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Motor and neurocognitive
profiles of children with
symptomatic spinal muscular
atrophy type 1 with two copies of
SMNZ2 before and after
treatment: a longitudinal
observational study

Ilaria Bitetti'*, Maria Rosaria Manna?, Roberto Stella? and
Antonio Varone!

tPediatric Neurology, Santobono-Pausilipon Children’s Hospital, Naples, Italy, ?Neurorehabilitation
Unit, Santobono-Pausilipon Children’s Hospital, Naples, Italy

Introduction: Spinal muscular atrophy (SMA) is a neurodegenerative disease
caused by mutations in the survival motor neuron 1 (SMNI) gene. In
clinical studies, gene replacement therapy with onasemnogene abeparvovec
(formerly AVXS-101, Zolgensma®, Novartis) was efficacious in improving motor
functioning in children with SMA. However, its effects on cognitive and language
skills are largely unknown.

Methods: This longitudinal observational study evaluated changes in motor
and neurocognitive functioning over a l-year period after administration of
onasemnogene abeparvovec in 12 symptomatic SMA type 1 patients with two
copies of SMN2 aged 1.7-52.6 months at administration. Motor functioning
was measured using the Children’s Hospital of Philadelphia Infant Test for
Neuromuscular Disorders (CHOP-INTEND) while neurocognitive assessment
was measured using Griffiths Ill. Motor milestones and language ability were also
assessed at each timepoint.

Results and discussion: Statistically significant increases in median CHOP-
INTEND scores from baseline were observed at 1, 3, 6, and 12 months after
onasemnogene abeparvovec administration (all p < 0.005). Most (91.7%)
patients were able to roll over or sit independently for >1 min at 12 months.
Significant increases in the Griffiths Ill Foundations of Learning, Language and
Communication, Eye and Hand Coordination, and Personal-Social-Emotional
subscale scores were observed at 12-months, but not in the Gross Motor
subscale. Speech and language abilities progressed in most patients. Overall,
most patients showed some improvement in cognitive and communication
performance after treatment with onasemnogene abeparvovec in addition to
significant improvement in motor functioning and motor milestones. Evaluation
of neurocognitive function should be considered when assessing the global
functioning of patients with SMA.
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gene replacement therapy, motor function, neurocognitive function, onasemnogene
abeparvovec, spinal muscular atrophy

01 frontiersin.org


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2024.1326528
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2024.1326528&domain=pdf&date_stamp=2024-02-21
mailto:Ilaria.bitetti@gmail.com
https://doi.org/10.3389/fneur.2024.1326528
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fneur.2024.1326528/full
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Bitetti et al.

1 Introduction

Spinal muscular atrophy (SMA) is one of the most frequent
monogenic neurodegenerative diseases, with an estimated
incidence of 1 in 6,000 to 1 in 10,000 live births (1-3). It is divided
into four clinical types according to the age at onset and the highest
level of function achieved. Type 1 SMA is the most severe; in
untreated patients, disease onset occurs before 6 months of age,
motor milestones are missed, and death occurs within the first 2
years of life (4).

SMA is caused by mutations in the survival motor neuron 1
(SMNT1) gene (5) located on the long arm of chromosome 5 in
position 5q13. The SMN2 gene, a paralogue of SMNI, produces
only 10%—15% of the functional protein expressed by the SMN1
gene. The disease is characterized by a loss of motor neurons
resulting in muscle atrophy and weakness, with the severity
dependent on the mutation-related allelic form of SMNI and the
copy number of SMN2 (6, 7).

While the clinical phenotype and natural history of SMA are
well known in terms of motor, respiratory, and bulbar/swallowing
evolution (8-11), there is a paucity of data on the cognitive impact
of SMA type 1 in terms of brain, cognitive, and speech/language
development (12).

The past decade has seen the development of new therapeutic
options, including modulation of SMN2 splicing and replacement
of the SMNI gene by gene therapy. Onasemnogene abeparvovec
(formerly AVXS-101, Zolgensma®, Novartis Gene Therapies EU
limited, Dublin, Ireland) is a viral vector-based gene therapy
administered via a single intravenous infusion and designed to
deliver a functional copy of the human SMN gene across the blood-
brain barrier. It is authorized in the European Union in patients
with SMA 5q with a biallelic mutation in the SMNI gene and a
clinical diagnosis of SMA type 1, or up to 3 copies of the SMN2 gene
(13) and in the United States in pediatric SMA patients <2 years of
age with biallelic mutations in the SMN1I gene (14). Clinical studies
have demonstrated its efficacy in motor outcomes and favorable
safety profile in symptomatic patients with childhood-onset SMA
and in presymptomatic infants with two copies of the SMN2 gene
(15-19), supported by real-world data (20-28).

Previously (20), we identified a significant clinical improvement
in motor performance over 3 months after gene therapy with
onasemnogene abeparvovec in a real-world observational study of
symptomatic children with SMA type 1 with two copies of SMN2
previously treated with nusinersen. With ongoing assessment of
this patient population, alongside additional patients, we now
describe changes over a 1-year period in their motor performance
and neurocognitive profile.

2 Materials and methods

Our study cohort included 12 symptomatic patients with SMA
type 1 with two copies of SMN2 who were admitted to the
Department of Neurology, AORN Santobono-Pausilipon, Naples,
Italy, and treated with onasemnogene abeparvovec between April
2021 and August 2022. Eight of these patients were described in
our previous publication (20).
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All patients had genetically confirmed SMA 5q with a bi-allelic
mutation in the SMNI gene and a clinical diagnosis of SMA type
1 or up to 3 copies of the SMN2 gene, weight <13.5kg, and no
contraindications to onasemnogene abeparvovec according to the
European Medicines Agency (EMA) fact sheet (13). A genetic test,
which identified the homozygous deletion of exons 7 and 8 in the
SMNI gene on chromosome 5q with 95% confidence, confirmed
the diagnosis of SMA. There were no specific exclusion criteria.

The local Ethics Committee approved the study and written
informed consent was obtained from the parents of all participating
patients. Parents were also informed of the risks and benefits
of onasemnogene abeparvovec and alternative treatment options,
including palliative care.

2.1 Therapeutic protocol

A detailed description of the study protocol is available in our
previous publication (20). In brief, preliminary investigations were
undertaken before administration of onasemnogene abeparvovec
as per the EMA product information (13). All patients received a
single-dose intravenous infusion of 1.1 x 10'* vg/kg onasemnogene
abeparvovec over approximately 1h. Patients also received
an immunomodulatory regimen of corticosteroids (13) and
underwent motor and respiratory rehabilitation therapy according
to the current standard of care. Prior treatment with nusinersen, if
used, was at the recommended dosage (29).

Patient management adhered to a multidisciplinary approach
and involved neurocognitive assessment, administration
of the Children’s Hospital of Philadelphia Infant Test for
Neuromuscular Disorders (CHOP-INTEND) functional scale,
pulmonary assessment, speech therapy, and nutritional and
pediatric consultation.

2.2 Motor function evaluation

The CHOP-INTEND is a validated scale that reflects measures
of disease severity in children with SMA type 1 (30, 31). It is one
of the most commonly used outcomes test for non-sitters (32) and
has been used in numerous clinical trials as an outcome measure in
SMA type 1 (15, 18, 19, 33, 34).

CHOP-INTEND is a reliable measure of motor skills and
considers a patient’s ability to achieve and sustain specific postures
plus the degree of fatigue secondary to respiratory compromise
for a maximum score of 64 points. In our study, the CHOP-
INTEND was administered to all SMA type 1 patients in clinical
practice in a timed manner every 4 months in patients treated with
nusinersen, and at baseline (T0) and months 1 (T1), 3 (T3), 6 (T6),
and 12 (T12) after intravenous administration of onasemnogene
abeparvovec, as requested by the Italian Medicines Agency (AIFA)
for drug reimbursement.

In our center, the CHOP-INTEND was administered by a
developmental neuropsychomotor therapist and a physiotherapist.
Both therapists had undergone specific training for administration
of the CHOP-INTEND at the Policlinico Gemelli in Rome
(SMA reference center). The CHOP-INTEND was performed
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using a standardized scale administration procedure. The test
was performed approximately 1h after food intake, on a padded,
firm mattress, with the children undressed or wearing only a
diaper. The CHOP-INTEND was administered to infants with a
behavioral status of 4 or 5 according to the Brazelton Behavioral
Rating Scale. The scores were then compared, with the clinical
evaluation carried out by the neurologist and confirmed. All
patients underwent neuromotor and respiratory therapy on a 5-
weekly basis (prescribed at the time of diagnosis).

Motor milestone achievements (head control, rolling, sitting,
standing, walking) were also assessed at each timepoint.

2.3 Neurocognitive assessments

Neurocognitive assessments were performed by a Pediatric
Neuropsychiatrist and a Neurodevelopmental Therapist. Cognitive,
language, and motor impairments of all patients were assessed
at baseline (T0) and at 6 (T6) and 12 (T12) months after
intravenous administration of onasemnogene abeparvovec using
the Griffiths III (35). Griffiths III provides an overall measure of
a childs development and an individual profile of strengths and
needs across five subscales: Foundations of Learning, Language
and Communication, Eye and Hand Coordination, Personal-Social-
Emotional, and Gross Motor. The developmental quotient score of
each domain was used as the primary outcome measure.

Language ability (vocalizations, babbling, 1-3 words, 10-20
words, sentences) was also assessed at each timepoint.

Additional diagnoses relevant to neurocognitive/behavioral
domains (such as intellectual disabilities, autistic spectrum disorder
etc.) were not undertaken.

2.4 Statistical analysis

Categorical variables are reported as number (percentage),
mean =+ standard deviation (SD), or median (range). For
continuous variables, comparisons between groups were performed
using the non-parametric Wilcoxon signed-rank test after running
the test for normality (Shapiro-Wilk test) on the whole sample,
which rejects the asymmetry hypothesis. P-values < 0.05 were
considered statistically significant. Analyses were conducted using
IBM® $PSS® software.

3 Results
3.1 Patient population

The patient population consisted of 12 symptomatic children
with SMA type 1 with two copies of SMN2 and a mean age at first
treatment of 7.8 &= 6.2 months (range 1.7-25.9 months) (Tables 1,
2). Nine patients had received 4-13 nusinersen administrations
prior to study enrollment (mean age 8.7 £ 6.8 months, range 2.0-
25.9, at first nusinersen administration), while 3 patients (patients 6,
12, and 13) were nusinersen-naive. The mean age at onasemnogene
abeparvovec administration for all patients was 28.0 & 20.0 months
(range 1.7-52.6 months). None tested positive for COVID-19.
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TABLE 1 Demographic and clinical characteristics of all SMA type 1
patients (n = 12).

Male 8(66.7)

Female 4(33.3)

Age at onset (months)* 3.3+ 1.8 (0-6.0)

Age at diagnosis (months)* 7.0 +5.7 (2.0-24.1)

Age at first treatment (months)* 7.8 £6.2 (1.7-25.9)

Previous nusinersen treatment 9 (75.0)

Age at nusinersen administration
(months)*

8.7 £6.8 (2.0-25.9)

Age at onasemnogene abeparvovec 28.0 +20.0 (1.7-52.6)

administration (months)*

PEG 3(25.0)
NIV 10 (83.3)
Tracheostomy 0(0)

2 copies of the SMN2 gene 12 (100)

h, hours; n, number; NIV, non-invasive ventilation; PEG, percutaneous endoscopic
gastrostomy; SD, standard deviation. *mean =+ SD (range).

3.2 Motor function

Statistically significant increases in median CHOP-INTEND
scores from baseline were observed at all timepoints after
onasemnogene abeparvovec administration (T0 to T1, p = 0.005;
TO to T3, p = 0.003; TO to T6, p = 0.003; TO to T12, p = 0.004)
(Table 3).

The mean CHOP-INTEND score increased by 32.4 points from
baseline to 12 months in nusinersen-naive patients (mean age 5.1 &
3.0 months, range 1.7 to 6.8 months, at onasemnogene abeparvovec
administration) and by 11.2 points in patients who had received
nusinersen prior to study enrollment (mean age 35.7 + 16.9
months, range 11.5 to 52.6 months, at onasemnogene abeparvovec
administration) (Table 3). All nusinersen-naive patients had higher
CHOP-INTEND scores at 12 months than baseline as did all
patients previously treated with nusinersen (Figures 1A, B).

3.3 Motor milestones

At baseline, 8 patients had head control, with patient 10 also
able to roll and patient 2 also able to sit with support (Table 4,
Figure 2).

At 12 months, all patients achieved head control and were able
to sit if supported, while 11 of 12 patients (91.7%) were able to
roll or sit unassisted for >1min (Table 4, Figure 2). Five patients
(41.7%) could stand with support, with patient 5 (previously
exposed to nusinersen) also able to stand unassisted for >1 min and
walk with support.

Two of 3 nusinersen-naive patients (66.7%) (mean age 5.1 & 3.0
months, range 1.7 to 6.8 months, at onasemnogene abeparvovec
administration) were able to stand with support at 12 months,
whereas only 3 of 9 patients (33.3%) who had received nusinersen
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TABLE 2 Patient population characteristics.

10.3389/fneur.2024.1326528

Age at Age at Nusinersen Age at Age at OA
onset diagnosis nusinersen admin
(mo) (mo) admin (mo)
(mo)

Pt2 F 5.0 62 Y 6.6 48.4 N Y
Pt3 M 4.0 5.9 Y 6.2 444 N Y
Pt4 M 4.0 8.9 Y 9.7 45.7 N Y
Pt5 M 5.0 62 Y 6.7 124 N Y
Pt6 M 1.0 2.0 N - 17 N Y
Pt7 M 2.0 6.4 Y 7.0 115 N Y
Pt38 M 0.0 2.0 Y 2.0 40.1 Y Y
Pto F 2.0 5.1 Y 9.3 17.4 Y Y
Pt 10 M 3.0 4.9 Y 5.0 52.6 Y Y
Pt11 M 6.0 24.1 Y 25.9 489 N Y
Pt12 F 3.0 63 N - 6.8 N N
Pt13 F 4.0 62 N - 6.8 N N

admin, administration; F, female; M, male; mo, months; N, no; NIV, non-invasive ventilation; OA, onasemnogene abeparvovec; PEG, percutaneous endoscopic gastrostomy; Pt, patient; Y, yes.

TABLE 3 CHOP-INTEND total scores at baseline and 12 months after onasemnogene abeparvovec administration in all patients (n = 12; mean age 28.0
+ 20.0 months, range 1.7-52.6 months, at onasemnogene abeparvovec administration), patients who received nusinersen prior to study enrollment (n =
9; nusinersen + OA; mean age 35.7 & 16.9 months, range 11.5 to 52.6 months, at onasemnogene abeparvovec administration), nusinersen-naive patients

(n = 3; OA only; mean age 5.1 & 3.0 months, range 1.7 to 6.8 months, at onasemnogene abeparvovec administration), and patients >2 years of age at
onasemnogene abeparvovec administration (mean age 46.7 + 4.3 months, range 40.1 to 52.6 months).

Patient pop. TO T1 T3 T6 T12 p-value*
All patients’ 41.0 (4-53) 44.5 (14-53) 49.5 (26-58) 51.5 (32-58) 52.5 (36-60) <0.005
Nusinersen + OA* 42.8£89 46.6 £6.9 51.0 £5.2 52.1+5.6 540+ 4.1 -

OA only* 103457 193+ 8.4 3204 6.0 36.7 7.2 42.7+7.0 -
Patients >2 years* 46.0 £ 5.1 485+ 4.6 520+3.8 52.8£4.3 53.7£3.6 -

OA, onasemnogene abeparvovec. T0 = baseline; T1 = 1 month; T3 = 3 months; T6 = 6 months; T12 = 12 months. Results are shown as "median (range) or ¥mean = SD. *Wilcoxon signed-rank

test: TO to T1, p = 0.005; TO to T3, p = 0.003; TO to T6, p = 0.003; TO to T12, p = 0.004.

prior to study enrollment (mean age 35.7 £ 16.9 months, range 11.5
to 52.6 months, at onasemnogene abeparvovec administration)
achieved this milestone (Table 4, Figure 2).

3.4 Neurocognitive assessments

Significant increases in the median developmental quotient
scores of all patients were identified between baseline (T0) and
6-months (T6) in the Griffiths III Foundations of Learning (p
= 0.041) and Personal-Social-Emotional (p = 0.028) subscales,
but not in the Language and Communication, Eye and Hand
Coordination, or Gross Motor subscales (Table 5). Between baseline
(T0) and 12-months (T12), significant increases were identified
in the Foundations of Learning (p = 0.005), Language and
Communication (p = 0.003), Eye and Hand Coordination (p =
0.004), and Personal-Social-Emotional (p = 0.006) subscales, but
not in the Gross Motor subscales (Table 5).

The developmental quotient scores of most Griffiths III
subscales, except the Gross Motor subscale, increased over the
12-month period after onasemnogene abeparvovec administration
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regardless of the nusinersen status of the patients (Figure 3).
Despite this, 9 patients had low to borderline scores (<84) across
all subscales, indicative of an overall developmental delay, and only
3 patients (patients 7, 5, and 6) had normal scores (>84) for any of
the subscales.

3.5 Speech and language development

A positive trend in speech and language development was
observed over the 12-month period in most patients, with half the
patient population speaking Sentences at 12 months, three patients
(25%) speaking 1-3 words and two patients (16.7%) speaking 10-
20 words (Table 4, Figure 4). Conversely, speech development in
patient 10 did not progress beyond Vocalizations.

The language ability of all three nusinersen-naive patients
(mean age 5.1 £ 3.0 months, range 1.7 to 6.8 months,
at onasemnogene abeparvovec administration) improved from
Vocalizations at baseline to 1-3 words at 12-months, while
eight nusinersen-experienced patients (mean age 35.7 + 16.9
months, range 11.5 to 52.6 months, at onasemnogene abeparvovec
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TABLE 4 Motor milestone achievements and language ability at baseline and 12 months after onasemnogene abeparvovec administration in all patients
(n =12, mean age 28.0 + 20.0 months, range 1.7-52.6 months, at onasemnogene abeparvovec administration), patients who received nusinersen prior
to study enrollment (n = 9; nusinersen + OA; mean age 35.7 + 16.9 months, range 11.5 to 52.6 months, at onasemnogene abeparvovec administration),

and nusinersen-naive patients (n = 3; OA only; mean age 5.1 + 3.0 months, range 1.7 to 6.8 months, at onasemnogene abeparvovec administration).

All patients Nusinersen + OA OA only
Baseline 12 Baseline 12 Baseline 12 months
months months
Motor milestone
Head control 8 (66.7) 12 (100) 8 (88.9) 9 (100) 0(0) 3 (100)
Rolling 1(83) 11 (91.7) 1(1L.1) 9 (100) 0(0) 2(66.7)
Sits with support 1(83) 12 (100) 1(11.1) 9 (100) 0(0) 3 (100)
Sits unassisted for >1 min 0(0) 11 (91.7) 0(0) 9 (100) 0(0) 2(66.7)
Stands with support 0(0) 5(41.7) 0(0) 3(33.3) 0(0) 2(66.7)
Stands unassisted for >1 min 0(0) 1(8.3) 0(0) 1(11.1) 0(0) 0(0)
Walks with support 0(0) 1(8.3) 0(0) 1(11.1) 0(0) 0(0)
Walks unassisted 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Language
Vocalizations 8 (66.7) 1(83) 5 (55.6) 1(11.1) 3 (100) 0(0)
Babbling 1(83) 0(0) 1(11.1) 0(0) 0(0) 0(0)
1-3 words 1(83) 3(25.0) 1(11.1) 0(0) 0(0) 3 (100)
10-20 words 0(0) 2(16.7) 0(0) 2(22.2) 0(0) 0(0)
Sentences 2(16.7) 6 (50.0) 2(222) 6 (66.7) 0(0) 0(0)

OA, onasemnogene abeparvovec. Results are shown as n (%).

administration) achieved either 10-20 words or Sentences over the
12-month period (Table 4, Figure 4).

3.6 Outcomes in children over 2 years of
age

Six patients were >2 years of age at onasemnogene abeparvovec
administration (mean age 46.7 *+ 4.3 months), with age at
administration ranging from 40.1 months (patient 8), 44.4 months
(patient 3), 45.7 months (patient 4), 48.4 months (patient 2), 48.9
months (patient 11), to 52.6 months (patient 10) (Table 2). All 6
patients had received nusinersen prior to study enrollment.

In these patients, the mean CHOP-INTEND score increased by
7.7 points from baseline to 12 months (Table 3), and scores were
higher at 12 months than baseline in all patients, although the
increase was marginal in patients 2 and 10 (Figure 1A).

Motor milestone achievements were observed in all patients. At
12 months, patients 4, 2, 11, and 10 could sit unassisted for >1 min,
while patients 8 and 3 could stand with support (Figure 2).

The developmental quotient scores of most Griffiths III
subscales increased over the 12-month period, except the Gross
Motor subscale (Figure 3).

An assessment of speech and language development showed
that language ability improved in patients 8, 4, and 11, patients 3
and 2 were able to form sentences at baseline and retained this
ability over the 12-month period, and patient 10 did not progress
beyond Vocalizations (Figure 4).
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4 Discussion

To the author’s knowledge, this is the first longitudinal
observational study to evaluate the change in motor and
neurocognitive functioning over 1 year in 12 symptomatic patients
with SMA type 1 with two copies of SMN2 treated with
onasemnogene abeparvovec.

Our results identified significant clinical improvements in
motor function performance at all timepoints up to 12-months,
as well as the attainment of motor milestones in all patients.
Compared with baseline, significant increases in learning and
language abilities were also identified at 12 months when assessed
using Griffiths IIT subscales, whereas the Gross Motor subscale
showed a decline in the developmental progression of gross
motor functions. Most patients experienced a positive trend in
speech and language development over the 12-month period after
onasemnogene abeparvovec administration.

Our clinical findings concur with findings from the clinical
registration studies and long-term follow-up (START, STRIVE, and
STR1VE-EU) (15-18), highlighting the beneficial sustained clinical
durability of onasemnogene abeparvovec over time. Notably, the
significant increase from baseline in median CHOP-INTEND
scores and achievement of new motor milestones, including
walking with support in one patient, underscores the use of
onasemnogene abeparvovec for treatment of symptomatic SMA
type 1 patients regardless of prior exposure to nusinersen.

An increase in CHOP-INTEND scores has been demonstrated
for all three drugs approved by the US Food and Drug
Administration (FDA) and the European Medicines Agency
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FIGURE 1

CHOP-INTEND scores in (A) patients previously treated with nusinersen (mean age 35.7 + 16.9 months, range 11.5 to 52.6 months, at
onasemnogene abeparvovec administration) and (B) nusinersen-naive patients (mean age 5.1 + 3.0 months, range 1.7 to 6.8 months, at
onasemnogene abeparvovec administration). CHOP-INTEND scores are shown pre-nusinersen (N-TO), if applicable, and at baseline (T0), 1 (T1), 3
(T3), 6 (T6), and 12 (T12) months after intravenous administration of onasemnogene abeparvovec. Patient number and age at first nusinersen
administration (N-TO) and at onasemnogene abeparvovec administration (TO) are shown on the horizontal axis.

(EMA) for the treatment of type 1 SMA, including nusinersen
(Spinraza; Biogen), onasemnogene abeparvovec (Zolgensma;
Novartis), and risdiplam (Evrysdi; Roche) (16, 17, 33, 36).
In our study, the improvement in CHOP-INTEND scores in
patients previously treated with nusinersen can be, at least
in part, linked to a synergistic mechanism of onasemnogene
abeparvovec and nusinersen; however, we also saw substantial
improvement in motor function in nusinersen-naive patients.
Although continuation of nusinersen therapy would likely result
in improved motor function beyond the 1 year of treatment, and
this is also true for risdiplam (37), real-world data in type 1 SMA
patients treated with nusinersen show a lower mean change in
CHOP-INTEND scores between 12 and 24 months after treatment
than that observed from baseline to 12 months (38).

Motor milestones are rarely acquired in untreated type 1 SMA
infants, with natural history studies highlighting a failure to achieve
major milestones such as rolling over or sitting independently
(4, 8, 39, 40). Markedly, all patients in our study achieved motor
milestones, with most patients able to sit unassisted for >1 min by
the end of the 12-month study period.

Similarly, all patients had higher CHOP-INTEND scores at
12 months. However, when charting the progression of SMA
type 1 over time, the CHOP-INTEND is limited by the presence
of deformity [such as scoliosis (41)] and tendon retractions,
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which may affect the results. It is, therefore, imperative that
neurocognitive functions are taken into consideration when
assessing the global functioning of patients.

Due to their lower life expectancy (9, 42, 43), there has
been little consideration of neurocognitive aspects in SMA type 1
patients. In an analysis of SMA type 1-3 patients (aged 6 to almost
19 years), general intelligence was comparable to similar-aged non-
affected siblings and healthy controls matched for age, sex, and
socioeconomic status (44). However, children with SMA type 1
are more likely to have impaired cognitive processes, including
attention and executive function deficits, than children with SMA
type II or III (45). Recent studies have also shown that speech
quality and motor function are severely affected in untreated SMA
type 1 children (46, 47), and that the developmental course of
communication from eye fixation to using signs was delayed in
SMA type 1 children (48).

To date, few studies have reported the effect of disease-
modifying treatments on neurocognitive functioning in children
with SMA type 1 (12). One study found that the majority (11
of 12) of infants with SMA type 1 were “able to speak” 2-years
after receiving onasemnogene abeparvovec but did not report
speech ability at baseline (16, 49). A second study, which used the
Griffiths III scale to evaluate the neurocognitive and psychomotor
profile of SMA type 1 patients treated with a disease-modifying
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FIGURE 2

Motor milestone achievements at baseline (T0), 1 (T1), 3 (T3), 6 (T6), and 12 (T12) months after intravenous administration of onasemnogene
abeparvovec. Patient number and age at onasemnogene abeparvovec administration are shown on the vertical axis. Patients 6, 12, and 13 were
nusinersen-naive.

therapy (mostly nusinersen), reported defects in Gross Motor  also had severe cognitive impairment and intellectual disability

functions but not in the Foundation of Learning and Language  at baseline.

and Communication subscales, suggesting an increase in the
development of general neurocognitive abilities (50).

study
functioning

evolution of
period
administration of onasemnogene abeparvovec. Like Tosi et al.

Importantly, our evaluated the

neurocognitive over a l-year after
(50), the Gross Motor subscale was the worst preforming
subscale irrespective of disease-modifying treatment. Equally, the
Foundations of Learning, Language and Communication, Eye and
Hand Coordination, and Personal-Social-Emotional subscale scores

increased over time in most patients, except for patient 10 who
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While untreated SMA type 1 children rarely attain functional
and intelligible speech (46, 47), progression in speech and
language abilities was observed for most patients in our
cohort. Improvements in cognitive performance, language,
and communication can partly be explained by the gain in
muscle strength and motor performance after gene replacement
therapy with onasemnogene abeparvovec. We hypothesize
that increased strength and endurance allows greater access
to stimulation and cognitive learning thereby increasing the
patient’s motivation.
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TABLE 5 Motor function and neurocognitive assessments using Griffiths Il at baseline and at 6 and 12 months after onasemnogene abeparvovec
administration in all patients (n = 12).

Subscale® p-value*

T6-T12 TO-T12
Foundations of learning 26 (20-84) 42.5 (20-100) 68.5 (20-102) 0.041 0.003 0.005
Language and communication 46.5 (20-86) 56.5 (20-91) 70 (20-123) 0.123 0.003 0.003
Eye and hand coordination 34 (20-83) 50.5 (20-90) 68 (20-98) 0.056 0.005 0.004
Personal-social-emotional 49 (20-84) 61.5(20-95) 70 (20-92) 0.028 0.011 0.006
Gross motor 20 (20-69) 20 (20-29) 20 (20-20) 0.109 0.655 0.144

OA, onasemnogene abeparvovec. TDevelopmental quotient scores are shown as median (range). TO = baseline; T6 = 6 months; T12 = 12 months. *Wilcoxon signed-rank test. Bold values

indicate statistically significant.
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Indeed, speech impairment was reported to be strongly
correlated with global motor impairment in untreated children
with SMA type 1, whereas cognitive development and language
comprehension were not correlated with motor function and
instead were well preserved (46). With the availability of new
therapies, including gene replacement therapy and synthetic
antisense oligonucleotides, the natural history of SMA is changing.
Consequently, the evaluation and therapeutic-rehabilitative aspects
of patients (necessary not only for physiotherapy, but also for
psychomotor skills and speech therapy) must also change.

There is a paucity of data on safety and efficacy outcomes
of onasemnogene abeparvovec when administered to patients
older than 2 years of age. Real-world evidence of 21 patients
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aged >2 years at onasemnogene abeparvovec infusion reported
an estimated 3.8-point gain in CHOP-INTEND scores after
gene therapy (follow-up duration not reported) (25). A separate
study (22) reported an increase of 5.1 points in mean CHOP-
INTEND scores from baseline to 12 months (47.1 vs. 52.2 points,
respectively) in 19 SMA type 1 patients with >2 SMN2 copies
aged >2 years at onasemnogene abeparvovec treatment, which is
similar to the 7.7-point increase reported here (46.0 vs. 53.7 points
from baseline to 12 months, respectively). Our study also showed
new motor milestones, improved language ability, and increased
developmental quotient scores in most Griffiths III subscales at 12
months, however, most scores were clinical (<70) indicating that
these patients have an overall developmental delay. Nonetheless,
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FIGURE 4

Language milestone achievements at baseline (T0), 1 (T1), 3(T3), 6
(T6), and 12 (T12) months after intravenous administration of
onasemnogene abeparvovec. Patient number and age at
onasemnogene abeparvovec administration are shown on the
vertical axis. Patients 6, 12, and 13 were nusinersen-naive.
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our data suggests that these patients may benefit from gene
therapy with onasemnogene abeparvovec in terms of improved
motor and neurocognitive functioning despite their advanced age
at administration.

Clinical studies have demonstrated a favorable long-term
benefit-risk profile of nusinersen in individuals with infantile or
late-onset SMA (51). In our patient population, 9 patients had
received nusinersen prior to study enrollment, with observed
benefits in terms of improvement in motor function and no side
effects (20). The decision to switch therapy to onasemnogene
abeparvovec was parental and linked to the invasive nature of
the nusinersen administration procedure, which requires a lumbar
puncture at 0, 14, 28, and 63 days and then every 4 months for life.

Clinical trials and real-world studies of nusinersen,
onasemnogene abeparvovec, and risdiplam have demonstrated
favorable efficacy and safety data in patients with SMA with
two copies of SMN2 (37, 51, 52). Therefore, the choice of
treatment represents a complex process requiring an evaluation
of benefits and risks to reach an agreed decision between the
family, the referring neurologist, and the multidisciplinary
team. Possible side effects must be considered in evaluating
the risk-benefit ratio. Notably, treatment with onasemnogene
abeparvovec is associated with an increased risk of hepatotoxicity,
seen as acute serious liver injury and acute liver failure,
including fatal cases, which must be mitigated through
adequate monitoring and intervention (13, 53, 54). In our
previous study (20), increases in AST and ALT above the
normal range were observed primarily in week 1, although the
greatest increases were recorded in week 5. However, elevated
transaminases were successfully managed with corticosteroids in
all cases.

Of course, our study is limited by low patient numbers, the
use of a non-standardized neurodevelopmental test for SMA, the
omission of a control group, and a lack of data on the intellectual
development of the treated SMA type 1 patients. In addition,
nine patients were pretreated with nusinersen, which has a long
half-life, hence it cannot be certain that the effects seen were
related to onasemnogene abeparvovec alone. Nonetheless, positive
outcomes after onasemnogene abeparvovec were observed in all
nusinersen-naive patients supporting its efficacy in both motor and
neurocognitive outcomes.

An important finding of our study is that treated symptomatic
SMA type 1 patients with two copies of SMN2 have impairments
beyond motor function that include all domains in the Griffiths
Scale. While it remains unclear as to what extent there
is interdependency between motor function and evaluated
Griffiths subscale scores, the longitudinal data suggest that
neurocognitive scores as measured by Griffiths are increasing
over 1 year. However, attributing this change to disease
modifying therapies is tenuous without controls or an alternative
study design.

5 Conclusion

Our results add to the growing evidence supporting the efficacy
and safety of onasemnogene abeparvovec in patients with SMA
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type 1. Although the study population was small, which limits
our ability to definitively define the impact of onasemnogene
abeparvovec on neurocognitive functioning, most patients showed
some improvement in cognitive, verbal, and communication skills
alongside motor functioning and motor milestone achievements.
As the aim of our study was to underline the importance of
cognitive evaluation in SMA type 1 children both at diagnosis and
during clinical evolution, these outcomes reinforce the importance
of considering neurocognitive aspects when assessing the global
functioning of patients with SMA type 1.

Our study also shows that the current standardized
scales used to assess patients with SMA type 1 (such as the
CHOP-INTEND) measure only gross motor skills. As these
scales do not assess fine motor skills, acquired autonomy,
communication, or cognitive skills, they do not accurately
reflect a patients global functioning. Hence, additional age-
for fine motor skills and other child
should be introduced. With the

new therapies and changes in the clinical evolution of SMA,

appropriate scales

developmental domains
it would now be appropriate to devise new standardized

evaluation scales that consider the numerous aspects

of neurodevelopment.

Data availability statement

The
article will be made

raw data supporting the conclusions of this

available by the authors, without

undue reservation.

Ethics statement

The studies involving humans were approved by AORN
Santobono-Pausilipon Ethics Committee. 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 individual(s)
and minor(s)’ legal guardian/next of kin, for the publication
of any potentially identifiable images or data included in
this article.

References

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

2. Ogino S, Leonard DG, Rennert H, Ewens W], Wilson RB. Genetic risk assessment
in carrier testing for spinal muscular atrophy. Am ] Med Genet. (2002) 110:301-
7. doi: 10.1002/ajmg.10425

3. Verhaart IEC, Robertson A, Wilson IJ, Aartsma-Rus A, Cameron S, Jones CC,
et al. Prevalence, incidence and carrier frequency of 5q-linked spinal muscular atrophy
- a literature review. Orphanet ] Rare Dis. (2017) 12:124. doi: 10.1186/s13023-017-
0671-8

4. Munsat T. International sma collaboration. Neuromuscul Disord. (1991)
1:81. doi: 10.1016/0960-8966(91)90052-T

Frontiersin Neurology

10.3389/fneur.2024.1326528

Author contributions

Data
Methodology, Project administration, Writing—original draft,

IB:  Conceptualization, curation, Investigation,
Writing—review & editing. MM: Data curation, Investigation,
Writing—review & editing. RS: Data curation, Investigation,
Data

Supervision,

Writing—review & editing. AV: Conceptualization,

curation, Investigation, Project administration,

Writing—review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Medical
writing assistance and publication of the manuscript were funded
by Novartis Pharma Italy. The funder was not involved in the study
design, collection, analysis, interpretation of data, the writing of this
article or the decision to submit it for publication.

Acknowledgments

Medical writing assistance was provided by Melanie Gatt
(Ph.D.) on behalf of Springer Healthcare Italia SRL. This medical
writing assistance was funded by Novartis Pharma Italy.

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.

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.

5. Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viollet L, et al.
Identification and characterization of a spinal muscular atrophy-determining gene.
Cell. (1995) 80:155-65. doi: 10.1016/0092-8674(95)90460-3

6. Butchbach MER. Genomic variability in the survival motor neuron genes (SMN1
and SMN2): implications for spinal muscular atrophy phenotype and therapeutics
development. Int ] Mol Sci. (2021) 22:7896. doi: 10.3390/ijms22157896

7. Ruhno C, McGovern VL, Avenarius MR, Snyder PJ, Prior TW, Nery
FC, et al. Complete sequencing of the SMN2 gene in sma patients detects
smn gene deletion junctions and variants in SMN2 that modify the sma
phenotype. Hum  Genet. (2019)  138:241-56. doi:  10.1007/s00439-019-
01983-0

frontiersin.org


https://doi.org/10.3389/fneur.2024.1326528
https://doi.org/10.1016/S0140-6736(08)60921-6
https://doi.org/10.1002/ajmg.10425
https://doi.org/10.1186/s13023-017-0671-8
https://doi.org/10.1016/0960-8966(91)90052-T
https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.3390/ijms22157896
https://doi.org/10.1007/s00439-019-01983-0
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Bitetti et al.

8. Cances C, Vlodavets D, Comi GP, Masson R, Mazurkiewicz-Beldzinska
M, Saito K, et al. Natural history of type 1 spinal muscular atrophy:
a retrospective, global, multicenter study. Orphanet ] Rare Dis. (2022)
17:300. doi: 10.1186/s13023-022-02455-x

9. Kolb §J, Coffey CS, Yankey JW, Krosschell K, Arnold WD, Rutkove SB, et al.
Natural history of infantile-onset spinal muscular atrophy. Ann Neurol. (2017) 82:883-
91. doi: 10.1002/ana.25101

10. Veldhoen ES, Wijngaarde CA, Hulzebos EHJ, Wosten-van Asperen RM,
Wadman RI, van Eijk RPA, et al. Natural history of respiratory muscle strength in spinal
muscular atrophy: a prospective national cohort study. Orphanet ] Rare Dis. (2022)
17:70. doi: 10.1186/s13023-022-02227-7

11. Yang YY, Yuan P, Li M, Jiang L, Hong SQ. Natural history of spinal muscular
atrophy in children: an analysis of 117 cases. Zhongguo Dang Dai Er Ke Za Zhi.
(2021) 23:1038-43. doi: 10.7499/j.issn.1008-8830.2106025

12. Masson R, Brusa C, Scoto M, Baranello G. Brain, cognition, and language
development in spinal muscular atrophy type 1: a scoping review. Dev Med Child
Neurol. (2021) 63:527-36. doi: 10.1111/dmcn.14798

13. European Medicines Agency. Zolgensma (Onasemnogene Abeparvovec).
Available online at:  https://www.ema.europa.eu/en/medicines/human/EPAR/
zolgensma (accessed August 2, 2022).

14. U.S. Food and Drug Administration. Zolgensma® (Onasemnogene Abeparvovec-
Xioi) Suspension, for Intravenous Infusion. Prescribing Information. Initial U.S.
Approval: 2019. Available online at: https://www.novartis.us/sites/www.novartis.us/
files/zolgensma.pdf (accessed August 2, 2022).

15. Day JW, Finkel RS, Chiriboga CA, Connolly AM, Crawford TO, Darras
BT, et al. Onasemnogene abeparvovec gene therapy for symptomatic infantile-
onset spinal muscular atrophy in patients with two copies of SMN2 (Strlve): an
open-label, single-arm, multicentre, phase 3 Trial. Lancet Neurol. (2021) 20:284-
93. doi: 10.1016/S1474-4422(21)00001-6

16. Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior TW,
et al. Single-dose gene-replacement therapy for spinal muscular atrophy. N Engl ] Med.
(2017) 377:1713-22. doi: 10.1056/NEJMo0al706198

17. Mendell JR, Al-Zaidy SA, Lehman K], McColly M, Lowes LP,
Alfano LN, et al. Five-year extension results of the phase 1 start trial of
onasemnogene abeparvovec in spinal muscular atrophy. JAMA Neurol. (2021)
78:834-41. doi: 10.1001/jamaneurol.2021.1272

18. Mercuri E, Muntoni E Baranello G, Masson R, Boespflug-Tanguy O, Bruno C,
et al. Onasemnogene abeparvovec gene therapy for symptomatic infantile-onset spinal
muscular atrophy type 1 (strlve-eu): an open-label, single-arm, multicentre, phase 3
trial. Lancet Neurol. (2021) 20:832-41. doi: 10.1136/jnnp-2022-ABN.2

19. Strauss KA, Farrar MA, Muntoni E Saito K, Mendell JR, Servais L, et al.
Onasemnogene abeparvovec for presymptomatic infants with two copies of SMN2 at
risk for spinal muscular atrophy type 1: the phase III SPRINT trial. Nat Med. (2022)
28:1381-9. doi: 10.1038/s41591-022-01866-4

20. Bitetti I, Lanzara V, Margiotta G, Varone A. Onasemnogene abeparvovec gene
replacement therapy for the treatment of spinal muscular atrophy: a real-world
observational study. Gene Ther. (2023) 30:592-7. doi: 10.1038/s41434-022-00341-6

21. Weify C, Ziegler A, Becker LL, Johannsen ], Brennenstuhl H, Schreiber
G, et al. Gene replacement therapy with onasemnogene abeparvovec in children
with spinal muscular atrophy aged 24 months or younger and bodyweight up to
15 kg: an observational cohort study. Lancet Child Adoles Health. (2022) 6:17-
27. doi: 10.1016/S2352-4642(21)00287-X

22. Pane M, Berti B, Capasso A, Coratti G, Varone A, D’Amico A, et al.
Onasemnogene abeparvovec in spinal muscular atrophy: predictors of efficacy and
safety in naive patients with spinal muscular atrophy and following switch from other
therapies. EClinicalMedicine. (2023) 59:101997. doi: 10.1016/j.eclinm.2023.101997

23. Toro W, Yang M, Georgieva M, Anderson A, LaMarca N, Patel A,
et al. Patient and caregiver outcomes after onasemnogene abeparvovec treatment:
findings from the cure sma 2021 membership survey. Adv Ther. (2023) 40:5315-
37. doi: 10.1007/s12325-023-02685-w

24. Waldrop MA, Chagat S, Storey M, Meyer A, Iammarino M, Reash N, et al.
Continued safety and long-term effectiveness of onasemnogene abeparvovec in ohio.
Neuromuscul Disord. (2023) 34:41-8. doi: 10.1016/j.nmd.2023.11.010

25. Gowda V, Atherton M, Murugan A, Servais L, Sheehan J, Standing E, et al.
Efficacy and safety of onasemnogene abeparvovec in children with spinal muscular
atrophy type 1: real-world evidence from 6 infusion centres in the United Kingdom.
Lancet Reg Health Eur. (2024) 37:100817. doi: 10.1016/j.lanepe.2023.100817

26. Stettner GM, Hasselmann O, Tscherter A, Galiart E, Jacquier D, Klein
A. Treatment of spinal muscular atrophy with onasemnogene abeparvovec in
Switzerland: a prospective observational case series study. BMC Neurol. (2023)
23:88. doi: 10.1186/s12883-023-03133-6

27. Chencheri N, Alexander G, Nugud A, Majadas E, Salim H, Prudhomme K,
et al. Gene transfer therapy in children with spinal muscular atrophy: a single-
center experience with a cohort of 25 children. Muscle Nerve. (2023) 68:269-
77. doi: 10.1002/mus.27926

Frontiersin Neurology

11

10.3389/fneur.2024.1326528

28. Tokatly Latzer I, Sagi L, Lavi R, Aharoni S, Bistritzer ], Noyman I, et al. Real-
life outcome after gene replacement therapy for spinal muscular atrophy: a multicenter
experience. Pediatr Neurol. (2023) 144:60-8. doi: 10.1016/j.pediatrneurol.2023.04.007

29. European Medicines Agency. Spinraza (Nusinersen). Available online at:
https://www.ema.europa.eu/en/medicines/human/EPAR/spinraza (acessed November
24,2021).

30. Glanzman AM, Mazzone E, Main M, Pelliccioni M, Wood ], Swoboda K],
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

31. 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/PEP.0b013e3182351f04

32. Cure SMA. Best Practices for Physical Therapists & Clinical Evaluators in Spinal
Muscular Atrophy (Sma). Recommendations to Support the Effective Conduct of Clinical
Trials in Sma. (2021). Available online at: https://www.curesma.org/wp-content/
uploads/2021/09/Clinical- Evaluators- Best- Practices- 13- August-2021.pdf ~ (accessed

April 5,2023).

33. Darras BT, Masson R, Mazurkiewicz-Beldzinska M, Rose K, Xiong H, Zanoteli
E, et al. Risdiplam-treated infants with type 1 spinal muscular atrophy versus historical
controls. N Engl ] Med. (2021) 385:427-35. doi: 10.1056/NEJM0a2102047

34. De Vivo DC, Bertini E, Swoboda KJ, Hwu WL, Crawford TO, Finkel RS,
et al. Nusinersen initiated in infants during the presymptomatic stage of spinal
muscular atrophy: interim efficacy and safety results from the phase 2 nurture study.
Neuromuscul Disord. (2019) 29:842-56. doi: 10.1212/WNL.92.15_supplement.$25.001

35. Green EM, Stroud L, Bloomfield S, Cronje ], Foxcroft C, Hurter K, et al.
Griffiths Scales of Child Development (3rd Edition). Oxford, United Kingdom: Hogrefe
Ltd. (2016).

36. Pane M, Coratti G, Sansone VA, Messina S, Bruno C, Catteruccia M, et al.
Nusinersen in type 1 spinal muscular atrophy: twelve-month real-world data. Ann
Neurol. (2019) 86:443-51. doi: 10.1002/ana.25533

37. Masson R, Mazurkiewicz-Beldzinska M, Rose K, Servais L, Xiong H, Zanoteli
E, et al. Safety and efficacy of risdiplam in patients with type 1 spinal muscular
atrophy (firefish part 2): secondary analyses from an open-label trial. Lancet Neurol.
(2022) 21:1110-9. doi: 10.1016/S1474-4422(22)00339-8

38. Pane M, Coratti G, Sansone VA, Messina S, Catteruccia M, Bruno C, et al. Type
I SMA “new natural history”: long-term data in nusinersen-treated patients. Ann Clin
Transl Neurol. (2021) 8:548-57. doi: 10.1002/acn3.51276

39. Carson V], Puffenberger EG, Bowser LE, Brigatti KW, Young M,
Korulczyk D, et al. Spinal muscular atrophy within amish and mennonite
populations: ancestral haplotypes and natural history. PLoS ONE. (2018)
13:€0202104. doi: 10.1371/journal.pone.0202104

40. De Sanctis R, Coratti G, Pasternak A, Montes ], Pane M, Mazzone ES, et al.
Developmental milestones in type i spinal muscular atrophy. Neuromuscul Disord.
(2016) 26:754-9. doi: 10.1016/j.nmd.2016.10.002

41. Al Amrani E Amin R, Chiang J, Xiao L, Boyd J, Law E, et al. Scoliosis in
spinal muscular atrophy type 1 in the nusinersen era. Neurol Clin Pract. (2022)
12:279-87. doi: 10.1212/CPJ.0000000000001179

42. Barnérias C, Quijano S, Mayer M, Estournet B, Cuisset JM, Sukno S, et al.
Multicentric study of medical care and practices in spinal muscular atrophy type 1 over
two 10-year periods. Arch Pediatr. (2014) 21:347-54. doi: 10.1016/j.arcped.2014.01.017

43. Finkel RS, McDermott MP, Kaufmann P, Darras BT, Chung WK, Sproule DM,
et al. Observational study of spinal muscular atrophy type i and implications for clinical
trials. Neurology. (2014) 83:810-7. doi: 10.1212/WNL.0000000000000741

44. von Gontard A, Zerres K, Backes M, Laufersweiler-Plass C, Wendland
C, Melchers P, et al. Intelligence and cognitive function in children and
adolescents with spinal muscular atrophy. Neuromuscul Disord. (2002) 12:130-
6. doi: 10.1016/S0960-8966(01)00274-7

45. Polido GJ, de Miranda MMV, Carvas N, Mendonga RH, Caromano FA, Reed UC,
et al. Cognitive performance of children with spinal muscular atrophy: a systematic
review. Dement Neuropsychol. (2019) 13:436-43. doi: 10.1590/1980-57642018dn13-0
40011

46. Zappa G, LoMauro A, Baranello G, Cavallo E, Corti P, Mastella C,
et al. Intellectual abilities, language comprehension, speech, and motor function
in children with spinal muscular atrophy type 1. J Neurodev Disord. (2021)
13:9. doi: 10.1186/s11689-021-09355-4

47. Ball LJ, Chavez S, Perez G, Bharucha-Goebel D, Smart K, Kundrat K,
et al. Communication skills among children with spinal muscular atrophy type
1: a parent survey. Assist Technol. (2021) 33:38-48. doi: 10.1080/10400435.2019.15
86788

48. Hoshi Y, Sasaki C, Yoshida K, Sato Y, Kato M, Sakuraba S, et al. Milestones for
communication development in Japanese children with spinal muscular atrophy type
1. ] Health Sci. (2017) 14:115-20.

frontiersin.org


https://doi.org/10.3389/fneur.2024.1326528
https://doi.org/10.1186/s13023-022-02455-x
https://doi.org/10.1002/ana.25101
https://doi.org/10.1186/s13023-022-02227-7
https://doi.org/10.7499/j.issn.1008-8830.2106025
https://doi.org/10.1111/dmcn.14798
https://www.ema.europa.eu/en/medicines/human/EPAR/zolgensma
https://www.ema.europa.eu/en/medicines/human/EPAR/zolgensma
https://www.novartis.us/sites/www.novartis.us/files/zolgensma.pdf
https://www.novartis.us/sites/www.novartis.us/files/zolgensma.pdf
https://doi.org/10.1016/S1474-4422(21)00001-6
https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1001/jamaneurol.2021.1272
https://doi.org/10.1136/jnnp-2022-ABN.2
https://doi.org/10.1038/s41591-022-01866-4
https://doi.org/10.1038/s41434-022-00341-6
https://doi.org/10.1016/S2352-4642(21)00287-X
https://doi.org/10.1016/j.eclinm.2023.101997
https://doi.org/10.1007/s12325-023-02685-w
https://doi.org/10.1016/j.nmd.2023.11.010
https://doi.org/10.1016/j.lanepe.2023.100817
https://doi.org/10.1186/s12883-023-03133-6
https://doi.org/10.1002/mus.27926
https://doi.org/10.1016/j.pediatrneurol.2023.04.007
https://www.ema.europa.eu/en/medicines/human/EPAR/spinraza
https://doi.org/10.1016/j.nmd.2009.11.014
https://doi.org/10.1097/PEP.0b013e3182351f04
https://www.curesma.org/wp-content/uploads/2021/09/Clinical-Evaluators-Best-Practices-13-August-2021.pdf
https://www.curesma.org/wp-content/uploads/2021/09/Clinical-Evaluators-Best-Practices-13-August-2021.pdf
https://doi.org/10.1056/NEJMoa2102047
https://doi.org/10.1212/WNL.92.15_supplement.S25.001
https://doi.org/10.1002/ana.25533
https://doi.org/10.1016/S1474-4422(22)00339-8
https://doi.org/10.1002/acn3.51276
https://doi.org/10.1371/journal.pone.0202104
https://doi.org/10.1016/j.nmd.2016.10.002
https://doi.org/10.1212/CPJ.0000000000001179
https://doi.org/10.1016/j.arcped.2014.01.017
https://doi.org/10.1212/WNL.0000000000000741
https://doi.org/10.1016/S0960-8966(01)00274-7
https://doi.org/10.1590/1980-57642018dn13-040011
https://doi.org/10.1186/s11689-021-09355-4
https://doi.org/10.1080/10400435.2019.1586788
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Bitetti et al.

49. Al-Zaidy S, Pickard AS, Kotha K, Alfano LN, Lowes L, Paul G, et al. Health
outcomes in spinal muscular atrophy type 1 following avxs-101 gene replacement
therapy. Pediatr Pulmonol. (2019) 54:179-85. doi: 10.1002/ppul.24203

50. Tosi M, Cumbo E Catteruccia M, Carlesi A, Mizzoni I, De Luca G, et al.
Neurocognitive profile of a cohort of sma type 1 pediatric patients and emotional
aspects, resilience and coping strategies of their caregivers. Eur J Paediatr Neurol.
(2023) 43:36-43. doi: 10.1016/j.¢jpn.2023.02.004

51. Acsadi G, Crawford TO, Muller-Felber W, Shieh PB, Richardson R,
Natarajan N, et al. Safety and efficacy of nusinersen in spinal muscular
atrophy: the embrace study. Muscle Nerve. (2021) 63:668-77. doi: 10.1002/mu
5.27187

Frontiersin Neurology

12

10.3389/fneur.2024.1326528

52. Day JW, Mendell JR, Mercuri E, Finkel RS, Strauss KA, Kleyn A, et al. Clinical
trial and postmarketing safety of onasemnogene abeparvovec therapy. Drug Saf. (2021)
44:1109-19. doi: 10.1007/s40264-021-01107-6

53. Chand D, Mohr E McMillan H, Tukov FE, Montgomery K, Kleyn A, et al.
Hepatotoxicity following administration of onasemnogene abeparvovec (AVXS-
101) for the treatment of spinal muscular atrophy. J Hepatol. (2021) 74:560-
6. doi: 10.1016/j.jhep.2020.11.001

54, Friese ], Geitmann S, Holzwarth D, Miiller N, Sassen R, Baur U, et al.
Safety monitoring of gene therapy for spinal muscular atrophy with onasemnogene
abeparvovec -a single centre experience. J Neuromuscul Dis. (2021) 8:209-
16. doi: 10.3233/JND-200593

frontiersin.org


https://doi.org/10.3389/fneur.2024.1326528
https://doi.org/10.1002/ppul.24203
https://doi.org/10.1016/j.ejpn.2023.02.004
https://doi.org/10.1002/mus.27187
https://doi.org/10.1007/s40264-021-01107-6
https://doi.org/10.1016/j.jhep.2020.11.001
https://doi.org/10.3233/JND-200593
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Motor and neurocognitive profiles of children with symptomatic spinal muscular atrophy type 1 with two copies of SMN2 before and after treatment: a longitudinal observational study
	1 Introduction
	2 Materials and methods
	2.1 Therapeutic protocol
	2.2 Motor function evaluation
	2.3 Neurocognitive assessments
	2.4 Statistical analysis

	3 Results
	3.1 Patient population
	3.2 Motor function
	3.3 Motor milestones
	3.4 Neurocognitive assessments
	3.5 Speech and language development
	3.6 Outcomes in children over 2 years of age

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


