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Abstract

Background: The development and approval of disease modifying treatments have dramatically changed disease
progression in patients with spinal muscular atrophy (SMA). Nusinersen was approved in Europe in 2017 for the treat-
ment of SMA patients irrespective of age and disease severity. Most data on therapeutic efficacy are available for the
infantile-onset SMA. For patients with SMA type 2 and type 3, there is still a lack of sufficient evidence and long-term
experience for nusinersen treatment. Here, we report data from the SMArtCARE registry of non-ambulant children
with SMA type 2 and typen 3 under nusinersen treatment with a follow-up period of up to 38 months.

Methods: SMArtCARE is a disease-specific registry with data on patients with SMA irrespective of age, treatment
regime or disease severity. Data are collected during routine patient visits as real-world outcome data. This analysis
included all non-ambulant patients with SMA type 2 or 3 below 18 years of age before initiation of treatment. Primary
outcomes were changes in motor function evaluated with the Hammersmith Functional Motor Scale Expanded
(HFMSE) and the Revised Upper Limb Module (RULM).

Results: Data from 256 non-ambulant, pediatric patients with SMA were included in the data analysis. Improve-
ments in motor function were more prominent in upper limb: 32.4% of patients experienced clinically meaningful
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improvements in RULM and 24.6% in HFMSE. 8.6% of patients gained a new motor milestone, whereas no motor mile-
stones were lost. Only 4.3% of patients showed a clinically meaningful worsening in HFMSE and 1.2% in RULM score.

Conclusion: Our results demonstrate clinically meaningful improvements or stabilization of disease progression in
non-ambulant, pediatric patients with SMA under nusinersen treatment. Changes were most evident in upper limb
function and were observed continuously over the follow-up period. Our data confirm clinical trial data, while provid-
ing longer follow-up, an increased number of treated patients, and a wider range of age and disease severity.

Keywords: Spinal muscular atrophy, Nusinersen, Sitter, Later-onset, SMArtCARE
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Background

Treatment and care of patients with spinal muscular
atrophy (SMA) have changed dramatically over the past
years due to the development and approval of different
disease-specific drugs. SMA is a rare neuromuscular
disorder with the leading symptom of a proximal and
progressive muscle weakness. In most cases, SMA is
caused by a homozygous deletion in the survival motor
neuron 1 (SMNI) gene on chromosome 5 [1]. SMN2 is
a centromeric copy of SMNI that produces transcripts
of SMN protein lacking exon 7. The result is an alterna-
tively spliced truncated and non-functional SMN pro-
tein (SMNA7) but to small proportions also functional
SMN protein [1, 2]. SMNZ2 is expressed in variable copy
numbers in patients with SMA, with SMN2 copy num-
ber inversely correlating with disease severity [3]. SMA
affects patients of all ages with a broad spectrum of dis-
ease severity. In patients with symptom onset later than
6 months of age, a differentiation is made between SMA
type 2 (patients gaining the ability to sit unassisted but
not to walk) and SMA type 3 (patients gaining the ability
to walk unassisted) [4, 5].

For the treatment of SMA patients, three different
drugs (nusinersen, onasemnogene abeparvovec, and
risdiplam) have been approved with a positive influ-
ence on disease progression [6, 7]. While nusinersen
was approved in Europe already in 2017, the approval of
onasemnogene abeparvovec and risdiplam followed later.
Nusinersen is available for the treatment of SMA patients
independent of age, SMN2 copy number, or motor func-
tion. As antisense oligonucleotide, nusinersen acts as
splicing modifier targeting the intronic splicing silencer
N1 in SMN2 [8]. Sham-controlled, clinical trial data
showed that nusinersen treatment significantly improved
motor function in children with later-onset SMA aged
between 2 and 12 years, with a follow-up period of
15 months [9]. Real-world data from different countries
and disease registries could confirm these results in the
short-term follow-up [10-14]. Despite data from a small
cohort of 15 non-ambulant patients who participated in
the phase I/II clinical trials [15], data on the long-term
effect of nusinersen in pediatric later-onset SMA patients
is still lacking.

The disease-specific SMArtCARE registry aims to col-
lect real-world data on all available SMA patients in Ger-
many, Austria and Switzerland [16]. Here, we report data
on pediatric patients with SMA type 2 and 3 with focus
on long-term effects on motor, respiratory, and bulbar
function.

Methods

SMATrtCARE registry

With currently 58 participating centers in Germany, Aus-
tria and Switzerland, SMArtCARE collects longitudinal
data on all available SMA patients as a disease-specific
registry. As of November 2021, the registry encompasses
data on 1190 patients of any age, SMA type and treat-
ment regime. The only inclusion criteria for patients to
be enrolled in SMArtCARE are a genetically confirmed
5q-SMA, and written consent of patients or caregivers.
Data are collected during routine patient visits as real-
life outcome data. Data are documented using standard-
ized case report forms and not extracted from medical
records. Content of these case report forms is aligned
with the international consensus for SMA registries [17].
Amongst others, these include information on motor
function and motor milestones, respiratory, bulbar and
orthopedic symptoms, in addition to adverse events.
Genetic test results including SMN2 copy number are
documented by the treating physicians according to the
original genetic test results of the patients. SMN2 copy
number is not reassessed centrally within the SMArt-
CARE registry. Thus, especially SMN2 copy number is
not available for all patients. To evaluate motor function
of patients, standardized physiotherapeutic assessments
every 4 months are recommended, but are not manda-
tory within the SMArtCARE data collection und thus
not available for all patients at all time-points. Central
ethics approval was obtained by the ethics committee of
the University of Freiburg (EK-Freiburg 56/18), and local
ethics approvals were obtained from all participating
centers.

Patient cohort
In this analysis, we included all non-ambulant patients
below 18 years of age with SMA type 2 or type 3, who
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were treated with nusinersen (data cut 15th of Novem-
ber 2021). Only patients were included with documented
baseline characteristics and motor function before start
of treatment. Patients were stratified to the following
subgroups: “Younger sitters” included all patients with
SMA type 2 who were <5 years and able to sit, but never
able to walk independently at start of treatment (n=107),
and “older sitters” included those > 5 years of age (n=73).
“Lost sitters” were all children with SMA type 2 who
were never able to walk and lost the ability to sit indepen-
dently before start of treatment (n=37), and “lost walk-
ers” were children with SMA type 3 who lost ambulation
and partly also the ability to sit independently before
start of treatment (n=239). The first visit of each patient
corresponded to treatment initiation with a follow-up
of maximum 38 months. The follow-up period of maxi-
mum 38 months was chosen, because with the approval
of nusinersen in 2017, a conclusive cohort size was still
available in all subgroups after 38 months of treatment.
According to the different timing of treatment initiation,
follow-up times varied and thus not all patients had a fol-
low-up time of 38 months. The last available visit of each
patient was considered within the observation period
(see Table 1).

Outcomes

Primary outcome of this data analysis were changes in
motor function evaluated with the Hammersmith Func-
tional Motor Scale Expanded (HFMSE), the Revised
Upper Limb Module (RULM), and motor milestones fol-
lowing WHO criteria [18]. The HFMSE consists of 33
items with a total score of 66 points (higher scores indi-
cating better motor function). A change of >3 points
in the HEMSE score is considered clinically meaningful
[19]. The RULM consists of 20 items focusing on changes
in upper limb function. The total score is 37 points with
a change of>2 points considered clinically meaning-
ful [20]. Participating physiotherapists were regularly
trained to ensure interrater reliability. Further, longitu-
dinal data on the need for ventilator support, the need
for tube feeding, and mortality were evaluated. Adverse
events (AE) were recorded as AE with or without hospi-
talization and specified using the Medical Dictionary for
Regulatory Activities (MedDRA) code [21]. For each AE,

Table 1 Number of patients per cohort and time-point

Baseline m14 m26 m38
Younger sitters 107 87 74 52
Older sitters 73 69 55 40
Lost sitters 37 33 27 15
Lost walkers 39 36 32 22
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the treating physician was asked to assess whether the
AE was related or possibly related to the treatment with
nusinersen.

Statistical analysis

Primary and secondary outcomes and cohorts for sub-
group analysis were defined in a statistical analysis plan
before data were extracted from the database. Descrip-
tive analysis was performed by calculating absolute
frequencies and percentages. Continuous data were ana-
lyzed as mean =+ standard deviation. Analyses of HFMSE
and RULM were additionally based on comparisons of
different time-periods: baseline to month 14 (m14), m14
to month 26 (m26), and m26 to month 38 (m38). The last
available visit was set as the individual endpoint for each
patient and was considered for the analysis of clinically
meaningful changes in HFMSE and RULM. For patients
who stopped treatment within the 38 months of follow-
up, data were considered for analysis maximum 6 months
after treatment discontinuation. If patients changed drug
treatment, no further data were evaluated after discontin-
uation of nusinersen treatment. Inferential analyses were
applied to evaluate the effect of age at diagnosis, age at
start of treatment, SMN2 copy number, gender, baseline
HFMSE or RULM score, and elapsed time from baseline
on changes in HFMSE or RULM score. For time-to-event
analysis, Kaplan—Meier curves were computed for the
probabilities of gaining the ability to walk independently.
All curves are presented as cumulative incidence. Statis-
tical analysis was performed using R statistical software
(version 4.0.4). A p-value of <0.01 was considered statis-
tically significant.

Results
We included data from 256 patients in this analysis. Data
were collected and documented at 34 neuropediatric or
neurological departments. Table 2 summarizes baseline
characteristics of all patients. Younger sitters were con-
siderably younger at start of treatment than children in
the other three cohorts. Further, HMFSE and RULM
scores at baseline were highest in lost walkers. The need
for ventilator support or tube feeding was higher in older
and lost sitters, consistent with lower HMFSE scores. In
all cohorts, the majority of children had three SMN2 cop-
ies. Before start of treatment, mean age at loss of inde-
pendent sitting was 29.9 + 35.7 months in lost sitters and
mean age at loss of ambulation was 65+51.1 months
in lost walkers. Of all lost walkers, four patients (10.2%)
additionally lost the ability to sit independently before
start of treatment at a mean age of 63.0£47.9 months.
During the observation period, only 13 patients (5.1%)
had at least one interval greater than 6 months between
nusinersen treatments. Further, of all 2416 documented
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Table 2 Baseline characteristics of all patients
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Younger sitters (n=107)

Older sitters (n=73)

Lost sitters (n=37)

Lost walkers (n=39)

Age at symptom onset (months) 105+59
Age at start of treatment (months) 3084132
SMN2 copy number

1 SMN2 0 (0%)

2 SMN2 11(10.3%)

3 SMN2 78 (72.9%)

> 4 SMN2 12(11.2)
Unknown 6 (5.6%)
HFMSE score (n) 2074114 (52)
RULM score (n) 16.2£7.1(26)
Sitting without support 100%
Non-invasive ventilator support 12 (11.2%)
Tube feeding 4 (3.7%)
Scoliosis 30 (28.0%)
Contractures 1 (0.9%)

11.3+£51 100+44 238+16.1
12094391 985£61.6 134.7£54.6
1(1.4%) 0 (0%) 0 (0%)

5 (6.8%) 2 (5.4%) 0 (0%)

37 (50.7%) 23 (62.2%) 26 (66.7%)

11 (15.1%) 3(8.1%) 6 (15.4%)

19 (26.0%) 9 (24.3%) 7 (17.9%)
15.7+£124(47) 13.7£144(15) 259+9.1(33)
19.0£7.5(51) 128+7.1(18) 26.0+6.1(29)
100% 0% 89.7%

16 (21.9%) 9 (24.3%) 2 (5.1%)

5 (6.8%) 5(13.5%) 0 (0%)

62 (85.0%) 26 (70.3%) 29 (74.4%)

13 (17.8%) 9 (24.3%) 7(17.9%)

Data are listed as mean =+ standard deviation or n (%)

nusinersen treatments, only 0.8% were given at intervals
greater than 6 months. Consequently, despite the impact
of COVID-19 pandemia almost all patients received
nusinersen treatments at recommended intervals during
their follow-up time. Thirteen patients (5.1%) stopped
nusinersen treatment. Of these, seven patients (53.5%)
changed treatment to risdiplam or onasemnogene abe-
parvovec. None of the patients received a combination
therapy with nusinersen and risdiplam or onasemnogene
abeparvovec. Fifteen patients (5.9%) were lost to follow-
up with no data entered over more than 12 months.

Motor milestones

During the observation period, 16 younger sitters (14.9%)
and one older sitter (1.3%) gained the ability to walk inde-
pendently according to WHO criteria. Of these, 14 chil-
dren (82.3%) gained the ability to walk between baseline
and m14. None of the lost sitters or lost walkers gained
the ability to walk unassisted. Figure 1 displays the prob-
ability to gain the ability to walk in younger and older sit-
ters. Four lost sitters (10.8%) and one lost walker (2.6%)
gained the ability to sit independently. In all cohorts, no
motor milestones were lost under nusinersen treatment,
in particular no child lost the ability to sit.

HFMSE

After 38 months of treatment, changes in HFMSE scores
were mean—+ 7.0 points in younger sitters,+ 0.1 points in
older sitters and+2.9 points in lost walkers. The num-
ber of lost sitters at m38 was too small to show changes.
After 14 months of treatment, mean change in HFMSE
was+ 2.5 points in lost sitters. Figure 2 illustrates the

0.3

Probability of walking independently

Months
Younger sitters 87 75 62 55 49 41 25
Older sitters 62 60 58 52 46 39 30

Fig. 1 Probability to gain the ability to walk independently.
Probability to gain the ability to walk independently under treatment
with nusinersen in younger sitters (red) and older sitters (blue).
Numbers at risk are listed for dedicated time-points. Colored areas
indicate 99% confidence intervals

longitudinal progression of all patients in the different
cohorts.

Clinically meaningful changes in HFMSE score were
observed in 63 children (24.6%): 37 younger sitters
(34.6%), 11 older sitters (15.1%), five lost sitters (13.5%),
and 10 lost walkers (25.6%). Eleven children (4.3%)
lost>3 points in HFMSE score during the observation
period (one younger sitters (1.0%), six older sitters (8.2%)
and four lost walkers (10.3%)). Especially in younger
sitters, main improvements were observed between
baseline and m26: 23 children (21.5%) experienced an
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Fig. 2 Longitudinal progression of HFMSE score. HFMSE score for
younger sitters (blue), older sitters (red), lost sitters (yellow), and lost
walkers (green). Data are listed as mean and 99% confidence interval.
Available patients at baseline, m14, m26 and m38 are added. For a
group size fewer than 10 patients no data are depicted

improvement >3 points within the first 14 months, and
16 children (14.9%) between m14 and m26. Only nine
children (8.4%) gained > 3 points between m26 and m 38.
Figure 3 displays changes in HFMSE score in each cohort.
Inferential analysis revealed SMN2 copy number as the
only covariate having a significant influence on changes in
HEMSE score. Further, higher baseline score was associated
with smaller improvements in HFMSE score (see Table 3).

RULM

RULM scores improved in all cohorts. At m38, mean
changes in RULM score were+9.1 points in younger
sitters,+2.2 points in older sitters,+ 7.3 points in lost
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sitters, and + 3.3 points in lost walkers. Figure 4 depicts
the difference of the longitudinal progression of patients
in the different cohorts.

Clinically meaningful changes in RULM score were
observed in 83 children (32.4%): 30 younger sitters
(28.0%), 30 older sitters (41.1%), eight lost sitters (21.6%)
and 15 lost walkers (38.5%). Only three older sitters
(4.1%) lost>2 points during the observation period.
Improvements in RULM score were observed continu-
ously during the observation period (see Fig. 5).

Inferential analysis revealed the following covariates to
have a significant influence on changes in RULM score:
Children with higher baseline score showed smaller
improvements than children with lower RULM scores.
Further, changes in RULM score were observed continu-
ously during the 38 months follow-up (see Table 4).

Respiratory function and feeding

At baseline, 39 children (15.2%) used part-time (<16 h
per day), non-invasive ventilator support. During the
observation period, one older sitter was able to dis-
continue part-time ventilator support. Twenty-three
children (9.0%) additionally started to use occasional
ventilator support: two younger sitters (1.9%), 12 older
sitters (16.4%), six lost sitters (16.2%) and three lost walk-
ers (7.7%). None of the children required permanent or
invasive ventilator support.

At baseline, 14 children (5.5%) required tube feed-
ing due to bulbar dysfunction. During the observation
period, five children (2.0%) additionally required tube
feeding despite nusinersen treatment: two younger sit-
ters (1.9%), one older sitter (1.4%), and two lost sitters
(5.4%). One younger sitter who started tube feeding
could discontinue after 4 months.

Younger sitters Older sitters

Lost sitters Lost walkers

3to5

No. of Patients.
No. of Patients
®
5
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510-3

5t0-3

o e o

Baseline to M14  M14 to M26 M26 to M38 Baseline to M14  M14 to M26 M26 to M38

progression between time-periods

Baseline to M14 M14 to M26 M26 to M38 Baseline to M14  M14 to M26 M26 to M38

Fig. 3 Responder analysis HFMSE. Alluvial diagram to demonstrate changes in HMFSE over time for each cohort. Colors of columns indicate
response groups according to changes in HFMSE score per time-period (baseline-m14, m14-m26, m26-m38). Lines between columns indicate the
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Table 3 Inferential analysis HFMSE

Value SE DF t-value p-value
(Intercept) 1.386 0.697 833 1.987 0.05
Baseline_m14 versus m14_m26 0.659 0.366 833 1.797 0.07
Baseline_m14 versus m26_m38 0.550 0.608 833 0.905 0.37
Age at symptom onset 0.014 0.028 170 0492 0.62
Baseline score —0.044 0.021 170 —2119 0.04
SMN2 copy number 1.785 0.624 170 2.861 0.005
Age at start of treatment —0.009 0.005 170 —1.667 0.1
Gender (m) 0.704 0460 170 1.528 013
Loss of sitting before start of treatment 0.170 0.742 170 0.229 0.82
Loss of walking before start of treatment 0.335 0.741 170 0452 0.65

Inferential analysis evaluates the effect of age at diagnosis, age at start of treatment, SMN2 copy number (< 3 SMN2 copies vs. >4 SMN2 copies), gender, baseline

HFMSE score, and past time from baseline on changes in HFMSE score

SE Standard error, DF degree of freedom

35
30
(0] /\_/’\/“/_’
2
8
7] 25
=
=)
x 20
c
©
o]
= 15
10
0 8 14 20 26 32 38
Months
Lost walkers 29 27 22 14
18 15 17 8
Older sitters 51 51 38 28
Younger sitters 26 42 42 32

Fig. 4 Longitudinal progression of RULM score. RULM score for
younger sitters (blue), older sitters (red), lost sitters (yellow) and

lost walkers (green). Data are listed as mean and 99% confidence
interval. Available patients at baseline, m14, m26 and m38 are
added. The difference in cohort size is explained by incomplete data
availability for all patients at all time-points. Further, RULM can only

be performed in children from an age of 2 years

Adverse events

In total, 144 AEs among 64 patients were reported dur-
ing the observation period. Of all AEs, 122 (84.7%) were
AEs with hospitalization and 22 (15.3%) without hospi-
talization. The most common type of AEs were respira-
tory tract infections (45.8%), followed by gastroenteritis
(20.8%), post-lumbar puncture syndrome (9.0%), other
type of infections (8.3%), fractures (4.1%), respira-
tory symptoms including respiratory distress and tran-
sient cyanosis (4.2%), pain (3.5%), abdominal symptoms
including abdominal pain (1.4%), and others (2.8%). No
children died during the observation period. None of the

AEs were considered as related to drug treatment, but 31
(25.4%) were rated as possibly related to drug treatment
by the treating physician. The latter included procedure-
related symptoms as post-lumbar puncture syndrome
but also acute infections or respiratory symptoms.

Discussion

The development and approval of disease modifying
treatments have significantly changed the SMA land-
scape. The longest experience is available for nusinersen
treatment, but data are still lacking on long-term bene-
fit and response to treatment for the broad spectrum of
SMA patients.

In particular, non-ambulant SMA type 2 and type 3
patients with childhood onset of symptoms have not
been extensively studied in long-term, prospectively con-
ducted clinical trials, or in real-world data collections.
Phase III clinical trials were limited to patients aged
between 2 and 12 years, not having severe contractures
or scoliosis, and not using ventilator support more than
6 h per day. In the 84 patients who received nusinersen
treatment, motor function improved in the short-term
follow-up of 15 months [9]. Data from international dis-
ease registries encompass broader patient cohorts with a
maximum follow-up period of 24 months and thus still
do not provide evidence on the long-term effect of nusin-
ersen treatment [11, 12, 14, 22, 23].

Here, we report real-world data of a broad spectrum of
pediatric non-ambulant SMA patients with SMA type 2
or type 3 using a pre-specified analysis. Despite a wide
age range, different functional ability at start of treat-
ment reflected by baseline HFMSE and RULM scores in
the different cohorts, and different comorbidities (e.g.
need for ventilator support or tube feeding), the major-
ity of children experienced a stabilization of disease
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Fig. 5 Responder analysis RULM. Alluvial diagram to demonstrate changes in RULM over time for each cohort. Colors of columns indicate
response groups according to changes in RULM score per time-period (baseline-m14, m14-m26, m26-m38). Lines between columns indicate the

progression between time-periods

Baseline to M14  M14 to M26 M26 to M38 Baseline to M14  M14 to M26 M26 to M38

Table 4 Inferential analysis RULM

Value SE DF t-value p-value
(Intercept) 3427 0.776 849 4416 0.00
Baseline_m14 versus m14_m26 1.122 0.235 849 4.777 <0.001
Baseline_m14 versus m26_m38 1.509 0.364 849 4.146 <0.001
Age at symptom onset 0.033 0.027 169 1.235 0.22
Baseline Score —0.146 0.033 169 —4.431 <0.001
SMN2 copy number 0.465 0.621 169 0.749 046
Age at start of treatment —0.004 0.005 169 —0.742 046
Genderm 0.396 0456 169 0.869 0.39
Loss of sitting before start of treatment —1.533 0.664 169 —2308 0.02
Loss of walking before start of treatment 0.805 0.733 169 1.099 0.27

Inferential analysis evaluates the effect of age at diagnosis, age at start of treatment, SMN2 copy number (< 3 SMN2 copies vs. >4 SMN2 copies), gender, baseline

RULM score, and past time from baseline on changes in RULM score.

progression and a great part of children derived clini-
cally meaningful benefit from nusinersen treatment by
either gaining a new motor milestone or improving upper
limb function or both. In contrast, natural history data of
SMA type 2 patients reflect the continuous progression
of muscle weakness: within 12 months, a loss of sitting
independently in 3.1% of patients and a mean decline
in HEMSE score of —0.54 points within 12 months, and
a mean decline in RULM score of —0.79 points within
24 months were described [24, 25]. Thus, a stabilization
of disease status can already be considered as positive
response to treatment. We observed main improvements
in HEMSE score within the first 24 months of treat-
ment, consistent with data of young SMA type 1 patients
[26]. RULM score improved continuously and consist-
ently in all cohorts during the observation period. Espe-
cially in older and more severely affected children the

performance of HFMSE might be limited due to scoliosis
or contractures. Thus, RULM score seems to be prefer-
able for monitoring changes in motor function of these
non-ambulant patients.

Despite improvements in motor function, we could not
observe a positive effect of nusinersen treatment on the
need for non-invasive ventilator support or tube feeding:
Our results are in line with results of a previous natural
history study, where 38% of sitters required ventilator
support with a median age of start of ventilator support
of 5.0 years (range 1.8—16.6 years) [27].

Reported AEs from the phase III clinical trial resulted
mainly from known side effects of lumbar puncture or
were related to the underlying disease with a comparable
incidence of AEs in the nusinersen group and the con-
trol group. These included amongst others respiratory
tract infections, pyrexia, respiratory distress, but also
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symptoms such as headache, vomiting or back pain [9]. In
our pediatric cohort, we did not observe any new safety
signals under long-term treatment with nusinersen.

The real-world data approach represents a major
advantage, but also a limitation of the present study. Not
all data are available for all patients at all time-points.
Further, data quality within a registry is not comparable
to clinical trials. To ensure high data quality within the
SMATrtCARE registry, we use standardized case report
forms and outcome measures for data collection. Physio-
therapists and raters are regularly trained to ensure inter-
rater reliability. In addition, data is carefully reviewed for
completeness, consistency and plausibility.

In conclusion, our results demonstrate improvements
or stabilization of disease progression in most non-
ambulant children with SMA type 2 or type 3 under
nusinersen treatment. Changes were most evident in
upper limb function while there was no impact on the
need for ventilator support or tube feeding.
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