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ABSTRACT

Background: The aim of this international retrospective study was to assess 4-year change using the Hammersmith Functional
Motor Scale Expanded (HFMSE) in individuals with type II and III spinal muscular atrophy (SMA) treated with nusinersen and
to establish predictors of HFMSE changes.

Methods: Individuals with type IT or IIl SMA, and at least 4 years of nusinersen-only treatment were included. All were assessed
using the HFMSE. Age at baseline, sex, motor function, SMN2 copy number, and age of onset were also retrospectively collected.
Linear mixed effect models were used to calculate yearly changes and trajectory predictors.
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Results: We included 73 individuals with SMA type II (mean age 8.58years, SD 7.91, IQR 3.04-10.70) and 111 type III (mean age
7.91years, SD 17.83, IQR 8.15-34.42). Over 4years, mean changes were +4.18 (95% CI: 2.85-5.50) for SMA II and + 1.08 (95% CI:
0.12-2.04) for SMA II1. Age (SMA II: —0.34\[-0.51 to —0.17]; SMA III: —0.13\[-0.20 to —0.06], p <0.001) and baseline HFMSE
(SMA II: 1.02\[0.70-1.34]; SMA III: 0.79\[0.71-0.87], p <0.001) were the strongest predictors of progression, with younger age
and higher baseline scores associated with better outcomes. Functional status was only predictive for type III (6.96\[4.26-9.66]).
Conclusion: Our results confirm that, given a follow up of 4years, there is a persistent impact of nusinersen on clinical progression

that is better observed in younger patients with higher HFMSE scores at baseline, especially during the first 2years of treatment.

1 | Introduction

Spinal muscular atrophy (SMA) is a caused by mutations in the
survival motor neuron 1 (SMNI) gene [1] with reduction of the
SMN protein leading to progressive weakness. Historically, 59-
MA was classified into three main types with pediatric onset.
Type I was associated with onset before 6 months and the in-
ability to achieve the ability to sit unsupported [2]. Type II, with
onset typically between 6 and 18 months, was associated with
the ability to sit and occasionally to stand but not to walk inde-
pendently. In type I1I, the onset of symptoms was generally after
ambulation had been achieved (after 18 months), and in all cases,
there was progressive weakness; within this type, Type I11a re-
fers to onset before the age of 3years, often with faster progres-
sion of weakness, while Type IIIb refers to onset after the age of
3years, typically with slower progression and a milder clinical
course. The advent of disease-modifying therapies (DMTs) has
dramatically changed the progression of all three types, not only
in type I infants, with increased survival and often achievement
of sitting, but also in types II and III. A number of studies have
reported the impact of nusinersen, the first commercially avail-
able drug, on pediatric and adult type II and III SMA [3-10]. A
recent meta-analysis shows there was a consistent improvement
in all the measures examined across all studies reporting the use
of nusinersen in types II and III, in comparison to the decrease
in scores observed in the published natural history studies of
the same measures in untreated patients [11]. In most cases,
data were related to a relatively short follow-up. The question
has arisen whether the changes observed in the first years of
treatment will persist at longer follow-up at the age when nat-
ural history studies report further progressive loss of function.

The aim of this study was to assess 4-year changes using the
Hammersmith Functional Motor Scale Expanded (HFMSE) in
types IT and I1I individuals treated with nusinersen and to estab-
lish possible associations between HFMSE changes and several
variables, including age at baseline, sex, motor function, SMN2
copy number, and age of symptom onset.

2 | Methods

The study includes a retrospective analysis of prospectively col-
lected data from the Pediatric Neuromuscular Clinical Research
Network for SMA in the United States and the Italian network,
associated with the International SMA Consortium (iSMAc) [12].

All individuals with a confirmed genetic diagnosis of SMA, a clin-
ical diagnosis of type II or III SMA, and a nusinersen-only treat-
ment history of at least 4years were considered for inclusion in the

study. This included all participants who had been evaluated at the
neuromuscular clinics of the participating centers, following the
same criteria used in our previous collaborative study on progres-
sion patterns [7, 13, 14]. Patients who received other DMTs besides
nusinersen or who switched from another DMT to nusinersen
were excluded from the analysis. Baseline data was collected be-
fore the initiation of nusinersen, using the HFMSE value closest to
the start of treatment (mean time difference —0.20, SD 0.24years).

All participants and their legal guardians provided written in-
formed consent or assent, as applicable. This process was ap-
proved by the respective institutional review boards.

2.1 | Hammersmith Functional Motor Scale
Expanded (HFMSE)

The HFMSE [15] consists of 33 items that evaluate a child's abil-
ity to engage in various activities. Each item is assessed using a
3-point scoring system: a score of 2 indicates the child can perform
the activity without modifications, a score of 1 means the child
can perform it with modifications or adaptations, and a score of 0
signifies that the child is unable to perform the activity. The total
score is calculated by summing the scores of all individual items,
ranging from 0, indicating failure in all activities, to 66, indicating
successful completion of all activities. Assessments for all items
must be conducted without the use of spinal jackets or orthoses.

2.2 | Training Sessions

A standardized HFMSE manual was distributed to all networks
participating in the study. As part of their network activities,
evaluators from each network received training during in-
person meetings conducted in the United States and Europe [16].
The evaluators responsible for the assessments included in the
current study were the same individuals who participated in the
reliability studies. In both Europe and the United States, eval-
uators undergo regular annual refresher training that involves
reviewing the scale items and scoring methods.

2.3 | Statistical Analysis
Baseline participants characteristics were described as proportions
(percentages) for categorical variables and means with standard

deviation (SD) for continuous variables, unless otherwise stated.

Due to the presence of missing at random values, we used
multiple imputation (MI) to maximize the use of available
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TABLE1 | Baseline and clinical characteristics of the population analyzed according to the SMA type.

Overall population Type II Type III
N=184 N=73 N=111

Age at baseline (years)

Mean (SD) 16.66 (16.09) 8.58 (7.91) 7.91 (17.83)

Median (IQR) 11.09 (4.88-22.03) 6.04 (3.04-10.70) 15.75 (8.15-34.42)

Adults, n, (%) 56 (30.43%) 9(12.33%) 47 (42.34%)
Sex, n (%)

Male 105 (57.07) 43 (58.90) 62 (55.86)

Female 79 (42.93) 30 (41.10) 49 (44.14)
SMA function, n (%)

Non-sitter 12 (6.52) 11 (15.07) 1(0.90)

Sitter 95 (51.63) 62 (84.93) 33(29.73)

Walker 77 (41.85) 0 (0.00) 77 (69.37)
HFMSE at baseline

Mean (SD) 28.73 (20.75) 10.60 (9.04) 40.66 (17.36)

Median (IQR) 25.00 (9-48.50) 8.00 (3.00-15.00) 44.00 (29.00-55.00)

SMN2 copy number, n (%)

2 26 (14.13)
3 94 (51.09)
>4 49 (26.63)
Unknown 15 (8.15)

SMA type I1I subtype A/B, n (%)

Type IIIA
Type I1I1B

Unknown
Registry, n (%)
Italy 129 (70.11)
USA 55(29.89)
Treatment duration (years)
Mean (SD) 4.01(0.22)

Median (IQR) 4.01 (3.90-4.16)

15 (20.55) 11 (9.91)
49 (67.12) 45 (40.54)
2(2.74) 47 (42.34)

7(9.59) 8(7.21)
53 (47.75)
47 (42.34)

11 (9.91)
46 (63.01) 83 (74.77)
27 (36.99) 28 (25.23)
4.02(0.22) 4.00(0.22)

3.99 (3.89-4.19) 4.02 (3.90-4.15)

information. Imputation for intermediate scores (year 1, 2 or
3 of follow-up) was performed on participants who had a base-
line assessment and a treatment history of at least 4 years, using
chained equations approach with 10 imputations, where each
incomplete variable is imputed by a separate model and imple-
mented through the Multiple Imputation by Chained Equation
algorithm. In the imputation models we included as predictors
age and HFMSE at baseline, sex, SMA type and functional level,
and SMNZ2 copy number.

Longitudinal changes in HFMSE were analyzed using linear
mixed-effects models to account for repeated measures over the

follow-up period. Cumulative changes at 1, 2, 3, and 4 years from
baseline were estimated by treating time as a fixed effect and
including a random intercept to accommodate individual differ-
ences. All analyses were adjusted for baseline HFMSE values
and the registry in which participants were enrolled.

In line with previous literature findings, the cohort was further
subdivided by functional level at baseline (non-sitters, sitters,
walkers), by SMN2 copy number (2, 3, 4+), and by age at base-
line (SMA II: <5, 5-17, > 18; SMA I1I: <7, 7-14, >15) [5, 14]. The
ability to sit independently was defined as achieving a score of 2
on item 1 of the HFMSE, while the ability to walk independently
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TABLE 2 | Yearly changes.
Mean change Mean change Mean change Mean change
from baseline to from baseline to from baseline to from baseline to
lyear (95% CI) 2year (95% CI) 3year (95% CI) 4year (95% CI)
SMA II Whole cohort (N=73) 2.92 (1.60-4.24) 3.96 (2.63-5.29) 4.18 (2.85-5.50) 4.18 (2.85-5.50)
<5(N=30) 7.00 (4.74-9.26) 9.67 (7.41-11.93) 11.30 (9.04-13.56)  12.33 (10.07-14.59)
5-17 (N=34) 0.03 (—0.78-0.84) —0.26 (-1.07-0.54) -1.12(-1.93 —1.94 (-2.75
to —0.31) to —1.13)
>18 (N=9) 0.22 (—0.48-0.92) 0.89 (0.19-1.59) 0.44 (—0.26-1.14) 0.11 (=0.59-0.81)
SMATIII  Whole cohort (N=111) 1.87 (0.91-2.83) 2.33(1.37-3.29) 1.47 (0.51-2.43) 1.08 (0.12-2.04)
A (N=53) 2.09 (0.50-3.69) 3.32(1.72-4.92) 2.81 (1.21-4.41) 2.49 (0.89-4.09)
<7 (N=20) 5.40 (2.68-8.12) 8.35(5.63-11.07) 9.30 (6.58-12.02) 9.90 (7.18-12.62)
7-14 (N=13) ~1.38 (=4.11-1.349)  —0.77 (=3.49-1.95)  —2.15(-4.88-0.57)  —2.15 (—4.88-0.57)
>15(N=20) 1.05 (—=0.43-2.53) 0.95 (—0.53-2.43) —0.45 (—1.93-1.03) —1.90 (-3.38
- —0.42)
B (N=47) 1.79 (0.53-3.04) 1.51 (0.25-2.77) —0.06(-1.32-1.19)  —0.55 (—1.81-0.70)
7-14 (N=10) 2.00 (—0.38-4.38) 2.90 (0.52-5.28) 1.00 (~1.38-3.38) 1.60 (—0.78-3.98)
>15(N=37) 1.73 (0.28-3.18) 1.13 (=0.32-2.59) —0.35(-1.80-1.10)  —1.13(=2.59-0.32)

Note: Linear mixed effect model was used to calculate yearly changes in the whole SMA II population; due to the limited sample size, subgroups should be mainly

interpreted as descriptive.

was defined as the participant's capability to walk 10 m without
assistance. The age cut-off points were selected based on previ-
ous observations of progression slopes in SMA type II and III at
different ages [13, 14].

A linear mixed model analysis was conducted to explore the
association between the annualized slopes of HFMSE change
in participants with SMA type II and type III included in the
longitudinal analysis and several variables: age at baseline, sex,
motor function, SMN2 copy number, and age of symptom onset
(for SMA type III, IIIA, and IIIB only).

In this study, we applied the minimal clinically important dif-
ference (MCID) cut-off, previously established and published by
our group based on caregiver perception of 1-year changes [17].
Therefore, MCID cut-offs were defined as follows: for SMA 1I,
deterioration was indicated by scores <—3.5 and improvement by
scores >1.17; for SMA III, deterioration was indicated by scores
<-3.91 and improvement by scores >1.67. The application of the
MCID cut-off point to the 4-year follow-up of HFMSE changes
allowed us to establish the proportion of individuals meeting the
MCID at annual intervals. More specifically, the annual MCID was
applied to changes in HFMSE from baseline to 1year, then year-to-
year intervals up to 4years (1-2years, 2-3years, and 3-4years).

3 | Results

A total of 469 patients with a diagnosis of SMA type II or 111,
treated with nusinersen and with an available baseline HFMSE
score, were identified in the registry. Among these, 184 individ-
uals, including 73 with SMA type IT and 111 with SMA type III,
had completed 4-year follow-up.

Among the 111 SMA type III participants, 47.75% were classi-
fied as type IIIA, while 42.34% were classified as type IIIB. The
remaining 10% were older adults in whom it was not possible
to retrospectively establish the onset of clinical signs before or
after 3years.

The mean time from treatment initiation to baseline HFMSE as-
sessment was —0.20years (SD 0.24), with a median of —0.12 years
and an interquartile range (IQR) of —0.28 to —0.02years.

None of the patients included in the analysis underwent scoliosis
surgery during the follow-up period.

Table 1 outlines the baseline characteristics of the populations.

Over the 4-year period, the overall change in the cohort with
SMA type II was +4.18 points (95% CI: 2.85-5.50), correspond-
ing to an estimated annualized change of +0.96 points (95% CI:
0.66-1.27) per year. In the cohort with SMA type IIT was +1.08
points (95% CI: 0.12-2.04), with an estimated annualized change
of +0.18 points per year (95% CI: —0.66 to 0.40) (Table 2). Only 1
of the 77 (1.30%) SMA III walker patientsSMN?2 at baseline lost
ambulation within the 4-year follow-up period (Figure 1).

3.1 | Predictors of Disease Progression
A linear mixed model analysis was conducted to examine the as-
sociation between variables and HFMSE scores in participants

with SMA types II and III included in the longitudinal analysis.

For SMA type II, the model included sex, SMN2 copy number,
age at baseline, baseline HFMSE score, time since baseline, and
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FIGURE 1 | Four-year progression in SMA Types II and III. (A)=SMA II; (B)=SMA IIIA; (C)=SMA IIIB. Left panels: Annual trajectories of
HFMSE scores over 4 years, expressed as mean values with 95% confidence intervals. Middle panels: Distribution of changes in HFMSE scores from
baseline to year 4. Each bar represents the proportion of patients who showed improvement or decline. The overlaid dashed line corresponds to the
kernel density estimate of the distribution. Box-and-whisker plots indicate the median (central line), interquartile range (box), and values within
1.5 times the IQR (whiskers); individual outliers beyond this range are plotted as points. Mean values are marked with diamonds. Right panels:
Individual patient-level changes in HFMSE scores from baseline. Each bar corresponds to one patient.

patient-specific random intercepts. For SMA type III, the model
included sex, current functional status, SMN2 copy number,
age at baseline, subset (ITIA, IIIB), baseline HFMSE score, time
since baseline, and patient-specific random intercepts.

Participants with unknown SMN2 copy numbers and/or un-
known onset (SMA II: n="7; SMA III: n=_8) were excluded from
the analysis presented in Table 3, Panel 1.

Table 3, Panel 2 presents data from the linear mixed model that
was performed without using these predictors, allowing the in-
clusion of participants with unknown SMN2 copy numbers and/
or onset.

As a supplementary analysis to evaluate the perception of
changes in HFMSE scores, previously published MCID thresh-
olds [17] were applied to all annual intervals (baseline to 1year,
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TABLE 3 | Results of the two mixed models.

SMA II* (N =66)

SMA II® (N=73)

Variable Estimate (95% CI) p Estimate (95% CI) p
Time 1.02 (0.70-1.34) <0.0001* 0.96 (0.66-1.27) <0.0001*
HFMSE baseline 1.06 (0.91-1.22) <0.0001* 1.04 (0.89-1.19) <0.0001*
Age at baseline —0.34 (—0.51 to —0.17) <0.0001* —0.35(—0.51 to —0.18) <0.0001*
Sex (Male vs Female) —0.75 (—3.32-1.82) 0.566 —1.18 (—3.58-1.22) 0.334
Motor function (Sitter vs Non-sitter) —1.78 (-=5.54-1.97) 0.350 —2.00 (=5.56-1.56) 0.270
SMN2 Copy number 0.552
3vs2 —1.38 (—4.37-1.61)
44 vs2 —3.22(-10.85-4.41)

SMA III* (N=92) SMA III® (N=100)
Variable Estimate (95% CI) P Estimate (95% CI) 4]
Time 0.14 (—0.12-0.39) 0.284 0.16 (—0.08-0.40) 0.184
HFMSE baseline 0.79 (0.71-0.87) <0.0001* 0.82(0.75-0.89) <0.0001*
Age at baseline —0.13 (=0.20 to —0.06) 0.0002* —0.11 (-=0.17 to —0.05) 0.0005*
Sex (Male vs Female) —1.74 (—3.52-0.04) 0.055 —1.66 (—3.36-0.02) 0.053
Onset (B vs A) 1.05 (=1.33-3.43) 0.387 0.27 (-1.92-2.46) 0.807
Motor function (Walker vs Sitter) 6.96 (4.26-9.66) <0.0001* 6.46 (3.88-9.04) <0.0001*
SMN2 Copy number 0.736
3vs2 0.95 (—1.85-3.73)
44 vs2 1.12 (-1.73-3.96)

2Linear mixed model analysis excluding patients with unknown onset and/or SMN2 copy number.
Linear mixed model analysis including patients with unknown onset and/or SMN2 copy number, but excluding these as predictor variables; *p <0.05.

1-2years, 2-3years, and 3-4years). These results are presented
in Figure S1.

3.2 | Sensitivity Analysis

An additional 163 individuals had a follow-up duration of less
than 4years after starting treatment, while 68 switched from
nusinersen to risdiplam. Seven individuals discontinued treat-
ment before reaching the 4-year mark, 20 participated in clin-
ical trials, and in 27 cases, patients relocated from the referral
center, making further follow-up unavailable. Therefore, 285
patients were not included in the main analysis.

Table 4 summarizes the key characteristics of patients with
SMA II and SMA III, comparing those included in the main
analysis (treated for at least 4years) with those not included.
The two groups were largely similar, with no significant dif-
ferences in baseline values for age, sex, SMA function, or
HFMSE scores.

As shown in Figure 2, which presents the mean HFMSE scores
with 95% CI at each time point, the included patients (blue) and
excluded patients (red) display nearly identical scores over time.
The overlapping confidence intervals indicate no significant

differences in HFMSE scores between the two groups at any
time point.

4 | Discussion

The natural history of types IT and III SMA with data collected
before the advent of DMTs consistently shows progression of
the disease. From the first studies in the early 90s [18, 19] to
the most recent studies reporting data collected in the years
before the therapies became available [20, 21], there is concor-
dance that, even with the most recent standards of care, there
was always some progression of functional impairment in both
forms. Even the milder SMA phenotypes showed some decrease
in function if a longer follow-up was considered [20, 22]. In a
recent natural history study including 4-years of follow-up data
from three large international networks, we reported an overall
reduction in HFMSE scores over time in both SMA type II and
III [23]. The study showed that the decline was age and baseline-
dependent with older type II patients having already lost most
of their HFMSE scores at baseline and therefore being unable to
show much decline.

In the present study we report 4-year HFMSE changes follow-
ing the initiation of nusinersen at the same centers in which the
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TABLE 4 | Baseline demographic and clinical characteristics of the population.
SMAII SMA III
Included Not included Included Not included
N=73 N=142 p N=111 N=143 p

Age at baseline (years)

Mean (SD) 8.58 (7.91) 10.09 (10.44) 0.474 21.98 (17.83) 19.88 (16.78) 0.304
Follow-up (years)

Median (IQR)  5.47 (4.76-5.91) 1.88 (1.13-2.80) <0.0001 5.25 (4.54-5.64) 1.93 (1.04-2.86) <0.0001
Sex, n (%)

Male 43 (58.90) 76 (53.52) 0.345 62 (55.86) 72 (50.35) 0.460

Female 30 (41.10) 66 (46.43) 49 (44.14) 71 (49.65)
SMA function, n (%)

Non-sitter 11 (15.07) 31(21.83) 0.369 1(0.90) 4(2.80) 0.299

Sitter 62 (84.93) 110 (77.46) 33(29.73) 47 (32.87)

Walker 0 (0.00) 1(0.70) 77 (69.37) 92 (64.34)
HFMSE at baseline

Mean (SD) 10.60 (9.04) 11.56 (10.75) 0.973 40.66 (17.36) 38.22 (18.39) 0.261
SMNZ2 copy number, n (%)

1 1(0.70) 0.114 1(0.70) 0.029

2 15 (20.55) 13 (9.15) 11 (9.91) 7 (4.89)

3 49 (67.12) 99 (69.72) 45 (40.54) 61 (42.66)

>4 2(2.74) 4(2.82) 47 (42.34) 46 (32.17)

Unknown 7 (9.59) 25(17.61) 8(7.21) 28 (19.58)
SMA type III subtype A/B, n (%)

1A 53 (47.75) 90 (62.94) 0.052

1B 47 (42.34) 41 (28.67)

Unknown 11 (9.91) 12 (8.39)

Note: Age at baseline corresponds to time to treatment initiation.

HFMSE

HFMSE

Time

0

i 2

3 4
Time

5

6

FIGURE 2 | Mean HFMSE scores with 95% CI at each time point in SMA II and SMA IIII subdivided by the included and excluded cohort.
(A)=SMAII, (B)=SMA III. Blue solid line: Included patients, Red solid line: Excluded patients (red).
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4-year natural history data were collected. Our findings show
an overall increase of 4.18 points in the SMA type II cohort with
a more obvious improvement in the first 2years followed by a
relative plateau in the third and fourth year. In SMA type III
the overall increase following treatment was of 1.08 points with
differences between IIIA and II1IB. While the improvement per
se appears to be relatively small, this should be interpreted in
relation to the loss of scores observed in natural history in the
overall cohort of type III patients.

A potential limitation of this study is that we only included pa-
tients with at least 4 years of continuous treatment, which could
introduce selection bias, as these individuals may only represent
long-term responders. However, this risk is minimized by the
sensitivity analysis conducted, which included patients with
shorter follow-up or alternative treatment trajectories. The anal-
ysis showed no differences in HFMSE scores at any time point,
with overlapping confidence intervals across groups, supporting
the robustness of the main findings.

Not surprisingly, in agreement with previous findings from our
group and from others in studies with shorter follow-up periods,
the overall positive changes were mainly driven by the younger
cohorts (below the age of 5years in type II and below the age
of 7years in type III). In these age groups, their HFMSE scores
showed a marked increase following the introduction of nusin-
ersen that was well beyond the mild increase observed in our re-
cent natural history study [23] or in any other natural history study
published in which HFMSE data were available [11]. In the older
treated patients, the scores remained stable or showed a tendency
towards an overall mild decrease after the second year. These re-
sults are in line with the recently available long-term results from
the SHINE study [24, 25]. This study, which assessed the long-
term follow-up of the pivotal trials, also reported an overall impact
of nusinersen on clinical progression in the whole cohort, with
older patients often remaining stable or experiencing a loss of the
initial gains in the fourth year. At variance with clinical trials that
were performed in selected cohorts, our study includes a broader
unselected cohort that also explains the wider variability of results
observed at different ages and baseline values.

In our cohort, age and HFMSE scores at baseline were the best
predictors of disease progression for both type II and type III.
Functional status was a significant predictor only for type III,
as ambulant type III individuals had better outcomes than those
who had already lost ambulation at treatment initiation. Our
results also highlight the importance of age when evaluating
treatment outcomes and the need for careful consideration of
treatment expectations. This was particularly true for those who
were older at the time of treatment initiation. Older treated type
1T patients showed small or no HFMSE changes that were not
different from those observed in the older type II untreated pa-
tients in our natural history cohort.

These findings could be partly explained by the reduced po-
tential to rescue motor neurons progressively lost with in-
creasing age, but they should be interpreted with caution given
the limitations of the HFMSE in this age and functional sub-
groups. Many older patients included in the study presented
with low baseline HFMSE scores or significant orthopedic
complications such as scoliosis and joint contractures, which

will affect the possibility of detecting meaningful changes on
a gross motor scale such as the HFMSE. Other possible causes
may not be directly related to SMN deficiency. Further studies
using a wider range of measures, including upper limb and
respiratory function and patient-reported outcome measures,
may provide a more accurate evaluation across different func-
tional aspects that may be more relevant for understanding
the impact of the new therapies on different age and func-
tional groups. These results could be better interpreted by
comparing to large cohorts of untreated patients with meth-
ods such as propensity matching that could not be appropri-
ately applied in this study.
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