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Rehabilitation improves the
effectiveness of nusinersen in
children with type 2 spinal
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muscle MRI as potential
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Introduction: Rehabilitation therapy is an important approach for spinal
muscular atrophy (SMA) management. Currently, rare articles introduce that
the combination of nusinersen and rehabilitation yields better results in SMA
patients compared to using nusinersen alone. The present study examined
whether rehabilitation therapy can improve the effectiveness of nusinersen
and phosphorylated neurofilament heavy chain (pNF-H) and muscle magnetic
resonance imaging (MRI) can serve as potential biomarkers for evaluating the
therapeutic effects in type-2 SMA patients.

Methods: This observational study enrolled 22 pediatric patients with type-2
SMA. Enrolled patients were divided into two groups based on the rehabilitation
treatment. Motor function and swallowing function were analyzed at baseline,
6, 10, and 14 months. The level of pNF-H and MRI of the thigh skeletal muscles
were analyzed at baseline and 14 months.

Results: Greater improvement in motor function was observed in the
rehabilitation group compared with the non-rehabilitation group. The levels of
pNF-H in the serum and cerebrospinal fluid significantly decreased at 14 months.
One patient from the rehabilitation treatment group showed mild improvement
in the degree of fatty infiltration in the quadriceps muscles after 14 months.

Conclusion: This study suggests that rehabilitation therapy improves the
effectiveness of nusinersen on type-2 SMA patients, and the levels of pNF-H
and skeletal muscle MRI can serve as potential biomarkers for evaluating the
effectiveness of SMA treatment.

KEYWORDS

type-2 spinal muscular atrophy, muscle magnetic resonance imaging, nusinersen,
rehabilitation therapy, phosphorylated neurofilament heavy chain
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1 Introduction

Spinal muscular atrophy (SMA) is a rare autosomal recessive
neuromuscular disorder caused by homozygous absence of the
survival motor neuron 1 (SMN1) gene (1). Alterations in the SMN1
gene result in insufficient production of functional SMN proteins,
leading to degeneration of spinal motor neurons in the anterior horn
and subsequent muscle weakness and atrophy (1). Although the
SMN?2 gene is homologous to the SMN1 gene in the human body,
approximately 90% of transcripts lack exon 7 due to alternative
splicing of the SMN2 gene, which produces SMN proteins that are
non-functional and rapidly degraded (2).

Nusinersen is the first approved disease-modifying drug for the
treatment of SMA. It is a modified antisense oligonucleotide that
targets the intronic splicing silencer N1 site in the SMN2 intron 7
downstream of exon 7 in the precursor mRNA and competes with
the binding of heterogeneous nuclear ribonucleoprotein A1 (3-5).
This enhances the inclusion of exon 7 in the transcripts, thereby
increasing the production of functional SMN protein (6). Clinical
trials of nusinersen have provided evidence on its effectiveness in
terms of motor function improvements as well as good
tolerability (7-9).

Rehabilitation therapy is an important component of care for
patients with SMA. Common rehabilitation modalities include
physical therapy, use of orthotic devices, and occupational therapy
(10). Targeted training can prevent and delay secondary symptoms
such as joint contractures, spinal deformities, and mobility
impairments, thereby improving the quality of life for affected
children. Previous studies have shown that rehabilitation therapy
improves the motor function of patients with SMA before the market
launch of disease-modifying drugs (11, 12). However, rehabilitation
training is not able to reverse the progression of the disease. Currently,
rare article introduces that the combination of medication and
rehabilitation yields better results in SMA patients compared to using
medication alone (13).

The rise of treatment options led to a concomitant need of
biomarkers for therapeutic guidance and an improved disease
monitoring. The most promising markers include appliance-based
measures such as electrophysiological and imaging-based indices
as well as molecular markers including SMN-related proteins and
markers of neurodegeneration and skeletal muscle integrity (14).
Phosphorylated neurofilament heavy chain (pNF-H) is a
biomarker that indicates axonal degeneration in neurological
disorders (15). Increased levels of pNF-H in the cerebrospinal
fluid (CSF) and plasma/serum have been observed in patients with
motor neuron diseases. Previous studies have supported the use of
pNF-H in plasma/serum and cerebrospinal fluid as a potential
biomarker for evaluating the efficacy of nusinersen in patients
with SMA (16, 17).

Muscle magnetic resonance imaging (MRI) is an effective
non-invasive tool for assessing the extent of muscle involvement in
neuromuscular diseases. MRI examination of the thigh skeletal
muscles in SMA patients can further track muscle atrophy and fatty
infiltration (18).

We evaluated the effectiveness and safety of nusinersen combined
with rehabilitation therapy in a group of Chinese patients with SMA
type-2 in a real-world clinical setting, and explored the reliability of
pNF-H and muscle MRI as biomarkers of SMA progression.
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2 Materials and methods
2.1 Study design and participants

This observational study was conducted at the Children’s Hospital
of Nanjing in China. All patients were genetically confirmed to have
SMA, and are classified as type 2 SMA based on clinical presentation
(onset before 18 months of age, ability to sit independently, but
inability to stand or walk) (19). These patients aged 1-14 years and
had a minimum treatment duration of 14 months. Patients with severe
comorbidities (such as severe liver, kidney, heart, or lung failure, and
severe coagulation disorders) and those who were unable to cooperate
with study procedures were excluded. Enrolled patients were divided
into two groups based on the rehabilitation treatment: 11 patients who
received systematic rehabilitation treatment were assigned to the
rehabilitation group, and 11 patients who did not receive systematic
rehabilitation therapy were included in the non-rehabilitation group.
Among these 22 patients, 10 had 3 copies of the SMN2 gene, while the
SMN2 copy number was unknown for the remaining patients.
Systematic rehabilitation training includes upper and lower limb
physical therapy (PT), occupational therapy (OT), respiratory
training, orthotic device wearing, standing training, intensive
suspension weight reduction training, and lower limb rehabilitation
cycling. PT includes exercise training (based on the child’s muscle
strength, appropriate assistance can be provided through active, anti-
gravity, or progressive resistance training), joint stretching training,
and balance training. Respiratory training includes respiratory muscle
training, maintaining thoracic compliance training, and coughing and
sputum clearance training. Each session lasts 30 min, at least five times
per week. The study was approved by the Ethics Committee of the
Children’s Hospital of Nanjing (approval number: 202307004-1). All
participants provided written informed consent.

2.2 Experimental procedure

Nusinersen was administered by lumbar puncture with intrathecal
injection. A 5-mL solution containing 12 mg of nusinersen was
injected into the intrathecal space. Four loading doses were given one
each on day 0, day 14, day 28, and day 63, followed by maintenance
doses every 4 months (6). Baseline demographic and clinical
characteristics, including age, gender, SMN2 gene copy number, and
baseline motor function scales were collected. The data on motor
function at baseline and at 6, 10, and 14 months of nusinersen
treatment were also collected. Adverse events were recorded
throughout the study. The data on swallowing function at baseline and
at 14 months were collected.

2.3 Clinical assessments

Effectiveness clinical assessments included motor function and
swallowing function was evaluated using the Children’s Hospital of
Philadelphia Infant Test of Neuromuscular Disorders (CHOP-
INTEND) (maximum score of 64 points) (20), Hammersmith
Functional Motor Scale-Expanded (HFMSE) (maximum score of 66
points) (21), Revised Upper Limb Module (RULM) (maximum score
of 37 points) (22), and Hammersmith Infant Neurological
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Examination-2 (HINE-2) (maximum score of 26 points) (23) scores.
Swallowing function was assessed using the Fujishima Dysphagia
Scale (FDS) (maximum score of 10 points) (24). The selected motor
function scales (CHOP-INTEND, HFMSE, RULM, HINE-2) have
been validated for use in pediatric SMA populations across the studied
age range (1-14 years) (25). CHOP-INTEND is specifically designed
for infants and non-ambulatory children (20), while HFMSE and
RULM have demonstrated reliability in older children with SMA type
2 (21, 22). HINE-2 was applied with age-appropriate adaptations as
per standardized protocols (23).

Safety assessments included central nervous system reactions
(headache, drowsiness, and insomnia), gastrointestinal reactions
(vomiting, abdominal pain, and diarrhea), allergic reactions (rash and
swelling), back pain, joint pain, electrocardiogram abnormalities, liver and
renal function abnormalities, and coagulation function abnormalities.

2.4 Collection and analysis of pNF-H in the
serum and cerebrospinal fluid

The levels of pNF-H in the serum and cerebrospinal fluid were
assessed. Serum and cerebrospinal fluid samples were collected at
baseline and 14 months, and the samples were frozen at —80°C. The
concentration of pNF-H was measured using a commercially available,
enzyme-linked immunosorbent assay (ELISA) kit (JSBOSSEN),
following the manufacturer’s instructions.

2.5 MRI data acquisition

The MRI examination of the thigh skeletal muscles was also
conducted. Muscle MRI examinations of thighs were performed at
1.5/3.0 T. T1-weighted MR images were used to evaluate muscle
involvement. The degree of muscle fat infiltration is semi-quantitatively
evaluated according to the modified Mercuri grading system (26).
Specifically, the grading of muscle fat infiltration is as follows: Grade 0,
no abnormal high signal lesions within the skeletal muscles; Grade 1,
scattered small high signal lesions within the skeletal muscles; Grade
2, scattered high signal lesions within the skeletal muscles, with affected
lesions accounting for less than 30% of muscle volume; Grade 3,
scattered confluent high signal lesions within the skeletal muscles, with
affected lesions accounting for 30% to 60% of muscle volume; Grade 4,
large confluent high signal lesions within the skeletal muscles, with
affected lesions exceeding 60% of muscle volume, but with remaining
muscle tissue present in the surrounding area; Grade 5, diffuse high
signal lesions throughout the skeletal muscles, with muscles completely
replaced by connective tissue and fat.

TABLE 1 Demographic and clinical characteristics at baseline.

10.3389/fneur.2025.1549587

2.6 Statistical analysis

A statistical analysis was performed using the SPSS software.
Normal distribution data is represented by mean [standard deviation
(SD)], while non-normal distribution data is represented by median
(P25,P75). The Wilcoxon signed-rank test and Paired Samples t-test
were used to compare the changes in effectiveness outcomes before
and after treatment. The Mann-Whitney U test and Independent
Samples t-test were used to compare the differences in effectiveness
outcomes between the rehabilitation group and the non-rehabilitation
group. Spearman’s correlation and Pearson’s correlation were used to
assess correlations between variables. All statistical tests were
two-tailed, and a p value of less than 0.05 was considered
statistically significant.

3 Results

3.1 Demographic and clinical
characteristics of SMA patients

Between August 2021 and August 2023, 22 children with SMA
type 2 who received nusinersen treatment at least 7 times and had
available clinical data at baseline and 14 months were screened.
Among them, 11 patients received systematic rehabilitation
treatment in addition to nusinersen and 11 did not. The baseline
demographic and clinical data are presented in Table 1. No
significant differences were observed at baseline between the
rehabilitation group and the non-rehabilitation group. We analyzed
the correlation between medication age, medication time window
(time from onset to medication), and increase in CHOP-INTEND
scores. The results are presented in Figure 1. A negative correlation
was observed between the patients’ age at medication and the
increase in CHOP-INTEND score (r = —0.430, p = 0.046). Similarly,
a negative correlation was found between the patients’ medication
time window and the increase in CHOP-INTEND score (r = —0.450,
p=0.036).

3.2 Changes of swallowing function in SMA
patients

Except 3 patients who had a FDS score of 8 and 2 patients who
had a FDS score of 9, the remaining patients had a score of 10 on the
FDS at baseline. 2 patients had a FDS score of 8 at baseline, which
increased to 9 and 10, respectively, after 14 months of treatment. The
FDS scores remained stable in the remaining patients.

Characteristic Rehabilitation group Non-rehabilitation group p-value
Age of nusinersen treatment initiation—yr, median (P25,P75) 5.2(1.9-7.5) 6.3 (3.8-9.1) 0.217
Gender (N) 4 M/7F 7 M/4F 0.395
Duration of medication window—yr, median (P25,P75) 4.2 (1.1-6.7) 5.6 (3.1-8.1) 0.258
CHOP-INTEND score, median (P25,P75) 37.0 (32.0-46.0) 41.0 (32.0-52.0) 0.347
HINE-2 score Median (P25,P75) 8.0 (7.0-10.0) 11.0 (7.0-14.0) 0.276
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FIGURE 1
The correlation between medication age, medication time window, and increase in CHOP-INTEND scores. The medication age is negatively correlated
with the increase in CHOP-INTEND scores (A). The medication time window is negatively correlated with the increase in CHOP-INTEND scores (B).

TABLE 2 The scores of motor function scales at baseline, 6, 10, and 14 months of nusinersen treatment in the rehabilitation group and the non-

rehabilitation group.

Characteristics Non-rehabilitation group (n = 11)

6 months 10 months

Baseline

14 months

Rehabilitation group (n = 11)

Baseline 6 months 10 months 14 months

CHOP-INTEND 43.09 (10.21) = 45.73 (10.49)* 47.45 (11.77)* 48.27 (12.24)* 39.18 (8.75) 45.00 (8.45)* 47.55 (8.59)* 48.64 (8.38)*
HEMSE 13.11 (8.92) 13.89 (9.27)* 15.22 (9.22)* 16.22 (9.13)* 11.44 (11.70) = 12.33 (12.29)* 14.67 (11.72)* 14.78 (11.64)*
RULM 19.00 (9.68) 19.63 (9.84)* 20.63 (3.45)* 21.63 (9.75)* 12.00 (6.07) 15.25 (5.55)* 16.75 (7.26)* 17.63 (6.91)*
HINE-2 11.27 (5.31) 11.55 (5.15) 11.82 (5.58) 12.36 (6.12)* 9.64 (5.26) 10.82 (5.12)* 12.55 (5.11)* 13.09 (4.97)*

#p < 0.05 versus the baseline.

TABLE 3 Changes in scores of motor function scales from baseline in the rehabilitation group and the non-rehabilitation group at each time point.

Characteristics

Non-rehabilitation group

Rehabilitation group

6 months 10 months 14 months 6 months 10 months 14 months
CHOP-INTEND 11 2.00 (1.00-4.00) | 4.00 (2.00-8.00) 5.00 (2.00-8.00) 11 | 7.00 (2.00-9.00) = 8.00 (5.00-11.00)" | 8.00 (7.00-12.00)"
HFMSE 11 1.00 (0-1.50) 2.00 (0.50-2.50) 2.00 (1.00-4.00) 9 0 (0-2.00) 3.00 (0.50-5.50) 3.00 (1.00-5.50)
RULM 10 0.50 (0-1.00) 1.00 (0.25-2.75) 1.50 (1.00-5.00) 8 3.00 (1.25-5.50)* | 4.50 (2.25-6.75)° 500 (4.00-8.25)"
HINE-2 11 0 (0-1.00) 1.00 (0-1.00) 1.00 (0-2.00) 11 1.00 (0-3.00) 2.00 (1-4.00)" 3.00 (1-6.00)°

“p < 0.05 versus the non-rehabilitation group.

3.3 Comparison of motor function
between rehabilitation treatment group
and non-rehabilitation treatment group in
SMA patients

The scores of motor function scales at 6, 10, and 14 months of
nusinersen treatment in the rehabilitation group and the
non-rehabilitation group are presented in Table 2. In the rehabilitation
treatment group, the scores on various motor function scales at 6, 10,
and 14 months showed significant improvement compared to baseline
(p < 0.05). In the non-rehabilitation group, the scores of CHOP-
INTEND, HFMSE, RULM showed significant improvement compared
to baseline (p < 0.05). The scores of HINE-2 only showed significant
improvement at 14 months of treatment. Changes in motor function
over time in the rehabilitation group and the non-rehabilitation group
are presented in Table 3 and Figure 2. Greater improvements in the
CHOP-INTEND score at 6, 10, and 14 months from baseline were
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achieved by the rehabilitation group than the non-rehabilitation group
(p=0.032, p=0.012, and p =0.004, respectively). Similarly, the
RULM scores were improved by a greater degree in the rehabilitation
group than the non-rehabilitation group at the three time points after
treatment (p = 0.002, p = 0.007, and p = 0.009, respectively). A trend
of greater improvements in HFMSE and HINE-2 scores in the
rehabilitation group compared with the non-rehabilitation group was
observed at each observation time point after treatment, but the
difference was only significant for HINE-2 at 10 months and 14
minths (p = 0.012 and p = 0.029).

3.4 Changes of pNF-H levels in SMA
patients

pNE-H levels in the serum and CSF samples are presented in
Figure 3A. Figure 3A illustrates the concentrations of pNF-H in
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FIGURE 2
The changes from baseline in scores on various motor function scales in both groups of patients at each time point. Greater improvements in the
CHOP-INTEND and RULM score at 6, 10, and 14 months from baseline were achieved by the rehabilitation group than the non-rehabilitation group.
*p < 0.05 versus the non-rehabilitation group; **p < 0.01 versus the non-rehabilitation group.

serum and CSF samples of the patients at baseline and at 14 months
of treatment. A decrease in pNF-H in both serum and CSF was
detected at 14 months of treatment compared with baseline. The
concentrations of pNF-H in the serum decreased by a mean (SD) of
3.64 (0.54) ng/mL compared with baseline (p = 0.033), and that in the
cerebrospinal fluid decreased by a mean (SD) of 4.40 (0.51) ng/mL
compared with baseline (p=0.046). The change in pNF-H
concentration in the cerebrospinal fluid is negatively correlated with
the improvement of CHOP-INTEND scores after 14 months of
nusinersen treatment (r=—0.528, p=0.014). The results are
presented in Figure 3B. In serum, there is no correlation between the
two (r = —0.082, p = 0.724). Figures 3C,D. compares the changes in
concentrations of pNF-H of the patients between the rehabilitation
group and the non-rehabilitation group of patients. There were no
significant differences in the changes of pNF-H levels between the
two groups (p = 0.898, p = 0.828).

3.5 Modified Mercuri grading of quadriceps
femoris MRI in SMA patients

The modified Mercuri grading system was applied to assess the
degree of fatty infiltration in the quadriceps muscles of the patients. A
correlation analysis was conducted between the modified Mercuri scores
at baseline in the patients and the increase of CHOP-INTEND scores

Frontiers in Neurology

after 14 months of treatment (Figure 4). In the rehabilitation group, there
is a positive correlation between the two (r = 0.702, p = 0.024).

The grade of the two groups of patients were compared, and the
results are shown in Table 4. There were no significant differences in
the modified Mercuri scores between the two groups at baseline and
at 14 months of treatment (p = 0.159 and p = 0.405, respectively).
However, within the rehabilitation group, one patient showed mild
alleviation in the degree of fatty infiltration in the quadriceps muscles
at 14 months of treatment (from grade 4 to grade 3), while no such
improvement was observed in the patients of the non-rehabilitation
group (Figure 5).

During the study, no nusinersen-related abnormalities in
electrocardiograms, liver and kidney function, or coagulation
function were observed. One (4.0%) patient experienced headache
after one injection, and two patients (8.0%) experienced back pain,
which resolved without treatment. These symptoms were likely
unrelated to nusinersen and could be attributed to the lumbar
puncture procedure. No gastrointestinal reactions or allergic reactions
were observed.

4 Discussion

Spinal muscular atrophy (SMA) is one of the most severe genetic
diseases. In the natural course of SMA, this disease leads to premature

frontiersin.org
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(A) Concentrations (ng/ml) of pNF-H in serum and CSF. A decrease in pNF-H in both serum and CSF was detected at 14 months of treatment
compared with baseline. (B) The correlation between the change in pNF-H concentration in the CSF and increase in CHOP-INTEND scores. There is a
negative correlation between the pNF-H concentration in the CSF and increase in CHOP-INTEND scores (r = —0.528, p = 0.014). (C,D) The changes in
centrations of pNF-H of the patients between the rehabilitation group and the non-rehabilitation group of patients. There were no significant
differences between the concentrations of pNF-H in the rehabilitation group and the non-rehabilitation group (p = 0.898, p = 0.828).
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The correlation between the modified Mercuri scores at baseline and
increase in CHOP-INTEND scores in rehabilitation group. There is a
positive correlation between the modified Mercuri scores at baseline
and increase in CHOP-INTEND scores (r = 0.702, p = 0.024).

death (in acute forms) or severe motor disability (in chronic forms)
(27). The natural course of SMA is highly dependent on its subtype:
patients with SMA type2 experience a plateau in motor milestones
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after 18-24 months of age, followed by a progressive loss of
independent sitting ability, with an annual decline in pulmonary
function of approximately 4%-6% (28). Prior to the availability of
target treatment, rehabilitation therapy was provided to patients with
SMA, which is effective but cannot reverse disease progression or alter
the natural history of SMA. The approval of nusinersen as a
SMA-targeting drug has introduced a new era of SMA treatment, and
multiple studies have already demonstrated the effectiveness of
nusinersen for this disease (29, 30). This study provided evidence that
adding rehabilitation therapy to nusinersen improved clinical
outcomes, and the levels of pNF-H and thigh skeletal muscle MRI can
serve as potential biomarkers for evaluating the effectiveness of
SMA treatment.

According to the latest research and data, the efficacy of
Nusinersen in treating SMA is indeed closely related to the age at
which patients begin treatment. Prospective cohort study
conducted by Pechmann et al. (31) included a total of 61 children
with Type 1 SMA, with an average age of 21.08 months. After
6 months of treatment, patients who started treatment before
7 months of age showed a greater increase in CHOP-INTEND
scores compared to those who started after 7 months (14.4 and
7.0). In our study, there was a negative correlation observed
between the age at medication initiation, the medication time
window, and the improvement in CHOP-INTEND scores in SMA
2 patients. It is possible that as the disease progresses and
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TABLE 4 The modified Mercuri grade of the quadriceps muscles in the rehabilitation.

Baseline 14 months
Rehabilitation therapy Non-rehabilitation Rehabilitation therapy Non-rehabilitation
therapy therapy
Grade/statistics 2 3 4 2 3 4 2 3 4 2 3 4
n (%) 5(500) | 2(200) | 3(300) | 1(143) @ 2(286) = 4(57.1) | 1(250) = 1(250) | 2(50.0) 0(0.0) | 1(250) | 3(75.0)
p value 0.159 0.405

Therapy group vs. the non-rehabilitation therapy group.

FIGURE 5

MRI images of the thigh muscles of a patient from the rehabilitation
group at baseline (A) and at 14 months of nusinersen treatment (B).
At 14 months, there was a slight alleviation in the degree of fat
infiltration in the quadriceps femoris (from grade 4 to grade 3). MRI
images of the thigh muscles of a patient from the non-rehabilitation
group at baseline (C) and at 14 months of nusinersen treatment (D).
There was no significant change in the degree of muscle fat
infiltration between baseline and 14 months.

functional SMN proteins degenerate, the patients lose motor
function gradually This suggests that the younger the age at
medication initiation and the shorter the medication time
window, the better the therapeutic effect of nusinersen. This
highlights the importance of early medication intervention.
Therefore, it is recommended that all eligible SMA patients,
especially those with early symptom onset, promptly discuss and
initiate treatment with their healthcare providers.

Previously, research by Mirea et al. (13) indicated that the
combination of Nusinersen with rehabilitation therapy achieves
better treatment outcomes compared to the use of Nusinersen
alone, especially in terms of motor function. In our study,
although significant improvements were observed in motor
function based on various scales among all patients with SMA
type 2 treated with nusinersen, Patients who received
rehabilitation therapy demonstrated greater improvements in
CHOP-INTEND and RULM scores compared with those who did
not receive rehabilitation therapy. The intergroup differences in
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scores indicated that rehabilitation therapy may have significantly
improved the effectiveness of nusinersen on type 2 SMA patients,
especially fine motor skills and upper limb function, although
achieving milestones in motor function may be challenging within
the relatively short observation period. Although the overall
swallowing function in patients with SMA type 2 remained stable
after treatment, individual patients showed improved swallowing
function, characterized by an increased variety of foods that could
be consumed. The improvement may have contributed to better
nutrition levels and improved quality of life. It is important to
note that both the CHOP INTEND and RULM scales have clear
upper score limits (e.g., CHOP INTEND has a maximum score of
64). The higher baseline scores in the non-rehabilitation group
(CHOP INTEND: 43 vs. 39) may have limited their potential for
improvement. Over the first 6 months, the rehabilitation group
showed an improvement (from 39 to 45), whereas the
non-rehabilitation group improved from 43 to 45.7. This is
consistent with the “ceiling effect” observed in previous SMA
studies (32). Further analysis using covariance analysis to adjust
for baseline scores revealed that the functional improvement in
the rehabilitation group at 6 months remained significantly
superior to that of the non-rehabilitation group (ACHOP
INTEND: 6.0 vs. 2.7, p = 0.032*). This suggests that the positive
effects of rehabilitation training are independent of baseline
differences. The plateauing of scores in the rehabilitation group
after 6 months may be related to a shortened window of
neuroplasticity or the phase-specific saturation of motor function
compensation mechanisms.

Regarding the research on pNF-H as a biomarker for SMA,
there have been some international achievements. Darras et al.
(16) found that SMA children had elevated plasma pNF-H levels
through testing a group of SMA children’s plasma, and Nusinersen
treatment was significantly associated with a decrease in pNF-H
levels. In our study, after 14 months of treatment, the levels of
pNF-H in the serum and cerebrospinal fluid of patients with SMA
showed a significant decrease compared with baseline, which may
reflect a reduction in motor neurons and axonal degeneration.
And the change in pNF-H concentration in the cerebrospinal fluid
is negatively correlated with the improvement of CHOP-INTEND
scores. This indicates that pNF-H can serve as a potential
biomarker for SMA. However, previous studies showed that the
levels of pNF-H in the serum of patients with SMA also decreased
over time without nusinersen treatment, albeit at a slower rate
compared with those receiving nusinersen treatment (23). It is
worth noting that the variability in results may be related to
differences in the sensitivity of the ELISA kits used (33). There
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were no significant differences in pNF-H levels between the two
groups of patients, suggesting that although rehabilitation therapy
can improve muscle strength and motor function, it may not have
a significant impact on reducing motor neurons. Due to ethical
considerations (minimizing blood draws in infants) and the initial
study design, our study did not include pNF-H measurements at
2-3 months of treatment. Future studies should track pNF-H
dynamics at more frequent time points (e.g., 0, 1, 3, and 6 months).
And the study included a broad age range (1-9.5 years) but did
not conduct subgroup analyses. These limitations need to
be further optimized in future studies.

Douglas et al. (34). measured muscle volume by MRI in 11
SMA patients, distinguishing between normal and abnormal signal
intensities, and analyzed their correlation with motor function. The
results indicated a strong positive correlation between motor
function measurements and muscle volume of normal signal
intensity, suggesting that muscle MRI can serve as a biomarker for
treatment efficacy. In the rehabilitation group, there was a positive
correlation between the modified Mercuri scores at baseline and
the improvement in CHOP-INTEND scores after 14 months of
treatment. Patients with more severe muscle atrophy at baseline
showed more significant improvement in CHOP-INTEND scores
after receiving nusinersen combined with rehabilitation treatment.
This may be related to the ceiling effect of the CHOP-INTEND
scores, and it also highlights the necessity of nusinersen combined
with rehabilitation treatment in patients with severe muscle
atrophy. There were no significant differences in the modified
Mercuri grade of the quadriceps muscles between the two groups
of patients at baseline and 14 months of treatment. This may
be attributed to the small sample size, short observation period,
and the difficulty in alleviating muscle atrophy in some patients,
especially those with older age. One SMA patient who received
rehabilitation treatment showed improvement in the degree of fatty
infiltration of muscle after 14 months of treatment compared to
baseline. This provides some evidence that rehabilitation treatment
can alleviate muscle atrophy in SMA patients. Regular monitoring
of thigh skeletal muscle MRI may serve as an observational
indicator for evaluating the effectiveness of rehabilitation
treatment. The high dropout rate in MRI follow-up in this study
(baseline n = 17 vs. 14 months n = 8) weakened the reliability of
the results. This was mainly due to the poor tolerance of pediatric
subjects, leading to a high mid-examination dropout rate in whole-
body MRI. We acknowledge the limitations of MRI assessment and
that further research is needed in this area. Further validation is
still needed with a larger and more diverse population, as well as a
longer duration of observation.

These safety findings were consistent with the safety profile of
nusinersen combined with rehabilitation therapy. Apart from a few
cases of headache and back pain following the intrathecal injection,
no other adverse reactions were observed. The headaches and back
pain were more likely related to the lumbar puncture procedure than
the medication itself and resolved relatively quickly with rest.

This study had several limitations. First, only patients with SMA
type 2 were included, which limits the generalizability of conclusions
to other SMA types. Second, the follow-up period was relatively short,
and a longer duration of follow-up may allow more pronounced
changes to be observed. Third, serum and cerebrospinal fluid samples
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were not collected at every time point, resulting in a lack of continuity
in pNF-H data. These aspects could be improved in future studies.
In conclusion, our study provided evidence that rehabilitation
improves the effectiveness of nusinersen on type 2 SMA patients, and
the levels of pNF-H and thigh skeletal muscle MRI can serve as
potential biomarkers for evaluating the effectiveness of SMA treatment.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The studies involving humans were approved by Ethics Committee
of Children’s Hospital of Nanjing Medical University. The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation in this study
was provided by the participants’ legal guardians/next of kin. Written
informed consent was obtained from the minor(s)’ legal guardian/
next of kin for the publication of any potentially identifiable images or
data included in this article.

Author contributions

YS: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing -
original draft, Writing - review & editing. WL: Data curation, Formal
analysis, Investigation, Writing — original draft, Writing - review &
editing. XC: Formal analysis, Investigation, Writing — original draft,
Writing - review & editing. YL: Data curation, Formal analysis,
Investigation, Methodology, Resources, Validation, Writing — review
& editing. XG: Conceptualization, Data curation, Formal analysis,
Investigation, Supervision, Validation, Writing - review & editing. DF:
Conceptualization, Formal analysis, Investigation, Methodology,
Project administration, Resources, Software, Writing - review &
editing. XZ: Investigation, Project administration, Writing - review &
editing. TC: Funding acquisition, Investigation, Methodology, Project
administration, Validation, Writing - original draft, Writing - review
& editing. MZ: Conceptualization, Data curation, Formal analysis,
Methodology,
administration, Resources, Software, Supervision, Validation,

Funding acquisition, Investigation, Project

Visualization, Writing - original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Fund Projects: the National Natural Science Foundation of the
China Youth Fund (81401864); the Scientific Research Project of
Jiangsu Maternal and Child Health Care Association (FYX201907);

frontiersin.org


https://doi.org/10.3389/fneur.2025.1549587
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Sun et al.

and the General Project of Nanjing Municipal Health Commission
(YKK19108).

Acknowledgments

We thank the patients and their parents for participating in this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Lunn MR, Wang CH. Spinal muscular atrophy. Lancet. (2008) 371:2120-33. doi:
10.1016/S0140-6736(08)60921-6

2. Burghes AHM, Beattie CE. Spinal muscular atrophy: why do low levels of survival
motor neuron protein make motor neurons sick? Nat Rev Neurosci. (2009) 10:597-609.
doi: 10.1038/nrn2670

3. Hua Y, Sahashi K, Hung G, Rigo F, Passini MA, Bennett CF, et al. Antisense
correction of SMN2 splicing in the CNS rescues necrosis in a type III SMA mouse
model. Genes Dev. (2010) 24:1634-44. doi: 10.1101/gad.1941310

4. Rigo F, Hua Y, Krainer AR, Bennett CE. Antisense-based therapy for the treatment
of spinal muscular atrophy. J Cell Biol. (2012) 199:21-5. doi: 10.1083/jcb.201207087

5. Corey DR. Nusinersen, an antisense oligonucleotide drug for spinal muscular
atrophy. Nat Neurosci. (2017) 20:497-9. doi: 10.1038/nn.4508

6. Chiriboga CA. Nusinersen for the treatment of spinal muscular atrophy. Expert Rev
Neurother. (2017) 17:955-62. doi: 10.1080/14737175.2017.1364159

7. Finkel RS, Chiriboga CA, Vajsar J, Day JW, Montes ], De Vivo DC, et al. Treatment
of infantile-onset spinal muscular atrophy with nusinersen: a phase 2, open-label,
dose-escalation study. Lancet. (2016) 388:3017-26. doi: 10.1016/S0140-6736(16)
31408-8

8. 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 |
Med. (2017) 377:1723-32. doi: 10.1056/NEJMoal702752

9. 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 ] Med.
(2018) 378:625-35. doi: 10.1056/NEJMoal710504

10. Wang CH, Finkel RS, Bertini ES, Schroth M, Simonds A, Wong B, et al. Consensus
statement for standard of care in spinal muscular atrophy. J Child Neurol. (2007)
22:1027-49. doi: 10.1177/0883073807305788

11. Prananta MS, Rahmawati MM, Goesasi RZ. Habilitation of child with spinal
muscular atrophy type 2: a case report. Surabaya Phys Med Rehabil J. (2022) 4:81-9. doi:
10.20473/spmrj.v4i2.27554

12. Gobbo M, Lazzarini S, Vacchi L, Gaffurini P, Bissolotti L, Padovani A, et al.
Exercise combined with electrotherapy enhances motor function in an adolescent with
spinal muscular atrophy type III. Case Rep Neurol Med. (2019) 2019:1-6. doi:
10.1155/2019/4839793

13. Mirea A, Leanca MC, Onose G, Sporea C, Padure L, Shelby ES, et al. Physical
therapy and nusinersen impact on spinal muscular atrophy rehabilitative outcome. Front
Biosci Landmrk. (2022) 27:179. doi: 10.31083/j.tb12706179

14. Lapp HS, Freigang M, Hagenacker T, Weiler M, Wurster CD, Gunther R.
Biomarkers in 5g-associated spinal muscular atrophy-a narrative review. ] Neurol. (2023)
270:4157-78. doi: 10.1007/s00415-023-11787-y

15. Capano CP, Pernas-Alonso R, di Porzio U. Neurofilament homeostasis and
motoneurone degeneration. BioEssays. (2001) 23:24-33. doi: 10.1002/1521-1878
(200101)23:1<24:AID-BIES1004>3.0.CO;2-H

16. Darras BT, Crawford TO, Finkel RS, Mercuri E, De Vivo DC, Oskoui M, et al.

Neurofilament as a potential biomarker for spinal muscular atrophy. Ann Clin Transl
Neur. (2019) 6:932-44. doi: 10.1002/acn3.779

17. Rich KA, Fox A, Yalvac M, Heintzman S, Tellez M, Bartlett A, et al. Neurofilament
levels in CSF and serum in an adult SMA cohort treated with nusinersen. ] Neuromusc
Dis. (2022) 9:111-9. doi: 10.3233/J]ND-210735

18. Dahlgyvist JR, Widholm P, Leinhard OD, Vissing J. MRI in neuromuscular diseases:
an emerging diagnostic tool and biomarker for prognosis and efficacy. Ann Neurol.
(2020) 88:669-81. doi: 10.1002/ana.25804

Frontiers in Neurology

10.3389/fneur.2025.1549587

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by
the publisher.

19. Nishio H, Niba ETE, Saito T, Okamoto K, Takeshima Y, Awano H. Spinal muscular
atrophy: the past, present, and future of diagnosis and treatment. Int | Mol Sci. (2023)
24:11939. doi: 10.3390/ijms241511939

20. Glanzman AM, Mazzone E, Main M, Pelliccioni M, Wood ], Swoboda KJ, et al. The
children’s hospital of Philadelphia infant test of neuromuscular disorders (chop intend):
test development and reliability. Neuromuscul Disord. (2010) 20:155-61. doi:
10.1016/j.nmd.2009.11.014

21. Hagen O, Glanzman AM, MP MD, Ryan PA, Flickinger ], Quigley J, et al. An
expanded version of the hammersmith functional motor scale for SMA II and III
patients. Neuromuscul Disord. (2007) 17:693-7. doi: 10.1016/j.nmd.2007.05.009

22. Mazzone ES, Mayhew A, Montes J, Ramsey D, Fanelli L, Young SD, et al. Revised
upper limb module for spinal muscular atrophy: development of a new module. Muscle
Nerve. (2017) 55:869-74. doi: 10.1002/mus.25430

23. Bishop KM, Montes J, Finkel RS. Motor milestone assessment of infants with spinal
muscular atrophy using the hammersmith infant neurological exam-part 2: experience from
a nusinersen clinical study. Muscle Nerve. (2018) 57:142-6. doi: 10.1002/mus.25705

24. Niwano M. The nutritional intake of elderly patients with dysphagia admitted to
the internal medical department of the emergency hospital was analyzed. The Fujishima
dysphagia scale after care and treatment by the nutrition support team was assessed.
Nihon Ronen Igakkai Zasshi. (2016) 53:238-43. doi: 10.3143/geriatrics.53.238

25. Wu JW, Pepler L, Maturi B, ACF A, Sarmiento J, Haldenby R. Systematic review of
motor function scales and patient-reported outcomes in spinal muscular atrophy. Am J
Phys Med Rehabil. (2022) 101:590-608. doi: 10.1097/PHM.0000000000001869

26. Mercuri E, Talim B, Moghadaszadeh B, Petit N, Brockington M, Counsell S, et al.
Clinical and imaging findings in six cases of congenital muscular dystrophy with rigid
spine syndrome linked to chromosome 1p (RSMD1). Neuromuscul Disord. (2002)
12:631-8. doi: 10.1016/S0960-8966(02)00023-8

27. Jedrzejowska M. Advances in newborn screening and Presymptomatic diagnosis
of spinal muscular atrophy. Degener Neurol Neuromuscul Dis. (2020) 10:39-47. doi:
10.2147/DNND.S246907

28. Zerres K, Rudnik-Schéneborn S. Natural history in proximal spinal muscular atrophy.
Clinical analysis of 445 patients and suggestions for a modification of existing classifications.
Arch Neurol. (1995) 52:518-23. doi: 10.1001/archneur.1995.00540290108025

29. Acsadi G, Crawford TO, Miiller Felber W, Shieh PB, Richardson R, Natarajan N,
et al. Safety and efficacy of nusinersen in spinal muscular atrophy: theembrace study.
Muscle Nerve. (2021) 63:668-77. doi: 10.1002/mus.27187

30. Pera MC, Coratti G, Bovis F, Pane M, Pasternak A, Montes J, et al. Nusinersen in
pediatric and adult patients with type III spinal muscular atrophy. Ann Clin Transl Neur.
(2021) 8:1622-34. doi: 10.1002/acn3.51411

31. Pechmann A, Langer T, Schorling D, Stein S, Vogt S, Schara U, et al. Evaluation of
children with SMA type 1 under treatment with Nusinersen within the expanded access
program in Germany. ] Neuromuscul Dis. (2018) 5:135-43. doi: 10.3233/JND-180315

32. Glanzman AM, McDermott MP, Montes J, Martens WB, Flickinger J, Riley S, et al.
Validation of the Children's Hospital of Philadelphia infant test of neuromuscular disorders
(CHOP INTEND). Pediatr Phys Ther. (2011) 23:322-6. doi: 10.1097/PEP0b013¢3182351f04

33. Faravelli I, Meneri M, Saccomanno D, Velardo D, Abati E, Gagliardi D, et al.
Nusinersen treatment and cerebrospinal fluid neurofilaments: an explorative study on
spinal muscular atrophy type 3 patients. J Cell Mol Med. (2020) 24:3034-9. doi:
10.1111/jemm.14939

34. Sproule DM, Montgomery M]J, Punyanitya M, Shen W, Dashnaw S, Montes J, et al.
Thigh muscle volume measured by magnetic resonance imaging is stable over a 6-month
interval in spinal muscular atrophy. J Child Neurol. (2011) 26:1252-9. doi: 10.1177/
0883073811405053

frontiersin.org


https://doi.org/10.3389/fneur.2025.1549587
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(08)60921-6
https://doi.org/10.1038/nrn2670
https://doi.org/10.1101/gad.1941310
https://doi.org/10.1083/jcb.201207087
https://doi.org/10.1038/nn.4508
https://doi.org/10.1080/14737175.2017.1364159
https://doi.org/10.1016/S0140-6736(16)31408-8
https://doi.org/10.1016/S0140-6736(16)31408-8
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1056/NEJMoa1710504
https://doi.org/10.1177/0883073807305788
https://doi.org/10.20473/spmrj.v4i2.27554
https://doi.org/10.1155/2019/4839793
https://doi.org/10.31083/j.fbl2706179
https://doi.org/10.1007/s00415-023-11787-y
https://doi.org/10.1002/1521-1878(200101)23:1<24:AID-BIES1004>3.0.CO;2-H
https://doi.org/10.1002/1521-1878(200101)23:1<24:AID-BIES1004>3.0.CO;2-H
https://doi.org/10.1002/acn3.779
https://doi.org/10.3233/JND-210735
https://doi.org/10.1002/ana.25804
https://doi.org/10.3390/ijms241511939
https://doi.org/10.1016/j.nmd.2009.11.014
https://doi.org/10.1016/j.nmd.2007.05.009
https://doi.org/10.1002/mus.25430
https://doi.org/10.1002/mus.25705
https://doi.org/10.3143/geriatrics.53.238
https://doi.org/10.1097/PHM.0000000000001869
https://doi.org/10.1016/S0960-8966(02)00023-8
https://doi.org/10.2147/DNND.S246907
https://doi.org/10.1001/archneur.1995.00540290108025
https://doi.org/10.1002/mus.27187
https://doi.org/10.1002/acn3.51411
https://doi.org/10.3233/JND-180315
https://doi.org/10.1097/PEP.0b013e3182351f04
https://doi.org/10.1111/jcmm.14939
https://doi.org/10.1177/0883073811405053
https://doi.org/10.1177/0883073811405053

	Rehabilitation improves the effectiveness of nusinersen in children with type 2 spinal muscular atrophy: pNF-H and muscle MRI as potential biomarkers
	1 Introduction
	2 Materials and methods
	2.1 Study design and participants
	2.2 Experimental procedure
	2.3 Clinical assessments
	2.4 Collection and analysis of pNF-H in the serum and cerebrospinal fluid
	2.5 MRI data acquisition
	2.6 Statistical analysis

	3 Results
	3.1 Demographic and clinical characteristics of SMA patients
	3.2 Changes of swallowing function in SMA patients
	3.3 Comparison of motor function between rehabilitation treatment group and non-rehabilitation treatment group in SMA patients
	3.4 Changes of pNF-H levels in SMA patients
	3.5 Modified Mercuri grading of quadriceps femoris MRI in SMA patients

	4 Discussion

	References

