reported
a significant increase on the RULM score (pooled
mean change=1.16 (95% CI 0.32-2.01) and 0.23 (95%
CI—0.68-1.14) respectively), with a trend of difference
in pooled mean change between the two populations
(p=0.14).

Minutes-Walk Test (6MWT) A total of 8 papers report-
ing nusinersen and 1 paper reporting studies from
untreated cohorts were identified. One of the 8 studies
reporting nusinersen treated patients included both pedi-
atric and adults, 6 only adults and 1 only pediatric patient
(Fig. 4).

All the manuscripts describing nusinersen treated
patients reported an increase on the 6MWT score and
overall, the benefit of the treatment resulted to be statis-
tically significant (pooled mean change=19.80 (95% CI
6.70—32.89). For the untreated patients the pooled mean
change was—8.29 (95% CI—19.10-2.52). Pooled mean
change across treated and untreated patients was statisti-
cally significant (p <0.0001).
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Since heterogeneity was high (I>=88.60%) and highly
significant we performed a multivariate meta-regression
analysis. When adjusting by age group and treatment,
we found that a greater increase in the 6MW T score was
associated with the nusinersen treatment (coefficient
(standard error (SE)): 27.81 (10.43), p=0.008), while the
6MWT score change was not significantly associated
with age group (pediatric/adult) (p=0.977).

Subgroup analysis  Adult and pediatric population

Both adult and pediatric populations reported a signifi-
cant increase on the 6MW T (20.28 (95% CI 1.17-39.40)
and 19.20 (95% CI—3.20-41.59) respectively, with no
statistically significant difference in pooled mean change
between the two populations (p=0.09) (Additional file 4:
Fig. S2).

Medical Research Council (MRC) Scale for Muscle
Strength  Adult cohorts

A total of 3 papers reporting nusinersen and 6 paper
reporting studies from untreated cohorts were identified.
All papers were reporting data from adult population
(Table 1).

Adults
A Source Results N, Age Baseline
Hagenacker et al. 2020 117)| n=37  37.0(16-65)** 353.0 (+218.5)*
Maggi et al. 2020 16) n=35  33.0(18-68)* 322.0 (14-588)%

Kizina et al. 2020 1231 0

Walter et al. 2019 115] <

n=10  37.0(19-59) 464.1 (230-600)

n=12  35.] (18-59)* 369.5 (181-550)*

Hagenacker et al. 2020 [17)|

\Maggi et al. 2020 116/

Treated cohorts

Duong et al. 2021 127

|Pera et al. 2021 129]

\De Wel et al. 2020 221

-35 -30 -25 -20 -15 -10 -5

0 S5 10 15 20 25 30 35 40 45 50 S5 60 65 70 75 80 85 90 95 100 105 110 115

n=25  33.0(16-59)** 3714 (+210.3)*
n=24  33.0 (18-68)* 322.0 (14-588)*
n=10  33.7(17-66)** 300.2 (69-466)

n=17 " 35.0(20-68) 313 (48-600)

n=7 37.5 (22-66)* 296.0 (+199)*

d |Montes et al. 2018 (37) 1 » | | ‘ n=15  13.5(2-49)* 2954 (38-604)*
Pediatrics
B Source Results N, Age Baseline
=35 X 3092 (63-575
o |peraeral. 202129 * " 95 (3-18.7) ( )
3 <5 years ° n=6 4.2(34.9) 292.3 (85-407)
3 5.7 years R n=9  64(57.7) 296.0 (93-459)
< 8-14 years lo n=13  10.9(8-13.0) 347.5 (150-575)
N y -
3 15-19 years . n=7  168(15-18.7) 346.7 (63-504)
&
2abo et al. 2020 1) ° n=12 109 (+52)* 256.3 (24-426)
- -35 -30 -25 -20 -15 -10 -5 0O 5 10 15 20 25 30 35 40 45 S0 S5 60 65 70 75 80 85 90 95 100 105 110 115
g IMontes et al. 2018 37)
£ <6 years <+ n=24  Not reported Not reported
3 6-10 years —_—e n=24_ Not reported Not reported
H 11-19 years * n=10 Not reported Not reported
S

Iland Il combined

Fig. 4 6 min-Walk Test results reporting author, results (mean = SD), sample size, mean age (years, range/SD), mean baseline 6MWT (range/SD). a
Adult population, b pediatric population. Key to figure: dashed line =95% Confidence interval, plain line = Standard Deviation. Bold font =Median
value, Italic=Mean value. Color coding: light blue = ~10 months from infusion, Red = ~12 months from infusion. *Mean/median values of the
baseline population non excluding drop-outs at T10, 14 or 24 months of follow-up, **mean/median values of the baseline population of both SMA
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Children’s hospital of Philadelphia—Adult Test of Neuro-
muscular Disorders (CHOP ATEND) Adult cohorts
One paper was reporting data from the CHOP ATEND
in treated patients as exploratory outcome measure.
Annual slope of decline for SMA 2 (n=14) was 3.75
(95% CI—0.16-7.66), 3.26 (95% CI — 1.34—7.86) for SMA
3 (n=10) and 3.59 (95% CI 0.67-6.51) for type 2 and 3
combined (n=24).

Motor Function Measurement (MFM) Pediatric cohorts
A total of 2 papers reporting nusinersen and 1 paper
reporting studies from untreated cohorts were identified.
All papers were reporting data from pediatric population
(Table 2).

Children’s Hospital of Philadelphia Infant Test of Neuro-
muscular Disorders (CHOP INTEND) Pediatric cohorts
A total of 2 papers reporting data from nusinersen
treated patients were identified. All papers were report-
ing data from pediatric population. In Audic et al. [12],
annual slope of decline for SMA I and 2 combined
(n=14) was 15.1 at 12 months from treatment while in
Mendonga et al. [49] was 2.37 (SD:1.13) for SMA 2 and 3
combined (n=11) at 12 months and 3.4 (95% CI 0-14) at
24 months (n=7) after treatment started.

Hammersmith Infant Neuromuscular Examination
(HINE) Section 2: Motor Milestones Pediatric cohorts

A total of 2 papers reporting data from nusinersen treated
patients were identified. All papers were reporting data
from pediatric population. In Audic et al. [12], annual
slope of decline for SMA I and 2 combined (n=20) was
7.5 at 12 months while in Gomez-Garcia et al. [13] was

Table 1 MRC results for nusinersen treated and untreated cohorts
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1.0 for SMA I and 2 combined (n=14) at 14 months after
treatment started.

Additional file 1: Table S1 reports number of patients
reaching clinically meaningful changes on the HFMSE,
RULM and 6MWT. Data on other outcome measures
were not available.

Limitations of this study

In this review we focused on functional motor abilities as
these were the measures most commonly used (see [50]
and [51] for a comprehensive review of strengths and
weaknesses/limitations on each scale). Details on respira-
tory function or safety concerns were not systematically
addressed in all the studies reporting motor function and
are illustrated in Additional file 2: Table S2. The studies
included in this analysis had small number of participants
overall or in the subgroups being analyzed. The confi-
dence intervals were often broad, indicating the high var-
iability in these cohorts, and in many cased crossed the
zero meridian, which requires a conservating analysis of
the data, as was performed here. Unfortunately, since in
many studies details on baseline functional status/scores
and other variables were missing, we could not perform a
detailed statistical analysis or meta-analysis, which could
have helped to better understand the possible effect of a
number of variables such as age, SMN2 copies or func-
tional ability at baseline. Current registry studies of
treated patients may provide more detailed data in the
years to follow to better answer these questions.

Source SMATYPE MRC baseline Time from infusion/FU timing N MRC change

(mean + SD or mean

(range))
Nusinersen-treated cohorts
De Wel 3and 4 3694103 14 months 15 Mean: 2.53,99% Cl 0.18-4.88
Walter 3 113.9542291 10 months 16 Mean: 4.55
Mosche-Lilie  2and 3 Not reported 12 months 10 Mean %:+2.13%
Untreated cohorts
Wijngaarde 2A Not reported 12 months 68  Annual slope:—0.73,95% Cl —1.00; — 045
Wijngaarde 2B Not reported 12 months 50 Annual slope: —0.65, 95% Cl—0.89; — 0.40
Wijngaarde 3A Not reported 12 months 63 Annual slope: —0.84, 95% Cl — 1.07;,— 0.61
Wijngaarde 3B Not reported 12 months 40 Annual slope:—0.83,95% Cl—1.13;—0.54
Carter GT 2 Mean 2.3+ 0.6* 10 years 18 Decade slope —0.24 per muscle
Piepers 2008  3Band 4 Mean 294 +12 Mean 30 months (19-36 months) 9 Mean change: 0
Wadman 1C, 2, 3,4 Not reported 12 months 180  Annual slope:—1
Werlauff 2 29% (9-41) Median 17 years (12-20 years) 21 Annual slope: —0.22 (Upper limb), CI — 0.39; — 0.02
Otto 2020 2and 3 1427+416 Mean 13.1 months (368-442 days) 9 Mean change: — 1.1

Key to table: *average grade for all muscles groups combined
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Table 2 MFM results for nusinersen treated and untreated cohorts
Source SMATYPE MFM baseline Time from n Mean change mean (SD) Age at
(mean+ SD or mean infusion/FU baseline
(range)) timing (range)
Nusinersen-treated cohorts
Audic 2020 sma 1-2 45 (10-87) T12 33 7 (SD not reported) 2-5
Gomez Garcia 2020 sma 1-2 25412 T14 3 5 (SD not reported) 3.5-47
Audic 2020 sma 1-2 40 (4-60) T12 35 3 (SD not reported) 6-17
Gomez Garcia 2020 sma 1-2 37417 T14 13 9 (SD not reported) 6.8-11.5
Gomez Garcia 2020 sma 1-2 34417 T14 16 9 (SD not reported) 35-115
Audic 2020 sma 1-2 42 (4-87) T12 68 5 (SD not reported) 2-17
Untreated cohorts
Annoussamy SMA 2 NON SITTER not reported T12 14 —1.12(229 2-30
Annoussamy SMA 2 NON SITTER not reported T24 11 —3.03(3.77) 2-30
Annoussamy SMA 2 SITTER not reported T12 11 —239(5.18) 2-30
Annoussamy SMA 2 SITTER not reported T24 4 —4.95 (8.69) 2-30
Annoussamy SMA 3 NON AMBULANT not reported T12 7 0.35(3.27) 2-30
Annoussamy SMA 3 NON AMBULANT  not reported T24 5 —0.83(2.14) 2-30
Annoussamy SMA 3 AMBULANT not reported T12 11 —1.67 (3.87) 2-30

Conclusions

In this paper, we reviewed the results in motor function
across the published studies reporting real world data
in nusinersen treated patients. We only included stud-
ies with patients with later onset, classically labelled
as type 2 or 3. Even when excluding patients with early
onset, the remaining cohort was still very heterogene-
ous as it included adults and children, type 2 and 3 SMA
and ambulant and non-ambulant patients. In order to
better understand the possible patterns of efficacy in the
absence of a placebo or control group, we also reviewed
natural history studies to establish possible differences
with data collected in untreated patients using the same
measures.

The analysis of the literature resulted into a selection of
19 studies reporting motor function data in nusinersen-
treated cohorts, with more studies performed in adult
69% (13/19) than in pediatric patients 21% (4/19), and
10% (2/19) reporting large cohorts including both. Only
6 were focused on a specific SMA type (1 study on type 2,
5 on type 3) while 13 included mixed cohorts, with 7/13
providing details on specific types. In the majority of the
studies HFMSE and RULM were the functional meas-
ured used to assess efficacy, followed by MFM and MRC
and, less frequently, by the HINE2, CHOP INTEND and
the recently developed CHOP ATEND. Studies includ-
ing or focusing on ambulant patients also often used the
6MWT. Not surprisingly the most commonly used tools
were those more often selected as outcome measures in
clinical trials and in studies on untreated patients. Most
studies had a follow up between 10 and 14 months.

The comparison across results was challenging because
of differences in the studied cohorts and in the level of
details provided in the individual papers, as many stud-
ies only provided general results without details on SMA
type or ambulatory or baseline functional status. In order
to facilitate the comparison across studies and, when
available, with data from untreated patients, we reviewed
the results focusing first on individual measures and,
when available, also reporting information on subgroups
according to age, SMA types, and functional abilities.

It is of note that all but one of the studies reported
positive changes, irrespective of the SMA type, the age or
the functional measure used. These findings are at vari-
ance with all the previous studies on untreated cohorts
using the same measures showing a tendency to negative
changes in both type 2 and 3 pediatric and adult cohorts.
Not surprisingly, the positive changes were more obvious
in the younger type 2 and 3 patients.

The review of the HFMSE data allowed a more detailed
analysis as the scale was used in most real world stud-
ies and there were more available published data in
untreated patients. All studies in treated patients
reported positive HFMSE changes irrespective of the
age, SMA type or functional level of the cohorts studied.
The positive values were in a relatively narrow range. The
only outsiders showing larger improvements were related
to small cohorts of few patients with very large stand-
ard deviations. Not all the studies had the same duration
of follow up, and although there was no obvious differ-
ence between the studies reporting 10 month- and those
reporting 14 month-follow up, it is of note that in the two
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largest studies reporting assessments at both time points
there was a further increase between 10 and 14 months
[16, 17]. Both type 2 and 3 patients showed overall posi-
tive changes with type 3 patients having overall larger
improvements than type 2 patients. The lack of baseline
data in the published cohorts did not allow to better
establish possible correlation with the level of function at
baseline but as type 2 are known to have very low HFMSE
scores and a more severe phenotype after puberty [52]
this may reduce the possibility to improve. The availabil-
ity of HEMSE data in untreated patients also according to
age subgroups allowed to establish that, at variance with
the treated patients, untreated patients nearly always
showed a decline in HFMSE scores. The only exception
was in untreated young type 2 and 3 patients who had
positive mean 12-month changes before the age of 5 and
7 years respectively [45, 53, 54]. In the same age range
the increase in scores in the treated patients was much
higher than in untreated ones.

The RULM also showed positive changes in treated
patients even though the magnitude of changes was
smaller than when using HFMSE. This may be due to a
possible ceiling effect that has been previous reported in
natural history studies in walkers who have high scores at
baseline. Unfortunately, as baseline results were often not
available, we are not able to establish possible differences
in changes between walkers and sitters [55]. Similar find-
ings were also observed when analyzing the results of
the MEM, MRC and 6MWT; each of these also showed
positive changes in treated patients. Although for these
measures the available data in untreated patients [37-44]
did not provide details to allow a direct comparison with
the treated patients, all studies in untreated patients also
always showed negative changes. Unfortunately, most
studies do not provide details on ambulatory status.
When available, there was no obvious difference between
ambulant and non-ambulant patients.

In conclusion our review highlights that improved
motor function can be observed in all the type 2 and 3
cohorts of nusinersen treated patients, in contrast to the
negative changes found in studies reporting untreated
cohorts. This held true, with very few exceptions, both
when considering the overall results of the studies in het-
erogeneous cohorts or smaller groups subdivided accord-
ing to age, type or functional status. The efficacy was
further confirmed by the evidence that positive changes
were observed on all the measures used in the differ-
ent studies. These real-world results obtained in clinical
settings in different countries confirm and expand the
positive results reported in more selected cohorts in the
clinical trials [7, 56—58]. It is of interest that although
most studies had less stringent exclusion criteria than the
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Cherish study, that excluded patients with contractures,
scoliosis and an HFMSE score<10, the magnitude of
improvements in a few real world datasets was still dra-
matic even in older and more severely affected patients
[14, 16-18, 27].

Unfortunately, most studies did not systematically
report aspects of fatigue or other aspects of activities of
daily living that may have provided a more qualitative
assessment to further characterize the possible changes
after treatment.

Patients, parents/caregivers, physicians and pay-
ers for this expensive drug can benefit from the results
of this review that, while confirming the importance of
early treatment, suggests a positive response to nusin-
ersen treatment across a broad spectrum of the SMA
population.

Abbreviations

SMA: Spinal muscular atrophy; SMN1: Survival motor neuron 1 gene; FDA:
Food and Drug Administration; EMA: European Medicines Agency; SD:
Standard deviation; HFMSE: Hammersmith Functional Motor Scale Expanded;
RULM: Revised Upper Limb Module; 6MWT: 6Minutes-Walk Test; MRC: Medical
Research Council Scale for Muscle Strength; CHOP ATEND: Children’s hospital
of Philadelphia—Adult Test of Neuromuscular Disorders; MFM: Motor Function
Measurement; CHOP INTEND: Children’s Hospital of Philadelphia Infant Test

of Neuromuscular Disorders; HINE-2: Hammersmith Infant Neuromuscular
Examination Section 2.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513023-021-02065-z.

Additional file 1. Table S1: Clinically meaningful change. Key to table:
N/A = not applicable (e.g. motor scale not used); NR = not reported (e.q.
study on clinically meaningful change was not performed).

Additional file 2. Tabls S2: Safety and respiratory reports. Key to table:
* =9 calculated on number of infusions, ** =% calculated on number

of patients, + =calculated on number of infusion reported (95 Adverse
Events in 25 patients).

Additional file 3. Fig. S1: Risk of bias assessment (ROBANS tool).

Additional file 4. Fig. S2: Meta-regression analysis results.

Acknowledgements
Not applicable.

Authors’ contributions

CC, FC, GC, LA, MCP performed the screening and data collection procedure;
EM performed full-text review; FB, MPo performed the statistical analysis; CC,
GC, MCP, EM, VAS, RF, MPa performed data interpretation and have drafted/
reviewed the main text of the paper. All authors read and approved the final
manuscript.

Funding
None.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.


https://doi.org/10.1186/s13023-021-02065-z
https://doi.org/10.1186/s13023-021-02065-z

Coratti et al. Orphanet J Rare Dis (2021) 16:430

Declarations

Ethics approval and consent to participate

The study was approved by the institutional review board (ethics committee)
of Fondazione Policlinico Universitario Agostino Gemelli, as the coordinator
center (N. 0030504/18).

Consent for publication
Not applicable.

Competing interests

Authors GC, MCP, FB, VS, RF, MPa, EM, reports personal fees BIOGEN SR.L,
ROCHE, AVEXIS, NOVARTIS outside the submitted work; Authors CC, MPo, FC,
LA have nothing to disclose.

Author details

"Pediatric Neurology, Catholic University of Sacred Heart, Largo Gemelli 8,
00168 Rome, Italy. ?Centro Clinico Nemo, Fondazione Policlinico Universitario
Agostino Gemelli IRCCS, Rome, Italy. 3Bjostatistics Unit, Department of Health
Sciences, University of Genoa, Genoa, ltaly. “Neurorehabilitation Unit, Neuro-
muscular Omnicentre Clinical Center, Niguarda Hospital, University of Milan,
Milan, Italy. °St. Jude Children’s Research Hospital, Memphis, USA.

Received: 18 June 2021 Accepted: 30 September 2021
Published online: 13 October 2021

References

1. D’Amico A, Mercuri E, Tiziano FD, Bertini E. Spinal muscular atrophy.
Orphanet J Rare Dis. 2011;6:71.

2. Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior
TW, et al. Single-dose gene-replacement therapy for spinal muscular
atrophy. N Engl J Med. 2017,377(18):1713-22.

3. Day JW, Finkel RS, Chiriboga CA, Connolly AM, Crawford TO, Darras
BT, et al. Onasemnogene abeparvovec gene therapy for symptomatic
infantile-onset spinal muscular atrophy in patients with two copies of
SMN2 (STR1VE): an open-label, single-arm, multicentre, phase 3 trial.
Lancet Neurol. 2021;20(4):284-93.

4. Scoto M, Finkel RS, Mercuri E, Muntoni F. Therapeutic approaches for
spinal muscular atrophy (SMA). Gene Ther. 2017;24(9):514-9.

5. Baranello G, Darras BT, Day JW, Deconinck N, Klein A, Masson R,
et al. Risdiplam in type 1 spinal muscular atrophy. N Engl J Med.
2021;384(10):915-23.

6. Finkel RS, Mercuri E, Darras BT, Connolly AM, Kuntz NL, Kirschner J, et al.

Nusinersen versus Sham control in infantile-onset spinal muscular
atrophy. N Engl J Med. 2017,377(18):1723-32.

7. Mercuri E, Darras BT, Chiriboga CA, Day JW, Campbell C, Connolly AM,
et al. Nusinersen versus Sham control in later-onset spinal muscular
atrophy. N Engl J Med. 2018;378(7):625-35.

8. Pane M, Coratti G, Sansone VA, Messina S, Bruno C, Catteruccia M, et al.
Nusinersen in type 1 spinal muscular atrophy: twelve-month real-
world data. Ann Neurol. 2019;86(3):443-51.

9. Aragon-Gawinska K, Seferian AM, Daron A, Gargaun E, Vuillerot C, Cances
C, et al. Nusinersen in patients older than 7 months with spinal muscular
atrophy type 1: a cohort study. Neurology. 2018;91(14):e1312-8.

10. Pechmann A, Baumann M, Bernert G, Flotats-Bastardas M, Gruber-SedI-
mayr U, von der Hagen M, et al. Treatment with Nusinersen—challenges

regarding the indication for children with SMA type 1. J Neuromuscul Dis.

2020;7(1):41-6.

11. Szabo L, Gergely A, Jakus R, Fogarasi A, Grosz Z, Molnar MJ, et al. Efficacy
of nusinersen in type 1, 2 and 3 spinal muscular atrophy: real world data
from Hungarian patients. Eur J Paediatr Neurol. 2020;27:37-42.

12. Audic F, de la Banda MGG, Bernoux D, Ramirez-Garcia P, Durigneux J,
Barnerias C, et al. Effects of nusinersen after one year of treatment in
123 children with SMA type 1 or 2: a French real-life observational study.
Orphanet J Rare Dis. 2020;15(1):148.

13. Gomez-Garcia de la Banda M, Amaddeo A, Khirani S, Pruvost S,
Barnerias C, Dabaj |, et al. Assessment of respiratory muscles and motor

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

w
o

31

32.

Page 11 of 12

function in children with SMA treated by Nusinersen. Pediatr Pulmonol.
2021;56(1):299-306.

. Coratti G, Pane M, Lucibello S, Pera MC, Pasternak A, Montes J, et al. Age

related treatment effect in type Il Spinal Muscular Atrophy pediatric
patients treated with Nusinersen. Neuromuscul Disorders. 2021,6:66.

. Jochmann E, Steinbach R, Jochmann T, Chung HY, Rodiger A, Neu-

mann R, et al. Experiences from treating seven adult 5g spinal mus-
cular atrophy patients with Nusinersen. Ther Adv Neurol Disord.
2020;13:1756286420907803.

. Maggi L, Bello L, Bonanno S, Govoni A, Caponnetto C, Passamano

L, et al. Nusinersen safety and effects on motor function in adult
spinal muscular atrophy type 2 and 3. J Neurol Neurosurg Psychiatry.
2020,91(11):1166-74.

. Hagenacker T, Wurster CD, Gunther R, Schreiber-Katz O, Osmanovic A,

Petri S, et al. Nusinersen in adults with 5q spinal muscular atrophy: a non-
interventional, multicentre, observational cohort study. Lancet Neurol.
2020;19(4):317-25.

. Walter MC, Wenninger S, Thiele S, Stauber J, Hiebeler M, Greckl E, et al.

Safety and treatment effects of nusinersen in longstanding adult
5g-SMA type 3—a prospective observational study. J Neuromuscul Dis.
2019,6(4):453-65.

. KesslerT, Latzer P, Schmid D, Warnken U, Saffari A, Ziegler A, et al. Cerebro-

spinal fluid proteomic profiling in Nusinersen-treated patients with spinal
muscular atrophy. J Neurochem. 2020;6:66.

Yeo CJJ, Simeone SD, Townsend EL, Zhang RZ, Swoboda KJ. Prospective
cohort study of Nusinersen treatment in adults with spinal muscular
atrophy. J Neuromuscul Dis. 2020;6:66.

Osmanovic A, Ranxha G, Kumpe M, Muschen L, Binz C, Wiehler F, et al.
Treatment expectations and patient-reported outcomes of nusinersen
therapy in adult spinal muscular atrophy. J Neurol. 2020;267(8):2398-407.
De Wel B, Goosens V, Sobota A, Van Camp E, Geukens E, Van Kerschaver
G, et al. Nusinersen treatment significantly improves hand grip strength,
hand motor function and MRC sum scores in adult patients with spinal
muscular atrophy types 3 and 4. J Neurol. 2020,6:66.

Kizina K, Stolte B, Totzeck A, Bolz S, Schlag M, Ose C, et al. Fatigue in adults
with spinal muscular atrophy under treatment with Nusinersen. Sci Rep.
2020;10(1):11069.

Moshe-Lilie O, Visser A, Chahin N, Ragole T, Dimitrova D, Karam C. Nusin-
ersen in adult patients with spinal muscular atrophy: observations from a
single center. Neurology. 2020,95(4):e413-6.

Konersman CG, Ewing E, Yaszay B, Naheedy J, Murphy S, Skalsky A.
Nusinersen treatment of older children and adults with spinal muscular
atrophy. Neuromuscul Disord. 2021;31(3):183-93.

Mendonca RH, Polido GJ, Matsui C, Silva AMS, Solla DJF, Reed UG, et al.
Real-world data from nusinersen treatment for patients with later-onset
spinal muscular atrophy: a single center experience. J Neuromuscul Dis.
2021;8(1):101-8.

Duong T, Wolford C, McDermott MP, Macpherson CE, Pasternak A,
Glanzman AM, et al. Nusinersen treatment in adults with spinal muscular
atrophy. Neurol Clin Pract. 2021;6:66. https://doi.org/10.1212/CPJ.00000
00000001033.

Veerapandiyan A, Eichinger K, Guntrum D, Kwon J, Baker L, Collins E, et al.
Nusinersen for older patients with spinal muscular atrophy: a real-world
clinical setting experience. Muscle Nerve. 2020,61(2):222-6.

Pera MC CG, Bovis F, pane M, Pasternak A, Montes J, Sansone V, Dunaway
Young S, Duong T, Messina S, Mizzoni |, D Amico A, Civitello M, Glanzman
A, Bruno C, Salmin F, Morando S, de Sanctis R, Sframeli M, Antonaci L,
Frongia AL, Rohwer A, Scoto M, de Vivo D, Darras B, Day J, Martens W,
Patanella K, Bertini E, Muntoni F, Finkel R, Mercuri E. Nusinersen in pedi-
atric and adult patients with type IIl spinal muscular atrophy. Ann Clin
Transl Neurol. 2027;in press.

. Tiberi E, Costa S, Pane M, Priolo F, de Sanctis R, Romeo D, et al. Nusinersen

in type 0 spinal muscular atrophy: should we treat? Ann Clin Transl Neu-
rol. 2020,6:66.

Jedrzejowska M. Advances in newborn screening and presymptomatic
diagnosis of spinal muscular atrophy. Degener Neurol Neuromuscul Dis.
2020;10:39-47.

Finkel RS, McDermott MP, Kaufmann P, Darras BT, Chung WK, Sproule DM,
et al. Observational study of spinal muscular atrophy type | and implica-
tions for clinical trials. Neurology. 2014;83(9):810-7.


https://doi.org/10.1212/CPJ.0000000000001033
https://doi.org/10.1212/CPJ.0000000000001033

Coratti et al. Orphanet J Rare Dis (2021) 16:430

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Mercuri E, Lucibello S, Perulli M, Coratti G, de Sanctis R, Pera MC, et al.
Longitudinal natural history of type | spinal muscular atrophy: a critical
review. Orphanet J Rare Dis. 2020;15(1):84.

Kolb SJ, Coffey CS, Yankey JW, Krosschell K, Arnold WD, Rutkove SB, et al.
Natural history of infantile-onset spinal muscular atrophy. Ann Neurol.
2017,82(6):883-91.

De Sanctis R, Coratti G, Pasternak A, Montes J, Pane M, Mazzone ES, et al.
Developmental milestones in type | spinal muscular atrophy. Neuromus-
cul Disord. 2016;26(11):754-9.

De Sanctis R, Pane M, Coratti G, Palermo C, Leone D, Pera MC, et al. Clini-
cal phenotypes and trajectories of disease progression in type 1 spinal
muscular atrophy. Neuromuscul Disord. 2018;28(1):24-8.

Montes J, McDermott MP, Mirek E, Mazzone ES, Main M, Glanzman AM,
et al. Ambulatory function in spinal muscular atrophy: age-related pat-
terns of progression. PLoS ONE. 2018;13(6):e0199657.

Wadman RI, Wijngaarde CA, Stam M, Bartels B, Otto LAM, Lemmink HH,
et al. Muscle strength and motor function throughout life in a cross-

sectional cohort of 180 patients with spinal muscular atrophy types 1c—4.

Eur J Neurol. 2018;25(3):512-8.

Carter GT, Abresch RT, Fowler WM Jr, Johnson ER, Kilmer DD, McDonald
CM. Profiles of neuromuscular diseases. Spinal muscular atrophy. Am J
Phys Med Rehabil. 1995;74(5 Suppl):5150-9.

Wijngaarde CA, Stam M, Otto LAM, Bartels B, Asselman FL, van Eijk RPA,
et al. Muscle strength and motor function in adolescents and adults with
spinal muscular atrophy. Neurology. 2020;95(14):e1988-98.

Otto LAM, Froeling M, van Eijk RPA, Asselman FL, Wadman R, Cuppen |,
et al. Quantification of disease progression in spinal muscular atrophy
with muscle MRI-a pilot study. NMR Biomed. 2021;34(4):4473.

Piepers S, van den Berg LH, Brugman F, Scheffer H, Ruiterkamp-Versteeg
M, van Engelen BG, et al. A natural history study of late onset spinal
muscular atrophy types 3b and 4. J Neurol. 2008;255(9):1400-4.
Werlauff U, Vissing J, Steffensen BF. Change in muscle strength over time
in spinal muscular atrophy types Il and Ill. A long-term follow-up study.
Neuromuscul Disord. 2012;22(12):1069-74.

Annoussamy M, Seferian AM, Daron A, Pereon Y, Cances C, Vuillerot C,

et al. Natural history of Type 2 and 3 spinal muscular atrophy: 2-year
NatHis-SMA study. Ann Clin Transl Neurol. 2021;8(2):359-73.

Coratti G, Messina S, Lucibello S, Pera MC, Montes J, Pasternak A, et al.
Clinical variability in spinal muscular atrophy type Ill. Ann Neurol.
2020;88(6):1109-17.

Coratti G, Pera MC, Lucibello S, Montes J, Pasternak A, Mayhew A, et al.
Age and baseline values predict 12 and 24-month functional changes in
type 2 SMA. Neuromuscul Disord. 2020;30(9):756-64.

Page 12 of 12

47. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis.
Stat Med. 2002;21(11):1539-58.

48. Kim SY, Park JE, Lee YJ, Seo HJ, Sheen SS, Hahn S, et al. Testing a tool for
assessing the risk of bias for nonrandomized studies showed moderate
reliability and promising validity. J Clin Epidemiol. 2013;66(4):408-14.

49. Mendonca RD, Fernandes HD, Pinto RBS, Matsui C, Polido GJ, da Silva
AMS, et al. Managing intrathecal administration of nusinersen in adoles-
cents and adults with 5g-spinal muscular atrophy and previous spinal
surgery. Arq Neuro-Psiquiat. 2021;79(2):127-32.

50. Finkel R, Bertini E, Muntoni F, Mercuri E, Group ESWS. 209th ENMC Inter-
national Workshop: outcome measures and clinical trial readiness in spi-
nal muscular atrophy 7-9 November 2014, Heemskerk, The Netherlands.
Neuromuscul Disord. 2015;25(7):593-602.

51. Vuillerot C. State of the art for motor function assessment tools in spinal
muscular atrophy (SMA). Arch Pediatr. 2020;27(75):7540-4.

52. Mercuri E, Lucibello S, Pera MC, Carnicella S, Coratti G, de Sanctis R, et al.
Long-term progression in type Il spinal muscular atrophy: a retrospective
observational study. Neurology. 2019;93(13):e1241-7.

53. Coratti G, Pera MC, Lucibello S, Montes J, Pasternak A, Mayhew A, et al.
Age and baseline values predict 12 and 24-month functional changes in
type 2 SMA. Neuromuscul Disord. 2020;6:66.

54. Mercuri E, Finkel R, Montes J, Mazzone ES, Sormani MP, Main M, et al. Pat-
terns of disease progression in type 2 and 3 SMA: Implications for clinical
trials. Neuromuscul Disord. 2016;26(2):126-31.

55. Pera MC, Coratti G, Mazzone ES, Montes J, Scoto M, De Sanctis R, et al.
Revised upper limb module for spinal muscular atrophy: 12 month
changes. Muscle Nerve. 2019;59(4):426-30.

56. Chiriboga CA, Swoboda KJ, Darras BT, lannaccone ST, Montes J, De Vivo
DC, et al. Results from a phase 1 study of nusinersen (ISIS-SMN(Rx)) in
children with spinal muscular atrophy. Neurology. 2016;86(10):890-7.

57. Darras BT, Chiriboga CA, lannaccone ST, Swoboda KJ, Montes J, Mignon L,
et al. Nusinersen in later-onset spinal muscular atrophy: long-term results
from the phase 1/2 studies. Neurology. 2019;92(21):e2492-506.

58. Acsadi G, Crawford TO, Muller-Felber W, Shieh PB, Richardson R, Natarajan
N, et al. Safety and efficacy of nusinersen in spinal muscular atrophy: the
EMBRACE study. Muscle Nerve. 2021;63(5):668-77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Motor function in type 2 and 3 SMA patients treated with Nusinersen: a critical review and meta-analysis
	Abstract 
	Background: 
	Main body: 
	Conclusion: 

	Background
	Main text
	Search methodology
	Statistical analysis
	Search results
	Results on motor function scales
	Hammersmith Functional Motor Scale Expanded (HFMSE) 
	Subgroup analysis in treated patients 
	Adult and pediatric population
	SMA type
	Ambulatory status


	Revised Upper Limb Module (RULM)
	Subgroup analysis 
	Adult and pediatric population
	SMA type
	Ambulatory status

	Minutes-Walk Test (6MWT) 
	Subgroup analysis 
	Adult and pediatric population

	Medical Research Council (MRC) Scale for Muscle Strength 
	Adult cohorts

	Children’s hospital of Philadelphia—Adult Test of Neuromuscular Disorders (CHOP ATEND) 
	Adult cohorts

	Motor Function Measurement (MFM) 
	Pediatric cohorts

	Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND) 
	Pediatric cohorts

	Hammersmith Infant Neuromuscular Examination (HINE) Section 2: Motor Milestones 
	Pediatric cohorts



	Limitations of this study

	Conclusions
	Acknowledgements
	References


