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Abstract

Background Few studies assessed the effect of nusinersen on respiratory function in adult patients with spinal muscular
atrophy (SMA). The aim of this single-center study was to analyze pulmonary function and its association with muscle
function and quality of life (QoL) in adult patients with 5q-SMA under nusinersen.

Methods We recorded forced vital capacity (FVC), forced expiratory volume in the first second (FEV 1) and peak expiratory
flow (PEF) during nusinersen treatment in 38 adult SMA patients. Revised Upper Limb Module (RULM), Hammersmith
Functional Motor Scale Expanded (HFMSE), 36-Item Short Form Health Survey (SF-36) questionnaire and Fatigue Severity
Scale (FSS) were recorded and correlations between muscle function, QoL, fatigue and respiratory parameters were analyzed.
Results No differences were detected between mean FVC, FEV 1, PEF at different timepoints versus baseline. Ambulatory
patients showed significant improvement in mean PEF at month 30, compared to non-ambulatory patients (+0.8 +0.5 vs.
—0.0+0.5, p<0.05). Patients with fatigue at baseline showed significant improvement in mean PEF at month 10, compared
to patients without fatigue at baseline (+0.6+0.9 vs. —0.4+0.5, p <0.05). Physical domains of SF-36 positively correlated
with the change in FVC and FEV 1. FSS negatively correlated with the change in mean PEF.

Conclusion Mean pulmonary function remained stable during nusinersen treatment over a period of up to 30 months.
Improvement in pulmonary function was associated with improvement in motor function, fatigue and QoL, early after

nusinersen initiation.
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Introduction

Spinal muscular atrophy (SMA) is a hereditary lower motor
neuron disorder characterized by progressive predominantly
proximal muscular weakness and atrophy. It represents one
of the most common autosomal recessively inherited dis-
eases, with an estimated incidence from 1 in 6000 to 1 in
10,000 live births [1]. SMA is caused by homozygous dele-
tions/mutations in the survival of motor neuron (SMN) 1
gene located on chromosome 5q13.2, leading to an insuffi-
cient production of functional SMN protein. The paralogous
SMN?2 gene differs from the SMNI gene by a C to T change
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in the splicing region of exon 7, which ultimately results
in reduced splicing efficiency and exclusion of exon 7 [1,
2]. Therefore, SMN2 gene contributes only slightly to the
production of functional SMN protein [1, 2].

SMA can be classified into different groups with a fluent
transition based on the age of symptom onset and motor
milestones achieved, ranging from SMA type O (prenatal
manifestation) to SMA type 4 (adult-onset of weakness).
Higher SMN2 copy numbers are associated with reduced
disease severity [3].

Respiratory function in SMA is often impaired and
dependent on disease severity. The most common cause
of mortality in the severe phenotypes of SMA are respira-
tory complications [4]. A natural history of pulmonary
function in SMA patients showed the fastest decline of the
forced vital capacity (FVC) during childhood and stabi-
lization during early adulthood in SMA types 1lc (age at
onset 3—6 months)-3a, while FVC in SMA types 3b and
4 remained stable throughout life [5]. Here, SMA type 3a
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patients with four SMN2 copies had a slower longitudinal
decline regarding motor and pulmonary function, compared
to those with three SMN2 copies [5]. Trucco et al. found in a
large international SMA cohort (n=437) that FVC declined
more steeply from 5 to 13 years of age, which was followed
by a stabilization after 13 years of age. In this cohort, 39% of
patients with SMA type 2 had started non-invasive ventila-
tion (NIV) treatment at a median age of 5 years, while 9%
of patients with SMA type 3 required NIV at median age of
15.1 years [6].

In recent years, disease-modifying medications (nusin-
ersen, risdiplam, onasemnogene abeparvovec) have been
developed. They can lead to phenotypic stabilization or
even improvement and have substantially altered disease
prognosis [1]. Nusinersen is an antisense oligonucleotide
that affects SMN2 RNA splicing and favors expression of
stable and functional SMN protein [1]. While clinical phase
3 trials have only been performed in children up to the age
of 12 years [7, 8], more recent studies found that nusinersen
effectively improved motor function not only in children
but also in adult SMA patients [9, 10]. Few studies have
assessed the impact of nusinersen on pulmonary function,
so far [11-15]. Chacko et al. reported that nusinersen slowed
down the decline in pulmonary function during the first year
of treatment in pediatric SMA patients [11]. In adult SMA
patients treated with nusinersen, improvement in peak cough
flow [12], FVC and forced expiratory volume in the first sec-
ond (FEV1) [13, 14] and maximal expiratory pressure [15]
has been shown. The longest follow-up period of these stud-
ies was 14 months, and no study has correlated the change
in muscle function, quality of life (QoL) and fatigue with a
change in respiratory function in adult SMA patients under
nusinersen therapy so far.

The aim of this study was to analyze pulmonary function
and its association with muscle function, QoL and fatigue in
adult patients with 5q-SMA treated with nusinersen.

Materials and methods
Participants

In this prospective, longitudinal, monocentric, observational
study, we included all SMA patients who received nusin-
ersen treatment at the Department of Neurology of Hannover
Medical School between April 2018 and December 2022.
All participants were 18 years or older and had a genetically
confirmed diagnosis of 5q-SMA (homozygous deletion of
exon 7 or/and exon 8 of SMN1 gene or compound heterozy-
gous deletion of exon 7 or/and exon 8 of SMN1 gene together
with a point mutation on the second gene copy). Nusinersen
was applied intrathecally according to the approved proto-
col, starting with a loading period (day 0, 14, 28 and 63)

followed by administrations every 4 months. The analyzed
SMA cohort consisted of 38 patients. Sociodemographic and
clinical data including gender, age at therapy start, disease
duration, SMA type, SMN2 gene copy number, ambulatory
status (defined as the ability to walk at least 10 m without
assistance or use of a device such as cane or a walker [16]),
use of wheelchair, presence of scoliosis, use of NIV and
presence of percutaneous endoscopic gastrostomy (PEG)
were recorded at baseline. Follow-up data were collected
at month 10, 22 and 30 of nusinersen treatment. Figure 1
shows the availability of data (motor function scores, pul-
monary function scores, QoL and fatigue) of included SMA
patients at baseline and during follow-up. Patients’ baseline
and follow-up data on respiratory and motor function was
lost due to minimum length of hospital stay during COVID-
19 pandemic. The data on QoL and fatigue was lost, because
the patients refused to fill in the questionnaires or did not
fill in the questionnaires properly. The study was approved
by the Ethical Board of Hannover Medical School (no.
6269) and all patients gave their written informed consent
to participate.

| HFMSE H N=29
H RULM H N=33
| BaselineH{ PF  |H N=20
H QoL H N=21
H FSS H N=24
| HFMSE H N=27
H RULM H N=29
HMonth I0FH PF | N=17
H QoL H N=24
H FSS H N=30
1 HEMSE H N=17
H RULM H N=21
HMonth 22HH  PF H N=I2
H QoL H N=I8
H FSS H N=27
| HFMSE H N=15
H RULM H N=17
HMonth 30FH PF | N=I16
H QoL H N=17
H FSS H N=24

N=38

Fig. 1 Availability of data (motor function scores, pulmonary func-
tion, QoL and fatigue) of included SMA patients at baseline and at
follow-up timepoints. N number of patients, HFMSE Hammersmith
Functional Motor Scale Expanded, RULM Revised Upper Limb Mod-
ule, PF pulmonary function tests (forced vital capacity (FVC), forced
expiratory volume in the first second (FEV1), peak expiratory flow
(PEF)), QoL quality of life, F'SS Krupp’s Fatigue Severity Scale
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Assessment of pulmonary and motor function,
quality of life and fatigue

Spirometry was performed in sitting or supine position in
all patients by a trained and experienced examiner (cali-
brated device: Ganshorn Medizin Electronic BodyScope®).
FVC, FEV1 and peak expiratory flow (PEF) were registered,
and raw scores and percent predicted scores were reported.
Predicted values were calculated according to European
Community for Steel and Coal [17]. Three attempts were
recorded (in liters), and the best test result was used for
further analysis. The best result was considered the result
with the best PEF. If the recorded values of three attempts
differed more than 10% between each other, the spirometry
was repeated.

Motor function was assessed by trained professional
physiotherapists using the Revised Upper Limb Mod-
ule (RULM) score [18] and the Hammersmith Functional
Motor Scale Expanded (HFMSE) score [19]. The RULM
is a disease-specific scale that measures motor function of
upper extremities and performance in activities of daily liv-
ing. It has 20 items, and the patients can score a maximum
of 37 points, where higher scores represent better function of
upper limbs. The HFMSE is a 33-item disease-specific scale
that measures gross motor function, where the patients can
score a maximum of 66 points (higher scores representing a
better motor function).

The presence and severity of fatigue was assessed using
the Krupp’s Fatigue Severity Scale (FSS) [20]. It is a nine-
item self-reported questionnaire that measures the severity
of fatigue in the time frame of the “past week”, where higher
scores represent more severe fatigue. The presence of fatigue
was considered if the total score was equal or greater than
36.

The German version of the SF-36 questionnaire [21] was
used to assess patients’ health-related QoL. It represents a
generic measure that combines eight general health con-
cepts: physical functioning (PF), role physical (RP), bodily
pain (BP), general health (GH), vitality (VT), social func-
tioning (SF), role emotional (RE), and mental health (MH).
Two main scores that are summarizing these eight general
health concepts are the physical composite score (PCS) and
mental composite score (MCS), besides the total SF-36
score. The standardized sum-scores of each concept range
from 0 to 100, whereby higher values represent better QoL.

Statistical analysis

We performed the statistical analysis using IBM® Statisti-
cal Software Package of Social Science (SPSS®, Chicago,
IL, USA) version 28. Normality of data was determined
using Shapiro—Wilk and Kolmogorov—Smirnov test. Con-
sidering the small number of included participants we used
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non-parametric statistics. The differences between baseline
and examined timepoints (month 10, 22 and 30 of nusin-
ersen treatment) were examined using Wilcoxon rank sum
test and Fisher’s exact test. Correlations were determined
with Spearman’s rank (correlation) coefficient. In the sub-
group analysis, we used Mann—Whitney U test for independ-
ent samples. We included only the patients with SMA type
2 and 3, due to the small number of patients with SMA type
1 and type 4. Level of statistical significance was set at 0.05
and 0.01.

Results
Patients’ characteristics

Main sociodemographic and clinical characteristics of
enrolled SMA patients at baseline are presented in Table 1.
Most of the patients had SMA type 3 (n=21, 55.3%) or
SMA type 2 (n=14, 36.8%). Out of all SMA type 3 patients,
seven had SMA type 3a and 14 had SMA type 3b. Two
patients (5.3%) had SMA type 4, and one patient (2.6%)
had SMA type 1. Mean age at the start of nusinersen treat-
ment was 38.4 + 14.1 years and mean disease duration was
32.5+13.5 years. Almost one third of the analyzed patients
were ambulatory (n=11, 28.9%). Twenty-three patients had
scoliosis, seven had undergone spinal fusion surgery (spon-
dylodesis), seven were dependent on NIV and two used a
PEG. The mean HFMSE score was 24.7 +23.6 and the mean
RULM score was 22.1 +13.2.

Pulmonary function and its correlation with motor
function during nusinersen treatment

Table 2 shows changes in mean FVC, FEV 1, PEF, HFMSE,
RULM and SF-36 score from baseline to different timepoints
during nusinersen treatment. Pulmonary function scores dur-
ing nusinersen treatment are shown in Fig. 2. No significant
differences were detected between mean FVC, FEV1, PEF
as well as HFMSE scores obtained at baseline and at dif-
ferent timepoints during nusinersen treatment (p > 0.05).
Improvement of FVC (difference > 0 between FVC obtained
at follow-up vs. baseline) was seen in 50% of patients at
month 10 (+0.3 +£0.3; 0.03-0.75), 55% of patients at month
22 (+0.2+£0.1; 0.03-0.3) and 58% of patients at month
30 (+0.2+0.2; 0.03-0.6). Improvement of FEV1 (differ-
ence >0 between FEV1 obtained at follow-up vs. base-
line) was seen in 50% of patients at month 10 (+0.5 +0.5;
0.05-0.1.5), 57% of patients at month 22 (+0.3+01.;
0.1-0.5) and 50% of patients at month 30 (+0.2 +0.1;
0.02-0.4). Improvement of PEF (difference >0 between
PEF obtained at follow-up versus baseline) was observed
in 55% of patients at month 10 (+0.4+0.2; 0.1-0.7), 33%
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Table 1 Main sociodemographic and clinical characteristics of all
analyzed SMA patients at baseline

SMA features

N 38

Male gender (n, %) 24 (61.4)
Age at therapy start (years, mean +SD) 38.4+14.1
Disease duration (years, mean+ SD) 32.5+13.5
SMA type (1, %) 1(2.6)
SMA type 1 14 (36.8)
SMA type 2 21 (55.3)
SMA type 3 2(5.3)
SMA type 4

SMN?2 copy number 18 (47.4)
<4 20 (52.6)
>4

Walking ability (n, %) 11 (28.9)
Ambulatory 27 (71.1)
Non-ambulatory

Wheelchair use (n, %) 13 (34.2)
Never 17 (44.7)
Sometimes 8 (21.1)
Always

Scoliosis (1, %) 23 (60.5)
Spondylodesis (n, % out of all patients with scoliosis) 7 (30.4%)
NIV (n, %) 7(18.4)
PEG (n, %) 2(5.3)
HEMSE score (mean + SD) 24.7+23.6
RULM score (mean + SD) 22.1+132
FSS score (mean + SD) 40.1+11.9
% of fatigued 66.7%
Total SF-36 score (mean+SD) 58.6+12.0

SMA spinal muscular atrophy, N number, SD standard deviation,
SMN2 survival of motor neuron 2 gene, NIV non-invasive ventila-
tion, PEG percutaneous endoscopic gastrostomy, HFMSE Hammer-
smith Functional Motor Scale Expanded, RULM Revised Upper Limb
Module, FSS Fatigue Severity Scale, SF-36 The 36-Item Short Form
Health Survey

of patients at month 22 (+0.5+0.6; 0.09-0.9) and 30% of
patients at month 30 (+0.4 +0.2; 0.2-0.6). Change in FVC
and FEV1 at month 10 positively correlated with the change
in HFMSE score at month 10 (rho=0.70, p <0.05 and
rho=0.70, p <0.05, respectively). Change in FEV1 showed
a positive correlation with the change in RULM at month 10
(rho=0.78, p<0.01). The change in FVC, FEV and PEF did
not correlate with the change in HFMSE and RULM scores
in other follow-up timepoints (p > 0.05).

Correlation of pulmonary function with quality
of life and fatigue

The change in the total SF-36 score over the whole treat-
ment period did not correlate with the change in FVC, FEV1
and PEF at any timepoint of nusinersen treatment (p > 0.05).
Change in FEV1 at month 10 positively correlated with the

Table2 Changes in FVC, FEV1, PEF, HFMSE, RULM, FSS and
SF-36 scores of the whole cohort during nusinersen treatment versus
baseline

Month 10 Month 22~ Month 30
A FVC (mean=+SD, 1) -00+1.0 +0.1+03 -0.0+03
A FEVI1 (mean+SD, 1) -02+05 +03+13 -0.0+02
A PEF (mean + SD, 1/s) +0.1+£09 +03+0.7 +03=+0.6
A HFMSE (mean + SD) +03+38 +04+43 —-02+56
A RULM (mean + SD) +1.1+£27 +205+2.6 +0.2+4.8
A FSS (mean + SD) +09+68 —-0.0+83 +34+83

A total SF-36 score
(mean + SD)

-1.0£137 +65+23.2 —-4.8+153

A difference between the score obtained at one timepoint versus base-
line, SD standard deviation, [ liter, s seconds, n number, FVC forced
vital capacity, FEVI forced expiratory volume in the first second,
PEF peak expiratory flow, HFMSE Hammersmith Functional Motor
Scale Expanded, RULM Revised Upper Limb Module, MCID mini-
mal clinically important difference, FSS Fatigue Severity Scale, SF-
36 The 36-Item Short Form Health Survey

change in RP domain of SF-36 (tho=0.64, p <0.05), as well
as with the change in VT domain (tho=0.65, p <0.05) and
PCS domain of SF-36 10 months after nusinersen initia-
tion (rho=0.61, p <0.05). Positive correlation was observed
between the change in PEF at month 10 and the change in
RP domain at month 10 (rho=0.70, p <0.05). At month
22, the change in FEV1 showed a positive correlation with
the change in PF domain of SF-36 (rho=0.52, p <0.05). At
month 30, no correlation between any domain of SF-36 and
the change in FVC, FEV1 and PEF was observed (p > 0.05).

The change in PEF at month 10 negatively correlated with
the change in FSS at month 10 (tho=-0.70, p<0.05). Neg-
ative correlation was observed between the change in PEF at
month 30 and the change in FSS at month 10 (tho=-0.75,
p <0.05) and at month 22 (rho=-0.89, p<0.01).

Subgroup analysis

Exploratory subgroup analysis according to SMA type (2
vs. 3 and 3a vs. 3b), SMN2 copy number (<4 vs. >4), base-
line HEMSE score (<35 vs. >35), previous spinal fusion
(spondylodesis), use of NIV and use of PEG showed no
significant differences in mean change of FVC, FEV1 and
PEF at any timepoint during follow-up period. There was a
trend toward improvement of mean PEF at month 30 under
nusinersen treatment in patients without scoliosis as com-
pared to patients with scoliosis (+0.8 +0.3 vs.+0.0+0.5,
p=0.053). Ambulatory patients showed statistically sig-
nificant improvement of mean PEF at month 30 when com-
pared to non-ambulatory patients (+0.8 +£0.5 vs. —0.0+0.5,
p <0.05). SMA patients with presence of fatigue at baseline
showed statistically significant improvement of mean PEF
at month 10, as compared to SMA patients without fatigue

@ Springer



3620 Journal of Neurology (2023) 270:3616-3622
Fig.2 Pulmonary function dur- 14
ing nusinersen treatment. FVC
forced vital capacity, FEVI 12 T B
forced expiratory volume in the
first second, PEF peak expira- 1
tory flow, [ liter, I/s liter per
second for PEF
w 3
T 6
4 1 j L
- 1
2 1 f i i
0

baseline

at baseline (+0.6+0.9 vs. —0.4+0.5, p <0.05) (supple-
mentary table 1 and 2). Regarding fatigue, ambulatory and
non-ambulatory patients showed no statistically significant
difference (p > 0.05). Patients with and without fatigue at
baseline showed no statistically significant differences in age
at therapy start, SMN2 copy number (<4 vs.>4), baseline
mean HEMSE score, presence of scoliosis or previous spinal
fusion (spondylodesis).

Discussion

In this study, we analyzed the effect of nusinersen on pul-
monary function in adult SMA patients and observed no
overall changes during a treatment period of 30 months.
Although we observed an improvement in mean PEF at all
timepoints and in mean FVC and FEV1 at month 22, the
results failed to reach statistical significance. The potential
explanation for this finding could be the fact that pulmonary
function in SMA patients remains stable in adult age both
in early-onset and late-onset SMA [3, 6]. In pediatric SMA
patients, Chacko et al. reported that nusinersen slowed down
respiratory decline during the first year of treatment [11].
Studies showed benefits of nusinersen in adult SMA patients
as well, regarding pulmonary function [12-15]. For exam-
ple, in a study comprising 19 adult SMA patients, Walter
et al. found that peak cough flow significantly improved six
months after initiation of nusinersen treatment in adult SMA
patients, compared to baseline [12]. An Italian multicentric
study (116 included adult patients) observed an increase
in FVC but only in ambulatory SMA type 3 patients and
an increase in FEV1 in the whole SMA type 3 population
14 months after the initiation of nusinersen treatment [13].
De Wel et al. also reported in a monocentric study that FVC
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after 22 months after 30 months

Time

after 10 months

FVC FEVI PEF

and PEF remained stable over the course of 14 months of
nusinersen treatment in 16 adult patients with SMA types 3
and 4, with transient increase in FVC at month 6 [14]. The
PEF reflects the strength of expiratory muscles, in absence
of bronchial obstruction. For example, Suarez et al. showed
that patients with amyotrophic lateral sclerosis and Duch-
enne muscular dystrophy had a lower PEF than the healthy
control group [22]. Maximal expiratory pressure showed
improvement after nusinersen treatment in the study of
Duong et al. (multicentric study, 42 adult SMA patients)
[15]. Future studies in larger SMA cohorts and conducted
during longer follow-up periods are needed to conclude if
these findings represent normal fluctuations of respiratory
function or the effect of nusinersen on pulmonary function
as well as to assess the clinical relevance of these results.
Lung function seems to be a suitable longitudinal outcome
measure until early adulthood [5], but the question is if this
also reflects to the adult SMA patients.

Similar to the study of Maggi et al. [13], our ambula-
tory SMA patients had significant improvement of mean
PEF at month 30 after treatment initiation, compared to
non-ambulatory patients (+0.8+0.5 vs. —0.0+0.5). SMA
patients in our cohort with fatigue at baseline also showed
significant improvement of mean PEF early after treatment
initiation, when compared to patients without fatigue at
baseline (change in mean PEF at month 10: +0.6 +£0.9 vs.
—0.4+0.5). Further descriptive statistics revealed that in
our cohort patients with presence of fatigue at baseline were
less severely affected than patients without fatigue (HFMSE
score at baseline: 28.4 +22.2 vs. 16.7 +23.3), although this
did not reach statistical significance (p >0.05), probably
due to the small sample size. This is similar to our previ-
ous study in which patients with milder disease severity and
later disease onset also experienced more fatigue [23]. One
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can, therefore, assume that the significant improvement in
PEF in the subgroup of patients with fatigue is due to better
nusinersen response of patients with milder disease severity
at baseline, as previously reported [10]. Assessment of pul-
monary function during nusinersen therapy might be most
important in non-ambulatory patients and patients without
fatigue at baseline in everyday practice, as they continue
to slightly deteriorate in pulmonary function during nusin-
ersen treatment, while ambulatory patients and patients with
fatigue rather show improvement.

Changes in motor and pulmonary function positively cor-
related with each other at month 10 of nusinersen treatment
in our SMA cohort. Similarly, Trucco et al. showed that FVC
positively correlated with RULM and HFMSE in a natural
history study on respiratory function in patients with SMA
type 2 and 3 [6]. This could further strengthen the hypoth-
esis that improvement in the function of respiratory mus-
cles follows improvement in function of peripheral muscles.
Furthermore, our study showed that the change in FEV1
and PEF positively correlates with the change in physical
domains (RP, RF, VT, PCS) of QoL early after treatment
initiation. Also, the change in FSS score negatively corre-
lated with the change in PEF at month 10. These correlations
of specific domains of QoL and fatigue with the change in
respiratory function during nusinersen treatment have not
been assessed by previous studies so far. They indicate that
improvements in respiratory function also in mildly affected
ambulatory patients are of clinical relevance.

While our study has the advantage of a comparatively
long follow-up of an adult SMA patient cohort, the main
limitations are the relatively small number of included
patients due to monocentric design of the study, absence of
control group and loss of follow-up data. Moreover, poly-
somnography was not performed. Further prospective and
multicentric studies in larger numbers of patients are needed
to fully assess the impact of nusinersen on pulmonary func-
tion in adult SMA and its correlation with QoL and fatigue.

In conclusion, respiratory function remained stable dur-
ing the long period of nusinersen treatment in most adult
patients with SMA in our cohort. Ambulatory patients
showed a significant improvement in mean PEF at month
30 after nusinersen initiation, compared to non-ambulatory
patients. Pulmonary function improvement was associated
with improvement in motor function (according to RULM
score), as well as in QoL and fatigue. Pulmonary function
tests should be taken into consideration as additional out-
come measures, especially in non-ambulatory patients and
patients without fatigue at baseline.
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