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SECTION I: INNOVATIVE OUTCOME MEASURES IN NEUROMUSCULAR
DISORDERS: INSIGHTS FROM 5q SPINAL MUSCULAR ATROPHY

Chapter 1. General Introduction

1.1 5q Spinal Muscular Atrophy (SMA): an overview

59 SMAis an autosomal recessive neuromuscular disorder caused by mutations in the
survival motor neuron 1 (SMN1) gene located on chromosome 5q11.1-13.3. This
complex region also contains the paralogue, centromeric SMN2 gene. People with
SMA have one to more than four copies of the SMN2 gene. Each SMN gene comprises
nine exons (including exons 1, 2a, 2b, 3, 4, 5, 6, 7 and 8). SMN1 pre-mRNAs are
generally spliced to retain all exons. At least 15 paralogous sequence variants
differentiate the SMN7 and SMNZ2 genes but a single functional, coding variant
c.840C>T in exon 7 of SMNZ2 inactivates an exonic splicing enhancer and
simultaneously creates an exonic splicing silencer. This change is translationally silent
but affects splicing so that exon 7 is excluded from most SMN2 transcripts, resulting in
truncated, rapidly degraded SMN protein?“. Because exon 7 is sometimes retained,
each copy of SMN2 produces approximately 10% full-length, functional SMN protein?.
About 95% of patients with SMA have homozygous deletions of both exons 7 and 8 or
only exon 7 of SMN1 regardless of the phenotype of disease®. Other patients carry a
SMN1 point mutation and a deletion in the other SMN1 allele, or, very rarely, biallelic
small-scale mutations in any of the SMN7 exons®.

The clinical manifestations of SMA are secondary to the reduced expression levels of
the SMN protein®. This causes dysfunction and degeneration of alpha-motor neurons
in the spinal cord and brainstem, and consequently progressive muscle atrophy and
weakness of limb, trunk, bulbar (which control swallowing) and respiratory muscles.
Historically, SMA has been classified into five types (0, 1, 2, 3, and 4) based on the
age of onset of symptoms and the maximum motor function achieved without treatment

as summarised in the table below from Mercuri et al'.
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lable 1| Historical classification of SMA

SMA Typicalage Maximal Feeding Pulmonary Survival®
type atpresenta- motorfunction andcom- function with sup-
tion (range) achievedwith  munication portive
supportive care care
0 Fetal Nil Nil Very poor Days-weeks
1 3 months No sitting or Poor, Poor, requires  Months
(0-6 months)  rolling requires support (median
support ~10months)
2 12 months Sits,no walking ~ Variably Reduced, Years
{7-18 months) affected often needs (median
support >20vyears)
3 3 years Walks (limited)  Normal No symptoms, Normal
(1.5-10 years) mild reduction
possible
R >18 years Walks (normal)  Normal Normal Normal

SMA, spinal muscular atrophy. *Survival includes ‘event-free survival (ventilation support for
<16h/day for =14 days).

SMA type 1, also called Werdnig—Hoffman disease, is further classified into three
subgroups according to the age at symptom onset: within the first 2 weeks of life (type
1a), by 3 months of age (type 1b), and between 3 and 6 months of age (type 1c).
SMA affects approximately 1 in 10,000 live births worldwide, and the type 1 form
accounts for approximately 60% of all patients with SMA. The prevalence of SMA type
1 used to be lower than the other types due to the shorter life expectancy (rapidly
progressive motor, respiratory, and bulbar deterioration with >90% mortality by 2 years
of age); however, it is now rapidly increasing after improved survival observed with the
advances in the multidisciplinary standards of care’”® and the increased availability of
disease-modifying therapies (DMTSs).

SMN2 copy number and phenotypic severity have a clear inverse correlation in
patients with SMA. In a large cohort study®, 80% of patients with SMA type 1 had one
or two copies of SMN2, 78% of patients with SMA type 2 has three copies of SMN2,
and 93% of patients with SMA type 3 had three or four copies of SMN2; similar
frequencies have been found in other studies''".12. SMN2 copy number is not the sole
modifier of disease severity’>'4, and other identified modifier genes include PLS3
(encoding plastin 3, an actin-binding protein) and NCALD (encoding neurocalcin-delta,
a calcium-binding protein). Higher levels of plastin 3 seem to lessen disease severity
in female patients with SMA, whereas reduced NCALD expression may be protective.
However, their use as a therapeutic target is limited as substantial changes in their

expression is associated with other disease phenotypes'®16.
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As mentioned above, the advances in the multidisciplinary standards of care and the
increased availability of DMTs has drastically changed the natural history of the
disease, especially as regard to SMA 1. Most treated infants with SMA 1 survive for
more than 2 years and, especially if treated soon after diagnosis, have functional
improvements and milestone achievements that have not been observed in untreated
infants such as independent sitting.

Two very recent reviews, performed by Pera and Mercuri'” and by Yeo et al."® in 2024,
have summarised the current therapeutical approaches for SMA that are either
commercially available or being tested in clinical trials, and the details are summarised

below.

1.2 Advanced therapeutical approaches for SMA

Since 2016, three disease-modifying therapies (DMTs) have been approved by US
Food and Drug Administration (FDA) and European Medicines Agency (EMA) and
have become commercially available: the antisense oligonucleotide nusinersen, the
gene replacement therapy with onasemnogene abeparvovec, and the small-molecule
splicing modifier risdiplam. On top of this, a number of clinical trials with Investigational

Medicinal Products for SMA are currently ongoing.

Approved Disease-Modifying Therapies for SMA

Nusinersen

Nusinersen is an antisense oligonucleotide approved by the FDA in December 2016,
and by the European Medicines Agency (EMA) in June 2017 for patients with SMA of
all ages. It is designed to increase the production of functional SMN protein by binding
to an intronic splicing silencer in SMN2 pre-mRNA and promoting the inclusion of exon
7. As antisense oligonucleotides do not cross the blood—brain barrier, nusinersen is
administered intrathecally. The pivotal trials that have contributed to regulatory

approval are described below.
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ENDEAR (NCT02193074). A phase lll, randomized, double-blind, sham-procedure-
controlled study performed in 121 infants with early-onset symptomatic SMA and two
SMNZ2 copies: 49 (61%) of 80 treated patients survived without permanent ventilation
and 37 (51%) of 73 patients achieved at least one motor milestone.

CHERISH (NCT02292537). A phase lll, randomized, double-blind, sham-procedure-
controlled study performed in 126 children with late-onset SMA, with two to four SMN2
copies, aged 2—-12 years. The results showed a significant increase in the total scores
of two motor function scales for SMA, the Hammersmith Functional Motor Scale
Expanded (HFMSE) and the Revised Upper Limb Module (RULM) scores.

SHINE (NCT02594124). An open-label 5-year follow-up study for both studies which
showed continued improvement or stabilization of motor function, supporting
favourable long-term clinical efficacy.

NURTURE (NCT02386553). A phase 2, open-label, single-arm, multicentre study on
the use of nusinersen in presymptomatic patients. The study enrolled 25 infants aged
6 weeks or less at first dose with two (n=15) or three (n=10) copies of SMN2. All
participants achieved the ability to sit without support, 24/25 the ability to walk and all
patients were surviving without permanent ventilation (median age of ventilation free-
survival: 34.8 months).

So far, nusinersen has been given to more than 12,000 patients worldwide and has a
good safety profile. The most common adverse effects are related to its intrathecal
administration route, including lumbar puncture headache and back pain. Reported
complications such as thrombocytopenia, coagulation abnormalities, and proteinuria
are rare. In addition, real-world evidence reinforces the positive findings of these
clinical trials in terms of improvements in motor function and survival in patients of
varying ages with early-onset SMA. It has also become clear that earlier treatment
initiation correlates with better outcomes. As regards to later-onset SMA, the long-term
effects of nusinersen remain unclear due to several factors, including the slower natural
disease progression in this age group, individual variability in response, and
confounding complications associated with long-term symptomatic disease, like

scoliosis and respiratory issues.

Onasemnogene abeparvovec
Onasemnogene abeparvovec is an adeno-associated virus (AAV9)-based gene

delivery of a cDNA version of the SMN1 gene administered as a one-off intravenous
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infusion. The FDA approved it in May 2019 for patients with SMA younger than 2 years
of age, and EMA approved it in May 2020 for patients with SMA and up to three copies
of the SMNZ2 gene and weight below 21 kg. The pivotal trials that have contributed to
regulatory approval are described below.

START (NCT02122952). The first open label, dose-escalation, phase | study
performed in 15 infants with early onset SMA. All 15 patients survived beyond the age
of 20 months, at the age when, in the absence of treatment, survival is below 8%. Most
children achieved the ability to sit and showed an improvement on the functional
scales. In the 5-year follow-up, all infants survived without ventilatory support and
maintained their motor milestones, with two patients attaining new milestones.
STR1VE-US (NCT03306277, n=22) and STR1VE-EU (NCT03461289, n=33). Two
large open-label, single-arm studies performed in the USA and Europe and confirming
safety and efficacy of onasemnogene abeparvovec in patients with early-onset
symptomatic SMA 1 with one or two SMN2 copies using high-dose onasemnogene
abeparvovec. The long-term follow-up in the first treated patients shows that there is
no loss of activity over 5 years and no new safety signal.

SPR1NT (NCT03505099). A phase 3, single-arm study in 29 presymptomatic infants
with two or three SMN2 copies aged 6 weeks or less. All patients survived without
permanent ventilation and achieved motor milestones. Greater benefit was observed
in children with three SMNZ2 copies than in children with two copies: 11 of the 15
children with three SMN2 copies were walking independently within the WHO normal
developmental window, compared with 5 of the 14 children with two SMN2 copies.
Real-world evidence has shown concordant results on safety and efficacy, with the
most common adverse events being related to reduced platelets and elevated serum
levels of aminotransferase, the latter requiring increase in prednisolone dose. Similarly

to nusinersen, better outcomes have been observed with earlier treatment.

Risdiplam

Risdiplam is a small-molecule SMN2-splicing modifier that promotes the production of
full-length SMN protein. Risdiplam was approved by the FDA in 2020 for treating
patients with SMA older than 2 months and then in 2022 for patients with SMA of all
ages. EMA approved risdiplam in 2021 for SMA types 1, 2 or 3 with up to four copies
of SMN2 above the age of 2 months, and in 2023 with no age limits. It is orally
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administered once daily. The pivotal trials that have contributed to regulatory approval
are described below.

FIREFISH (NCT02913482). A multicentre, open-label trial, using risdiplam in 41 infants
below 7 months of age, with two SMN2 gene copies. After 24 months of treatment,
83% of the treated patients were alive without requiring permanent ventilation and 61%
were able to sit without support.

SUNFISH (NCT02908685). A randomised, double-blind, placebo-controlled study,
using risdiplam in 180 ambulant and nonambulant children and adults with later-onset
SMA (type 2 or 3) aged 2—-25 years. This is the only clinical trial of the three therapies
to have enrolled adults. At 12 and 24 months, there was a significant change in gross
and fine motor function compared with placebo, with better results in younger patients.
Recently, there has been a rapidly increasing number of studies confirming safety and
efficacy of risdiplam also in the real-world setting and, as for nusinersen and
onasemnogene abeparvovec, it has become clear that earlier treatment initiation

correlates with better outcomes.

Overall, according to data currently available, there is no doubt that initiating any of the
DMTs earlier in newborns who will otherwise develop symptoms of SMA in infancy or
childhood results in improved outcomes'®?°. As a consequence, newborn screening
for SMA has been gradually implemented worldwide (including at our Neuromuscular
Centre in Turin with a programme led by Professor Federica Ricci at the Regina
Margherita Children’s Hospital). However, this is not universally available yet despite
existing consensus within the scientific community. On this regard, an SMA working
group of American and European health care providers developed recommendations
for newborn screening for SMA through a modified Delphi technique?! highlighting the

need to support and encourage its implementation in all countries.

It is also worth mentioning that real-world data suggests that many patients are
receiving combination therapies, add-on treatments, or switching between different
therapies. Therefore, there is an urgent need for systematic research to evaluate the
safety and efficacy of these approaches, which is partially covered by some of the

currently ongoing clinical trials for SMA described below.
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Clinical Trials of Investigational Medicinal Products for SMA

Optimisation of nusinersen dose is now being investigated in DEVOTE
(NCT04089566), a phase 2/3 randomised, controlled, dose-escalating study that aims
to enrol 152 individuals of all ages with spinal muscular atrophy, and ASCEND
(NCT05067790), a phase 3 open-label, single-arm study that aims to evaluate higher-
dose nusinersen in 135 non-ambulatory individuals with early onset spinal muscular
atrophy who were previously treated with risdiplam. In addition, RESPOND
(NCT04488133) is a phase 4, open-label, single-arm study evaluating the efficacy and
safety of nusinersen in participants who previously (at least 2 months) received

intravenous onhasemnogene abeparvovec.

Studies are in progress to establish safety and efficacy of intrathecal delivery of
onasemnogene abeparvovec (STRONG, NCT03381729; STRENGTH,
NCT05386680), and a long-term follow-up study (SPECTRUM, NCT05335876) is
ongoing to assess long-term safety and efficacy on patients with SMA treated with

onasemnogene abeparvovec by intravenous or intrathecal administration.

Risdiplam is still being investigated in JEWELFISH (NCT03032172), a multicentre,
open-label study testing the safety and tolerability of risdiplam in patients with SMA
previously treated with nusinersen, gene therapy or olesoxime. In addition, the efficacy
and safety of risdiplam in presymptomatic SMA infants are currently investigated in the
open-label, single-arm, multicentre clinical study RAINBOWFISH (NCT03779334).
Seven of these infants, who have been treated for at least 12 months, have achieved
motor scores close to those of children without SMA. All infants treated for 12 months
remain alive without permanent ventilation, have maintained their swallowing and

feeding abilities, and have not required hospitalization.
Other therapeutic approaches currently tested in clinical trials in patients with SMA
include the use of medicinal products increasing the muscle mass (myostatin

inhibitors) and reducing fatiguability (products targeting the neuromuscular junction).

Myostatin inhibitors

16



Apitegromab is a fully human immunoglobulin G4 monoclonal antibody that specifically
binds with high affinity to proforms of myostatin and inhibits the cleavage of latent
myostatin to its active form. It is administered intravenously. ONYX (NCT05626855) is
an open-label, multicentre, extension trial to evaluate the long-term safety and efficacy
of Apitegromab in 250 ambulatory and nonambulatory patients with SMA 2 and 3 SMA
who have completed a previous apitegromab trial (TOPAZ, NCT03921528, or
SAPPHIRE, NCT05156320260).

RO7204239 is an humanized monoclonal antibody that binds to human latent
myostatin, and it is administered subcutaneously. MANATEE (NCT05115110) is a two-
part, multicentre, randomized, placebo-controlled, double-blind study to investigate the
safety, tolerability, pharmacokinetics, pharmacodynamics and efficacy of RO7204239
in combination with risdiplam (RO7034067) in patients with SMA aged 2 to 25 years.

Products targeting the neuromuscular junction

NMDG670 is an inhibitor of skeletal muscle-specific chloride channel protein 1 (CIC-1)
resulting in decreased muscle membrane conductance for chloride channel and
increased muscle fibre excitability. It is currently tested in a phase 2, randomized,
double blind, placebo-controlled, crossover study (NCT05794139) to evaluate the
efficacy, safety and tolerability of NMD670 in ambulatory adults with SMA 3.
Salbutamol and pyridostigmine were also tested in clinical trials exploring strategies to
improve the neuromuscular transmission (open label and double-blind placebo
controlled study, respectively), and the results of these studies showed a degree of
improvement in terms of endurance. However, there currently is no consensus on their

use in care recommendations.

1.3 The newly emerging phenotypes in SMA and the role of innovative outcome

measures

The increased survival and improved function of patients with SMA treated with any of
the DMTs have lead to the observation of new phenotypes of the disease’. The
progression of SMA is different in treated patients compared with untreated patients,
and there is increasing evidence that the newly observed clinical features do not

always fully overlap with the functional abilities known to occur in untreated patients
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with milder phenotypes. As a result, the historical SMA classification based on types
no longer adequately characterises prognosis or outcomes in the era of new
treatments, and a revised clinically meaningful classification of SMA is needed??.

In addition, SMA is increasingly recognised as a multi-system disorder affecting organs
beyond the spinal cord and brainstem including skeletal muscle, heart, kidney, liver,
pancreas, spleen, bone, connective tissues, immune system, and brain.?® With the
extension of the lifespan of individuals with SMA, previously masked peripheral
symptoms are emerging, and the understanding of the multisystem involvement in
SMA is still evolving. Therefore, long-term monitoring is essential to manage potential
multi-organ complications effectively. Research is also needed to fully characterise the
extent and mechanisms of multisystem involvement in SMA and to develop targeted

therapies for these non-motor neuron manifestations.?*

Identifying and/or developing innovative outcome measures to capture the new clinical
features of treated children with SMA is necessary to describe the new natural history

of the disease.

In this thesis, | will focus on two aspects of the new natural history of the disease:
- the changing scenario of scoliosis development in treated children with SMA,;

- the emerging signs of brain involvement in treated children with SMA.

Focus on scoliosis development in treated children with SMA

Over the last three years, few studies have started investigating the development of

scoliosis and its management in treated children with SMA.

Among treated infants with SMA 1, those who achieve sitting may develop an early
scoliosis as well as an early kyphosis and a posture that is not typically observed in
untreated infants with SMA 2.

In 2022, Al Amrani et al.?® described the development and progression of scoliosis in
patients with SMA 1 treated with nusinersen before 6 months of age. Out of 11 patients,
7 met the inclusion criteria. All 7 patients developed scoliosis in the first year of life,

with a range of 15°-58°.

18



In 2024, Yasar et al.?® published data on the prevalence of scoliosis, pelvic obliquity,
and hip subluxation in 29 SMA 1 patients aged 2 to 6 years and treated with
nusinersen. The study found that 93.1% of patients developed scoliosis, 69% had
pelvic obliquity, and 60.7% had hip subluxation. These conditions were not significantly
associated with age, total nusinersen administrations, age at first dose, or motor
function as measured by the Children's Hospital of Philadelphia Infant Test of
Neuromuscular Disorders (CHOP INTEND) scale.

In the same year, two other studies investigated spinal deformities in children with SMA
1 treated with onasmenogene abeparvovec. Soini et al.?’ reported a retrospective case
series of 16 children with SMA 1 treated with onasemnogene abeparvovec. Ten out of
sixteen patients had a significant kyphosis, and nine out of sixteen patients had
significant scoliosis, with the mean curvature angles of 24 + 27° for scoliosis, and 69 *
15° for kyphosis. Wolfe at al.?® performed a retrospective review on spinal features in
75 children with SMA 1 who had received onasemnogene abeparvovec and found

spinal asymmetry in 59% of the children, and kyphosis in 49%.

For SMA 2 and 3 patients receiving symptomatic treatment, the progression of scoliosis
appears to be slower compared to those in control groups?®.

In 2023, Coratti et al.3° analysed the treatment effect on Cobb's angle annual changes
and on reaching a 50° Cobb angle in a population of 46 untreated and 39 treated
children with SMA 2. The treated group showed a lower mean Cobb variation
compared with the untreated group (5.61 (SD 4.72) degrees/year vs 10.05 (SD 6.38)
degrees/year; p=0.01). A further analysis indicated a protective treatment effect in

reaching a 50° Cobb angle, significant in patients aged less than 4.5 years (p=0.016).

In 2024, Ip et al.3' performed a longitudinal radiographic study before and after
nusinersen in 23 children with SMA 1 (n=8), SMA 2 (n=7), and SMA 3 (n=8) with a
median age of 5.8 years (range: 0.4-17.5 years) at nusinersen initiation, and a median
follow-up duration of 3.4 years (range: 1.1-5.2 years). During the study, motor scores
remained stable or improved in 83% of patients. However, scoliosis progressed across
all subtypes, with mean annual progression rates of 5.2, 11.9, and 3.6 degrees in
SMA1, SMA2, and SMAS3 respectively. In addition, motor improvement was linked to
increased scoliosis progression in SMA1, whereas it was associated with decreased

scoliosis progression in SMA 2 and 3.
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In the same vyear, also Ciftci et al.3? performed a retrospective study in 165 children
with SMA 1 (n=51), 2 (n=72), and 3 (n=42) and a minimum radiographic follow-up of 2
years. The prevalence of scoliosis stratified by SMA type was 90%, 88%, and 50% in
SMA 1, 2, and 3, respectively. Of the total cohort, 51% were receiving disease
modifying treatments and their use was found to be a protective factor for scoliosis

development.

All authors agreed on the need of additional research in larger cohorts with long-term
prospective studies that would provide more accurate insights into the impact of
individual pharmacological treatments on scoliosis progression in patients with SMA.

Larger studies would also provide valuable information on management strategies,
including the most appropriate timing of radiographic surveillance, and the need of
personalised treatment plans depending on the unique characteristics of each patient.
Some authors also highlighted the importance to consider the use of validated quality-

of-life measures to assess the impact of scoliosis on treated patients with SMA.

Focus on brain involvement in treated children with SMA

As mentioned above, SMA is increasingly recognised as a multi-system disorder

affecting organs beyond the spinal cord and brainstem, including the brain?*.

SMN protein levels are not reliably measured in the cerebrospinal fluid and, therefore,
they cannot be monitored in living patients’. Measurements of SMN protein levels
performed in post-mortem central nervous system and muscle samples suggest that
SMN protein levels decrease during development, with a 6.5-fold decline between
foetal and postnatal stages in healthy individuals.'3233 The first identified and most
well-defined role of the SMN protein is maintaining the fidelity of spliceosomal small
nuclear ribonucleoprotein (sSnRNP) assembly of the major (U2-dependent) and minor
(U12-dependent) spliceosomes.’-34-36 A study confirmed that SMN complex activity in
snRNP assembly is also particularly high in the brain and spinal cord during late
embryonic and early postnatal development in mice."3” Collectively, these data imply
a need for SMN protein during central nervous system development, including brain

development, when global transcriptional activity may be high.
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On top of this, clinical observations have raised concerns regarding cognitive and
neurodevelopmental abnormalities in treated children with SMA 138, The observation
of such difficulties challenges the previous understanding of SMA as a solely motor
neuron disease and reinforces the hypothesis that reduced SMN levels during critical
periods of brain development may be responsible for these novel neurodevelopmental
phenotypes. However, other factors, such as restricted motor development and
prolonged hospital admissions, which are common in early-onset SMA, could also

contribute to speech/language and social development delays38.

The interplay between nature (genetic factors) and nurture (environmental factors)
needs to be further explored. Further research with observational, longitudinal studies
is also needed to fully understand the extent of brain involvement in SMA and its long-

term implications for treated patients.

To characterise the newly emerging neurodevelopmental phenotype in treated children
with SMA1, it is essential to identify and/or develop standardized formal
neuropsychological assessments able to minimize bias from motor and speech
limitations which are typical of early-onset SMA as well as of other paediatric
neuromuscular disorders.

Our Neuromuscular Centre in Turin has a strong expertise in the evaluation of brain
comorbidities in paediatric neuromuscular disorders as demonstrated by research
published on Infantile Onset Pompe Disease3®, congenital and childhood Myotonic
Dystrophy type 14°, and other paediatric neuromuscular disorders*'.

Among other paediatric neuromuscular disorders, Infantile Onset Pome Disease is the
one sharing significant similarities with early-onset SMA as also highlighted by Yeo and
Darras*2. For both diseases, rapid advancements in basic science research have led
to the availability of transformative therapies that have drastically prolonged survival
and improved outcomes, especially when the treatment is started early. Emerging
evidence from long-surviving children suggests in both cases multisystem involvement
and the need to address non-motor manifestations, including brain comorbidities.
Therefore, existing experience of neuropsychological assessments performed in other

paediatric neuromuscular disorders may be helpful to guide future studies on SMA.
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1.4 Overview of thesis

Summary

The advent of disease-modifying therapies has produced a dramatic change in the
natural history of all SMA types. This is more obvious in children with SMA 1, whose
survival and function have radically improved, but there is also evidence of short-term
improvements and of an overall long-term stabilization in SMA 2 and 3 that is very
different from the known natural history in untreated patients'”. Although most studies
focus on motor function, there are increasing data showing that efficacy can also be
observed on other aspects such as bulbar or respiratory function'”.

On the other hand, the arrival of the new drugs for SMA has also highlighted a number
of issues to be addressed. These include the need to better characterise the newly
emerging phenotypes, the need to identify or to develop assessment tools able to
capture the new clinical features of treated children with SMA, and the need to update

the standards of care accordingly.

Research questions

To expand the knowledge on the newly emerging phenotypes in SMA, within my PhD
research | have conducted investigations in children with SMA to answer the following

research questions, divided into two broad themes:

1. Scoliosis outcomes in SMA 2 and 3

Are there natural history data on scoliosis surgery outcomes in untreated children with
SMA 2 and 3 that can be used as a benchmark to measure the efficacy of available
disease-modifying treatments for SMA? Can these natural history data be further

characterised?

This will be addressed by:
o A 12 years-long retrospective study collecting data on post-surgical changes in
respiratory function, motor function, weight and pain in 32 untreated SMA 2 and

nonambulant SMA 3 children who underwent scoliosis surgery (Chapter 2).
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Investigator-developed phone interviews and a focus group with
parents/caregivers and patients (untreated SMA 2 and nonambulant SMA 3

children) on postsurgical satisfaction and unmet care needs (Chapter 2).

2. Neurodevelopmental outcomes in SMA 1

What is the knowledge on brain involvement and the neurodevelopmental profile in

SMA 1 children in the pre- and post-treatment era? How is this new phenotype

assessed and can novel objective outcome measures be identified?

This will be addressed by:

A scoping review to summarize the knowledge on brain pathology, cognition,
and speech/language development in SMA 1 children in the pre-treatment era
(Chapter 3).

An update of the current literature to date with an overview of published
observational studies describing the cognitive and language phenotype of
treated SMA 1 children (Chapter 4).

A cross-sectional study exploring expressive language and social
communication abilities in 41 treated SMA 1 children and evaluating the utility
of two standardised parent-report questionnaires as new assessment tools for
SMA (Chapter 5).
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SECTION II: SCOLIOSIS OUTCOMES IN SMA 2 AND 3

Chapter 2. Secondary outcomes of scoliosis surgery in disease-modifying
treatment-naive patients with spinal muscular atrophy type 2 and non ambulant
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2.1 Abstract

Introduction/Aims: Available studies on scoliosis surgery in spinal muscular atrophy
(SMA) have focused on the primary outcome of the procedure—the correction of the
curve—whereas research focusing on secondary outcomes is scarce. We aimed to
investigate postsurgical changes in respiratory function, motor function, weight, pain,
and satisfaction.

Methods: We retrospectively reviewed the clinical notes of 32 disease-modifying
treatment-naive patients (26 SMA2, 6 nonambulant SMA3). We also performed
investigator-developed phone interviews and conducted a focus group with families on
postsurgical satisfaction.

Results: Mean annual rate of forced vital capacity percent decline improved in SMA2:
-3.2% postsurgery versus -6.9% presurgery (p < .001), with similar trajectories in
SMA3. Gross motor functional scores (Hammersmith Functional Motor Scale)
available in 12/32 dropped immediately after surgery: median loss of 6.5 points, with
relatively spared upper limb function. Weight z-scores postsurgery dropped in 16/32,
requiring food supplements (5/16); one/16 lost >5% of total weight requiring
gastrostomy. Postsurgical pain was frequently reported, especially hip pain (13/32).
Overall, 10/10 patients/parents participating in the phone interview rated the procedure
as very successful for posture and physical appearance. Nonetheless, 7/10 reported
postsurgical pain, reduced mobility, and unmet care needs. The seven patients/parents
attending the focus group highlighted lack of intensive physiotherapy programs,
occupational therapy assistance, and psychological support as postsurgical unmet
care needs.

Discussion: This study reports a positive impact of scoliosis surgery on respiratory
function and overall satisfaction with posture and physical appearance. The observed
negative impact on the other outcomes highlights the importance of multidisciplinary

approaches to improve postoperative management.

2.2 Introduction

Scoliosis is a highly prevalent complication of 5q spinal muscular atrophy (SMA)'-6 due
to progressive weakening of axial muscles. It particularly affects “sitters,” a group of

patients historically including individuals with SMA type 2 (nonambulant, able to sit
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independently) and SMA type 3 (ambulant, with childhood onset) when residual
weakness results in loss of ambulation.” In these patients, bracing is palliative and
unable to halt the progression of spinal deformity, which has a negative impact on trunk
balance in sitting, thorax volume, respiratory function, and overall quality of life.*
Therefore, surgery is almost invariably required. In disease-modifying treatment-naive
patients, the lifetime risk of undergoing scoliosis surgery has recently been
documented at around 80% in SMA type 2, and 70% in SMA type 3a with age at onset
before 3 years and loss of ambulation before 10 years.®

There are two main types of scoliosis surgery procedures: definitive posterior spinal
fusion and growth-friendly instrumentations—traditional/ nonmagnetic and magnetic
growing rods. The selection of the procedure depends on the patient's age and skeletal
maturity. The conversion of growth-friendly instrumentation to final growth posterior
spinal fusion is decided on a case-by-case basis. According to current
recommendations on the management of spine deformity in SMA,4 the decision to
surgically instrument the spine is mainly based on curve magnitude (major curve with
Cobb angle =50°) and rate of progression (=10° per year). The importance of
considering other factors such as decreasing respiratory function, parasol rib deformity,
hyperkyphosis, adverse effects on functional mobility, pelvic obliquity, and trunk
imbalance is highlighted as well.

Available studies on scoliosis surgery in patients with SMA have focused mainly on the
primary outcome of the procedure—the correction of the spinal curve—whereas
research focusing on secondary outcomes is scarce. A few studies, mostly in small
SMA cohorts, have reported a variable impact of scoliosis surgery on respiratory
function. %19 Data on motor function outcomes are limited as well,''? with a recent
study showing a drop in gross motor abilities immediately after surgery.'® Similarly, very
limited data are available on weight gain'* and on postsurgical pain and satisfaction.'®-
22

A better understanding of expected outcomes after scoliosis surgery would provide
significant insights to improve counselling for families and patients with SMA type 2
and 3. In addition, data on secondary outcomes of scoliosis surgery in disease-
modifying treatment-naive SMA patients represent valuable information now that
current and new drugs for SMA have been shown to improve survival and motor
function in the majority of SMA patients,?3 but their effect on nonmotor complications is

still largely unknown.?* There are initial reports on long-surviving children with SMA
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type 1 treated with nusinersen?® showing early-onset scoliosis, with a progression rate
that might be higher compared with that observed in SMA type 2 and nonambulant
SMA type 3 children. With the advent of disease modifying therapies, the subgroup of
SMA individuals requiring scoliosis surgery is increasingly including treated children
with SMA type 1.26:27

The aims of this study were to investigate changes of respiratory function, motor
function, and weight before and after surgery, and to explore postsurgical pain and
satisfaction in SMN-targeting treatment-naive patients with SMA type 2 and

nonambulant type 3.

2.3 Methods

All patients had a genetically confirmed diagnosis of SMA and a clinical diagnosis of
type 2 or nonambulant type 3 SMA. Participants included in the study were selected
from patients who underwent scoliosis surgery and have been under the care of the
Pediatric Neuromuscular team at the Dubowitz Neuromuscular Centre, London, UK,
over 12 years (Hammersmith Hospital in 2007-2008, then Great Ormond Street
Hospital for Children from 2008 to 2019, before the approval of the first SMA disease-
modifying treatment, nusinersen, in the United Kingdom in 2019). All participants
and/or their legal representatives gave written informed consent to be part of the
SMArtNet/SMA REACH UK natural history study (SMArtNet Clinical Network/SMA
Research and Clinical Hub) approved by the local ethical committees (R&D Reference:
11DN15, REC Reference: 13/LO/1748).
For the retrospective study, we initially collected the following surgery-related
characteristics: type of scoliosis surgery (spinal fusion, traditional/nonmagnetic or
magnetic growing rods), mean age at surgery (years), mean presurgery Cobb angle
(degrees), median presurgery, and postsurgery follow-up (years). Then, we reviewed
the clinical notes of each patient to gather data on the following outcomes:

i. Respiratory function: we retrieved available data on forced vital capacity

percentage of predicted (FVC %), a parameter usually considered in SMA

natural history studies on pulmonary function.28-33

ii. Motor function: we collected available total scores on the Hammersmith

Functional Motor Scale (HFMS), an SMA-specific measure for gross motor
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abilities.3* It is an ordinal scale consisting of 20 items with individual items
scored as 2 for unaided, 1 for performed
with modification or adaptation and 0 for unable, with a maximum score of 40.
We also collected available total scores on the Revised Upper Limb Module
(RULM), an SMA-specific measure for upper limb motor function.3® It is an
ordinal scale consisting of an entry item (a modified version of the Brooke
scale®® that does not contribute to the total score), and other 19 items, 18 scored
on a 3 points scoring system (0—2) and 1 scored on a 2 points scoring system
(0—1) for a maximum score of 37.
iii. Anthropometrics: height was calculated using arm span as a surrogate
measure; weight was collected in kilograms, and we calculated weight z-scores
using the British 1990 growth references.’
iv. Pain: we collected available information on the most common postsurgical
pain location.
In addition, we offered the option to parents and patients older than 16 years of
answering an investigator-developed phone interview and taking part into a full day
focus group on postsurgical pain and satisfaction. The phone interview consisted of 10
multiple choice questions on the following topics: posture/sitting balance, pressure
sores, pain (location and management), overall physical appearance/ cosmetic
changes, self-image, patients/parents' point of view on scoliosis surgery (changes in
performance of daily activities, rate of success, fulfilment of expectations, intention to
recommend it to others).
The focus group took place in London at the Dubowitz Neuromuscular Centre in June
2019. Both families and representatives of the SMA UK advocacy group attended the
meeting, which was run by neuromuscular doctors (MS, CB) and a lead physiotherapist
(MM). Participants were initially informed of known secondary outcomes of scoliosis
surgery in SMA according to the literature (CB, MS). After that, MM presented an
overview on the main physiotherapy issues following scoliosis surgery in SMA. During
the second part of the day, attendees had the opportunity to share positive and
negative aspects of their spinal surgery experiences and to give written information on
unmet care needs.
Descriptive statistics were used to summarize demographic and clinical features of the

study cohort, means and standard deviations for continuous variables, medians and
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interquartile ranges for skewed data, and frequency and percentages for categorical
variables.

For the longitudinal data (FVC %, HFMS total scores, RULM total scores, and weight
z-scores), the relationship with time before and after scoliosis surgery was analyzed
using a mixed effect regression model for each of the outcomes. To allow for a
difference in the relationship before and after surgery, we used a linear spline with a
single knot at age at surgery, and therefore we were able to estimate the mean annual
rate of changes both before and after the procedure. We also compared rates of
changes presurgery and postsurgery.

For motor function data, additional analyses were performed to describe the median
change in HFMS and RULM total scores at first postsurgery assessment compared
with the last presurgery score. Results are presented according to the SMA type, and
patients are grouped by postoperative score change considering stability a change
within 2 points and functionally meaningful change a gain/loss >2 points. These
cutoffs were decided based on criteria already selected in previous studies
investigating changes in SMA-specific motor scales’38-40and based on recent patient

and caregiver surveys reporting clinically meaningful changes in those scales.*'#4

2.4 Results

2.4.1 Retrospective study

Study Cohort

A total of 32 patients were included. None of these patients had received nusinersen
or other SMN-modulating therapies. The clinical and surgery-related characteristics of
the study cohort are shown in Table 1 (summary data) and Table S1 (individual patient
data).

Respiratory function

Longitudinal FVC % measurements were available for all patients, both before and
after surgery. The results of the analysis revealed a statistically significant difference
between the mean annual rate of decline before and after surgery when considering
both the whole cohort and patients with SMA type 2 and 3 separately. The data on the

mean annual rate of change are reported in Table 2 and shown in Figure 1A, and the
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data on the longitudinal collection of FVC% values before and after surgery are shown
in Figure S1A.

Motor function

a. Gross motor function based on the total scores at the HFMS
Longitudinal HFMS total scores were available for 27 patients, with 14/27 having

assessments performed both before and after the procedure.

Mean annual rate of HFMS total score change

The mean annual rate of HFMS total score decline was analyzed in all 27 patients. The
results of the analysis showed no statistically significant difference between the mean
annual rate of decline before and after surgery when considering both the whole cohort
and patients with SMA type 2 and 3 separately. The data on the mean annual rate of
change are reported in Table 3 and shown in Figure 1B, and the data on the longitudinal

collection of HFMS total scores before and after surgery are shown in Figure S1B.

Median HFMS total score change immediately after surgery

The median HFMS total score change at first assessment after surgery compared with
the last presurgery value was analyzed in the subset of 14 patients having
assessments performed both before and after the procedure. In total, 2/14 had their
assessments performed more than 24 months before/after the procedure and were
excluded from this analysis. Results from this subset of patients are summarized in

Table 4 (summary data) and Table S2 (individual patient data).

b. Upper limb motor function based on the total score at the RULM
Longitudinal RULM total scores were available for 21 patients, with 12/21 having

assessments performed both before and after surgery.

Mean annual rate of RULM total score change

The mean annual rate of RULM total score decline was analyzed in all 21 patients. The
results of the analysis showed no statistically significant difference between the mean
annual rate of decline before and after surgery when considering both the whole cohort

and patients with SMA type 2 and 3 separately. The data on the mean annual rate of
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change are reported in Table 5 and shown in Figure 1C, and the data on the longitudinal

collection of RULM total scores before and after surgery are shown in Figure S1C.

Median RULM total score change immediately after surgery

The median RULM total score change at first assessment after surgery compared with
the last presurgery value was analyzed in the subset of 12 patients having
assessments performed both before and after the procedure. Results from this subset
of patients are summarized in Table 6 (summary data) and Table S3 (individual patient
data).

Weight

Multiple time-points weight data (z-scores) were available for all patients, both before
and after surgery. The analysis revealed different results for SMA type 2 and
nonambulant SMA type 3 patients, with significant variability around population
average models in both groups. The data on the mean annual rate of change are
reported in Table 7 and shown in Figure 1D, and the data on the longitudinal collection
of weight z-scores before and after surgery are shown in Figure S1D. Considering the
first weight measurement after surgery expressed in z-score, 16 of 32 patients (50%,
13 SMA type 2 and 3 nonambulant SMA type 3) showed a negative deviation from the
last presurgery value which persisted at second postoperative measurement. Overall,
5/16 (31%, 4 SMA type 2 and 1 SMA type 3) required food supplements after surgery,
and 1 SMA type 2 patient with significant weight loss (>5% of total weight) required

postsurgery gastrostomy.

Pain

According to the clinical notes, hip pain was the most common postsurgical pain
documented. Thirteen of 32 patients (40%) reported hip pain requiring pain
medications in 8 of 13, intra-articular steroids in 2 of 13, and surgery (bilateral femoral

head osteotomy) in 1 patient.

2.4.2 Phone interviews and focus group on postsurgical pain and satisfaction
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Phone interviews

Ten participants (7 parents and 3 patients older than 16 years) gave their written
consent to participate in the investigator-developed phone interview on postsurgical
pain and satisfaction. Answers were related to spinal fusion (7/10 interviews), magnetic
growing rods (2/10, followed by final growth spinal fusion in 1 case), and
traditional/nonmagnetic growing rods (1/10). The combined responses for the 7
parents and the 3 patients were as follows: All rated the surgical procedure as very
successful with 9/10 describing changes in posture and physical appearance as “major
improvement” and 1/10 as “moderate improvement.” They stated the procedure met
their expectations and that they would recommend it to others. Nonetheless, 7/10
reported some postoperative issues such as pain, reduced mobility (globally as well as
at specific levels, especially at neck level), and increased unmet care needs after
surgery. One patient reported improvements after magnetic growing rods but

worsening after final growth spinal fusion.

Focus group

Three parents and four patients expressed their willingness to attend the focus group
for families. During the meeting, participants had the opportunity to discuss positive
and negative aspects of their experiences and to provide written feedback. Potential
unmet care needs after surgery were explored, and three main aspects requiring
improvement were pointed out: the need for specific, intensive physiotherapy
interventions before and after scoliosis surgery, the need for timely wheelchair and
occupational therapy assistance after surgery, and the need for structured
psychological support for patients, their parents, and siblings both before and after the

procedure.

2.5 Discussion

Regarding respiratory function, data are contrasting as recently summarized by a
systematic review® and a meta-analysis.’® Available respiratory outcomes after
scoliosis surgery in SMA were found to be too variable and data presented too

heterogeneous to make comparisons regarding both spinal fusion'14.16:45-54 gngd
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growth-friendly procedures.?'°%-58 Qur results seem to reinforce the positive trend
reported by some authors. However, more recent studies show opposite findings.33%°
Among these, a large multicenter longitudinal study3? considered FVC% data corrected
for the age differences in respiratory trajectories (which was not done in our cohort),
and showed an annual FVC% decline after surgery that was steeper than before
surgery, even though the difference was not significant.

Worsening of gross motor abilities had been reported in older studies, although with
data based on nonformal assessments'! or on very few patients.'?> Recently, Young
and colleagues documented gross motor function decline in a cohort of SMA type 2
and type 3 subjects using the expanded version of the HFMS (HFMSE).'® Our results
confirm their findings; however, comparisons between the latter and our study are
limited because the HFMSE has additional items designed to avoid the ceiling effect
of the HFMS in higher functioning patients and, therefore, better captures significant
drop in functioning in this group of patients. In addition, a higher number of patients
showing a drop in the HFMS score might have been missed in our cohort due to a
longer time after the procedure at first assessment.

Our analysis of longitudinal RULM data showed no statistically significant difference,
and the further analysis on the first assessment after surgery showed more variability
compared with the HFMS. A recent retrospective study evaluating SMA type 3 patients
24 months after losing ambulation®® showed no significant difference in RULM score
between patients who did or did not have surgery during the study period. Therefore,
results on the RULM scale would require replication in larger longitudinal cohorts.
One published study found no significant change of body mass index in SMA type 2
patients after spinal fusion.' Our data showed a statistically significant decline of
weight z-scores after the procedure in the SMA type 2 group. Information on
perioperative dietetic input in this group was not collected. However, our findings
reinforce the importance of weight monitoring and follow-up by a dietician when
considering a major procedure like scoliosis surgery in a population already at risk for
a variety of feeding problems®%-%2 as recently highlighted in two SMA type 2 cohorts.®3
A literature review?® documented the scarcity of quality of life data in patients with SMA
undergoing scoliosis surgery. Later, Montes et al.?* further emphasized the need for
prospective studies examining outcomes following orthopedic surgery in SMA,

including structured assessments of pain. However, few studies have focused on
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pain and satisfaction after scoliosis surgery in SMA patients only,'5- 192122 gand their
findings are summarized in Table S4. The results of our survey showed overall
satisfaction due to improved posture and physical appearance. Nonetheless, more
than half of participants reported three postoperative issues with which they struggled.
First, postsurgical pain, especially at hip level, was documented in 40% of our patients
and also reported by two recent studies.®%%6 Second, reduced mobility, both globally
and at specific levels such as neck level. Third, the lack of postsurgical structured
interventions in terms of intensive physiotherapy programs, prompt occupational
therapy assistance, and psychological support. Considering the relatively small
number of patients/caregivers participating in the phone interviews and attending the
focus group, we cannot exclude the possibility of a selection bias. Patients/families
having more dissatisfaction after the surgery might have been keener to be involved in
our survey and focus group or vice-versa, and caution is necessary when interpreting
our results. Nevertheless, we believe these aspects require attention and highlight the
importance of multidisciplinary approaches and proactive interventions to improve
postoperative management.

Our study has limitations. Our population is a single-center cohort representing a
relatively small sample of SMA patients, especially those with nonambulant SMA type
3. In addition, most data were collected retrospectively, and the number and timing of
assessments per patient were variable, with less data available on the motor function
domains. We did not analyze singular items of the motor function scales, and further
studies are required to clarify whether some items are more affected than others after
spinal surgery and why. Our data are limited to the pediatric population, and longer
studies would be required to monitor the course of secondary outcomes into adulthood.
Finally, we did not investigate the impact of different types of scoliosis surgery on
secondary outcomes, and further studies are needed to do so.

In conclusion, our study expands the knowledge on secondary outcomes of scoliosis
surgery in SMN-targeting treatment-naive SMA type 2 and nonambulant SMA type 3
patients. It shows a positive impact on respiratory function and overall satisfaction with
posture and physical appearance, but a negative impact on motor function, weight,
pain, mobility, and care needs. Data available on positive as well as negative outcomes
can support discussions with patients and parents/caregivers before planning the
procedure. The information gathered from this study could also help to better interpret

the impact of current and new drugs for SMA on scoliosis management, especially
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considering initial evidence of SMA type 1 children requiring scoliosis surgery at an
early stage, although we would consider using this information with caution as this
latest phenotype has not been fully described yet. Future longitudinal studies in larger

SMA cohorts are warranted to explore these aspects further.
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2.7 Tables and figures

Table 1 Clinical and surgery-related characteristics of the study cohort for the

retrospective study (summary data).

Total cohort (n = 32)

SMA type 2 (n = 26)

SMA type 3 (n = 6)

Female, n (%) 22 (69%) 17 (65%) 5 (83%)
Spinal surgery type

Spinal fusion, n (%) 24 (75%) 18 (69%) 6 (100%)
Traditional growing rods, n (%) 4 (12.5%) 4(15.5%) 0 (0%)
Magnetic growing rods, n (%) 4 (12.5%) 4(15.5%) 0 (0%)
Final growth spinal fusion after traditional growing rods, n 1/4 1/4 0

Final growth spinal fusion after magnetic growing rods, n 2/4 2/4 0

Mean age at spinal surgery (+SD), years 10.7 (£2.8) 10.3 (x2.9) 12.6 (1.3)
Mean presurgery Cobb angle (+SD), degrees 68.9 (£14.6) 69.2 (+15.9) 68.0 (£8.5)
Median presurgery follow-up (min, max), years 3.7(0.9,12.4) n/a n/a
Median postsurgery follow-up (min, max), years 3.4(04,11.3) n/a n/a

Table 2 Mean annual rate of forced vital capacity percentage of predicted (FVC%)
change presurgery versus postsurgery.

Total cohort (n = 32) SMA type 2 (n = 26) SMA type 3 (n = 6)

Mean annual rate of FVC% change before surgery (95% Cl) —7.4% (—8.6 to —6.3) —-6.9% (—8.1 to —5.7) —-10.4% (—13.6 to —7.2)
—3.3% (—4.0 to —2.6) —3.2%(-3.8to —2.5) —4.6%(-7.1to —2.1)

Presurgery versus postsurgery difference p Value p <.001 p <.001 p<.01

Mean annual rate of FVC% change after surgery (95% Cl)

Table 3 Mean annual rate of Hammersmith Functional Motor Scale (HFMS) total score

change presurgery versus postsurgery.

Total cohort (n = 27) SMA type 2 (n = 22) SMA type 3 (nh = 5)

Mean annual rate of HFMS change before surgery (95% Cl) -1.3(-1.8to -0.8) —0.84(-1.33to —0.35) —2.13(-3.33 to —0.94)
-1.3(-1.9to -0.7) —1.17(-1.73 to —0.61) —493(-7.32 to —2.53)

Presurgery versus postsurgery difference p Value p=.98 p=.48 p=.19

Mean annual rate of HFMS change after surgery (95% Cl)
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Table 4 Median Hammersmith Functional Motor Scale (HFMS) total score change

immediately after surgery.

Total cohort (n = 12)

Median HFMS total score change —6.5; -10.3to —2(-23,0)
immediately after surgery: points;

IQR (min, max)

N of patients showing stability (no 5/12

change or loss <2 points)

N of patients showing a 7/12

functionally meaningful change

(loss »2 points)

Median time at last assessment 8.5;65t017.75(1, 21)
before the procedure: months;

IQR (min, max)

Median time at first assessment 13.5; 7.5t0 21.25 (3, 24)
after the procedure: months; IQR

(min, max)

Table 5 Mean annual rate of Revised Upper Limb Module (RULM) total score change

presurgery versus postsurgery.

Total cohort (n = 21) SMA type 2 (nh = 15) SMA type 3 (n = 6)
Mean annual rate of RULM change before surgery (95% Cl) —2.0(-30to 1.1) —-2.0(-3.1t0 -0.9) —2.3(—4.0 to -0.6)
Mean annual rate of RULM change after surgery (95% Cl) —1.3(-18 to —0.9) —1.3(—1.8 to —0.8) —1.0(-1.9 to 0.01)
Presurgery versus postsurgery difference p value p=.22 p=.31 p=.25

Table 6 Median Revised Upper Limb Module (RULM) total score change immediately

after surgery.

Total cohort (n = 12)

Median RULM total score change —2; —7to —1(—9,+5)
immediately after surgery: points; IQR

(min, max)

N of patients showing a functionally 1/12

meaningful improvement (gain >2 points)

N of patients showing stability (a change 6/12

of £2 points)

N of patients showing a functionally 5/12

meaningful change (loss >2 points)

Median time at last assessment before 4.5 2.75t0 8(0, 13)
the procedure: months; IQR (min, max)

Median time at first assessment after the 7:5.5t011.5(2, 18)
procedure: months; IQR (min, max)
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Table 7 Mean annual rate of weight z-score change presurgery versus postsurgery.

Total cohort (n = 32) SMA type 2 (n = 26) SMA type 3 (n = 6)
Mean annual rate of weight z-score change before +0.02 (—0.05 to 0.10) +0.04 (—0.03 to 0.12) —0.15(—0.39 to 0.09)
surgery (95% Cl)
Mean annual rate of weight z-score change after surgery —0.17 (-0.24 to —0.11) —0.18 (—0.25 to —0.11) —0.08 (—0.31to0 0.15)
(95% Cl)
Presurgery versus postsurgery difference p value p < .001 p<.001 p=.76

Figure 1 Mean annual rate of change of secondary outcomes before and after scoliosis
surgery in spinal muscular atrophy (SMA) type 2 (blue lines) and type 3 (red lines)
patients. (A) Mean annual rate of forced vital capacity percentage of predicted (FVC%)
decline. (B) Mean annual rate of Hammersmith Functional Motor Scale (HFMS) total
scores decline. (C) Mean annual rate of Revised Upper Limb Module (RULM) total

scores decline. (D) Mean annual rate of weight z-scores change.
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Supplementary Table 1. Clinical and surgery-related characteristics of the study

cohort for the retrospective study (individual patient data)

Gender | Scoliosis surgery type Final growth | Age at Pre-surgery
spinal fusion | surgery (y)* | Cobb angle

Type 2 SMA (n=26)

F traditional/non-magnetic growing rods | yes 4.3 35
F traditional/non-magnetic growing rods | no 7.5 80
F traditional/non-magnetic growing rods | no 7.6 85
F traditional/non-magnetic growing rods | no 8.0 78
M magnetic growing rods yes 5.4 60
F magnetic growing rods no 6.9 85
F magnetic growing rods no 8.4 55
M magnetic growing rods yes 9.2 58
F spinal fusion no 8.7 86
M spinal fusion no 12.8 38
F spinal fusion no 9.6 85
M spinal fusion no 12.9 54
F spinal fusion no 14.6 70
M spinal fusion no 135 86
M spinal fusion no 16.7 78
F spinal fusion no 10.6 81
M spinal fusion no 11.7 89
F spinal fusion no 114 80

49



F spinal fusion no 10.4 55
M spinal fusion no 13.3 47
F spinal fusion no 13.1 89
F spinal fusion no 10.8 63
F spinal fusion no 8.7 68
F spinal fusion no 10.8 58
M spinal fusion no 11.3 67
F spinal fusion no 8.7 67

Non-ambulant type 3 SMA (n=6)

F spinal fusion no 11.3 55
F spinal fusion no 124 70
F spinal fusion no 13.9 66
M spinal fusion no 134 71
F spinal fusion no 10.9 65
F spinal fusion no 13.6 81

SMA=Spinal Muscular Atrophy

* The date of scoliosis surgery was approximated to the first day of the month in which the procedure took place
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Supplementary Table 2. Patients who had Hammersmith Functional Motor Scale

(HFMS) assessments within 24 months pre- and post- scoliosis surgery

Gender | Type of scoliosis surgery | Age at last HFMS Age at first | HFMS score | HFMS
assessment | score at last | assessment | at first score
before assessment | after assessment change
surgery (Y, before surgery (y, | after surgery | (points)
m) surgery m)

Type 2 SMA

Post-surgery HFMS score change £ 2 (n=5)

F Traditional/non-magnetic | 5y 8m 12 8y 6m 10 -2

growing rods

F Traditional/non-magnetic | 7y 2m 7 9y 9m 5 -2

growing rods

M Magnetic growing rods 5y Om 4 5y 8m 2 -2

F Spinal fusion 8y 9Im 7 11y 4m 5 -2

F Spinal fusion 10y 4m 8 10y 9m 8 0

Post-surgery HFMS score loss > 2 (n=3)

F Magnetic growing rods 8y 3m 18 8y 10m 11 -7

F Spinal fusion 9y 2m 29 11y 7m 13 -16

M Spinal fusion 10y 2m 6 13y 5m 0 -6

Non-ambulant type 3 SMA

Post-surgery HFMS score change + 2 (n=0)




Post-surgery HFMS score loss > 2 (n=4)

F Spinal fusion 10y 7m 24 12y 10m 10 -14
F Spinal fusion 11y 7m 38 14y 1m 15 -23
F Spinal fusion 12y 3m 38 15y Im 31 -7
F Spinal fusion 13y 3m 27 14y 3m 18 -9

HFMS=Hammersmith Functional Motor Scale; SMA=Spinal Muscular Atrophy; y = years; m = months
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Supplementary Table 3. Patients who had Revised Upper Limb Module (RULM)

assessments within 13 months before and 18 months after scoliosis surgery

Gender | Type of scoliosis Age atlast | RULM Age at first | RULM RULM
surgery assessment | score at last | assessment | score at first | score
before assessment | after assessment | change
surgery before surgery after (points)
(y, m) surgery (y, m) surgery
Type 2 SMA

Post-surgery RULM score gain > 2 (n=1)

M Spinal fusion 11y 3m 12 11y 11m 17 +5

Post-surgery RULM score change £ 2 (n=4)

F Spinal fusion 10y 3m 15 10y 9m 14 -1
F Spinal fusion 10y 7m 25 11y 7m 23 -2
F Spinal fusion 12y 9m 15 13y 8m 16 +1
M Spinal fusion 12y 10m 18 13y 11m 16 -2

Post-surgery RULM score loss > 2 (n=3)

F Traditional growing rods | 7y 5m 23 8y 6m 16 -7
F Spinal fusion 7y 7m 14 10y 2m 7 -7
F Spinal fusion 14y 3m 24 15y Om 21 -3

Non-ambulant type 3 SMA

Post-surgery RULM score change + 2 (n=2)
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F Spinal fusion 12y 10m 29 14y 2m 27 -2
F Spinal fusion 13y 3m 28 13y 9m 27 -1
Post-surgery RULM score loss > 2 (n=2)

F Spinal fusion 10y 3m 25 12y 6m 17 -8
M Spinal fusion 12y 9m 31 14y 4m 22 -9

RULM=Revised Upper Limb Module; SMA=Spinal Muscular Atrophy; y = years, m = months
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Supplementary Table 4. Studies on quality of life after scoliosis surgery in spinal

muscular atrophy (SMA) and other disorders

Study N of Disorders included Outcome measure Main findings
patients
Bridwell et | 48 DMD (n=29), SMA Multiple-choice, Most patients/parents
al, 1999 [15] (n=19) investigator-developed reporting positive
questionnaire outcomes in terms of
cosmesis, quality of life
and overall satisfaction;
negative impact on the
ability to get hands to the
mouth
Chongetal, | 35 Muscular dystrophies Telephone interviews High levels of satisfaction
2010 [16] (n=24), SMA (n=11) using questions 21, 22, in both groups, with mean
23, 24, 30 of the SRS-30 | score for the
improvement in self-
image significantly better
in SMA
Obid et al, | 46 Cerebral palsy (n=8), Investigator-developed High approval rate
2013 [17] DMD (n=7), questionnaire based on regarding satisfaction

myelomeningocele (n=7),
SMA (n=6), Syndromes
(n=6), Unknown (n=5),
Myopathy (n=5), TBI
(n=1), Friedreich’s ataxia

(n=1)

the PEDI

with the results,
improvement of quality of

life and pain




Suk et al, | 59 DMD (n=27), other MDSQ and SF-36 Patients had significantly
2015 [18] muscular dystrophies administered to patients improved sitting balance,
(n=16), SMA (n=16) and their parents bodily pain, and social
preoperatively, functioning scales, while
postoperatively at 3 no scales for parents
months and at 1-year improved significantly
postoperatively
Nordon et | 18 Cerebral palsy (n=10), Questionnaire adapted Satisfied patients 94.4%,
al, 2017 [19] Neurofibromatosis (n=2), | from Comstock et al. and | expectations met in
SMA (n=2), Goldenhar Bridwell et al [15] 61.1%, quality of life and
Syndrome (n=1), Noonan aesthetics improved in
Syndrome (n=1), 83.4% and 94.4%
Congenital Idiopathic respectively, all patients
Malformation (n=1), would recommend the
Congenital Myopathy surgery to others
(n=1)
Gaume et | 59 SMA type 1c (n=9), SMA | Questionnaire adapted Satisfaction was positive
al, 2021 [21] type 2 (n=47), SMA type | from Comstock et al. and | in 54 patients (91.5%)

3 (n=3)

Bridwell et al [15].

Satisfaction with surgery
was divided into 2
groups: positive (very
satisfied and satisfied)
and negative (neutral,
unsatisfied, and very
unsatisfied). School level
and presence of spinal

pain were also asked.

and negative in the
remaining 5. Reasons for
negative satisfaction were
the maintain of bracing
after surgery (1), the need
of iterative rod
lengthening (2), persistent
lower back pain (1), and

chronic infection
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requiring the removal of

the instrumentation (1).

Back pain was not
reported during long-term
follow-up in 52 patients.
In the remaining 7, back
pain was relieved by
analgesics (3), was only
mechanical, during
mobilization from toilets
to wheelchair or to bed
(3) or appeared only at

the end of the day (1).

Wang et al,

2022 [22]

19

SMA type 2 (n=14), SMA

type 3 (n=5)

Scores for sitting-related
items (questions 7, 11, 15,
16, 17, 22, 24, 26, and 27)

of the MDSQ

Cumulative scores of
sitting-related items in
MDSQ were increased
from 19.11+5.40 to

26.21+5.20 (P<0.05)

SMA=Spinal Muscular Atrophy, DMD=Duchenne Muscular Dystrophy, SRS-30= Scoliosis Research Society questionnaire -

version 30, PEDI= Paediatric Disability Inventory, TBI=Traumatic Brain Injury, MDSQ= Muscular Dystrophy Spine

Questionnaire, SF-36= Short-Form questionnaire
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Figure S1. Longitudinal data collection of secondary outcomes values before and after
surgery in spinal muscular atrophy (SMA) type 2 (blue lines) and type 3 (red lines)
patients. Panel A: longitudinal Forced Vital Capacity percentage of predicted (FVC%)
values. Panel B: longitudinal Hammersmith Functional Motor Scale (HFMS) total score
values. Panel C: longitudinal Revised Upper Limb Module (RULM) total score values.

Panel D: Longitudinal weight z-scores values.
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SECTION lil: NEURODEVELOPMENTAL OUTCOMES IN SMA 1

Chapter 3 Brain, cognition, and language development in spinal muscular

atrophy type 1: a scoping review.
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3.1 Abstract

Aim To summarize the current knowledge on brain involvement in spinal muscular
atrophy (SMA) type 1, focusing on brain pathology, cognition, and speech/language
development.

Method A scoping review was performed using the methodology of the Joanna Briggs
Institute. Five databases and references from relevant articles were searched up to
December 2019. Articles were screened on the basis of titles and abstracts. Full-text

papers published in peer-reviewed journals in English were selected.
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Results Nineteen articles met eligibility criteria. Eight case series/reports on brain
pathology showed abnormalities in few SMA type 0/1 cases, supported by findings in
three postmortem examinations in mice. Four studies (three case—control, one cross-
sectional) on cognition reported contradictory results, with impaired cognitive
performances in recent, small groups with SMA type 1. Four studies (three cross-
sectional, one observational) on speech/language showed that untreated SMA type 1
patients rarely achieve functional and intelligible speech, with data limited to parent
reports/non-formal evaluations.

Interpretation Brain involvement is an under-investigated aspect of SMA type 1,
requiring further exploration in longitudinal studies. A deeper knowledge of brain
involvement would improve the interpretation of clinical phenotypes and the
personalization of rehabilitation programmes supporting patients’ autonomies and
quality of life. Additionally, it may help to define further outcome measures testing the

efficacy of current and new developing drugs on this domain.

3.2 Introduction

Spinal muscular atrophy (SMA) encompasses a group of neuromuscular disorders
characterized by degeneration of alpha motor neurons in the spinal cord with
progressive

muscle atrophy, weakness, and paralysis.! The most common form of SMA is due to a
defect in the survival motor neuron 1 (SMN1) gene located on chromosome 5q11.2—
g13.3, resulting in insufficient SMN protein levels.2 However, humans have at least
one copy of the highly homologous SMN2 gene producing a low amount of functional
full-length SMN protein, which is sufficient to allow survival in the absence of full-length
SMN from the SMN1

gene.?3 The incidence is 1 in 7000 to 10 000 live births and the carrier frequency is
approximately 1 in 50.# The disease presents a wide range of phenotypes that are
classified

into five clinical groups (types 0—4) depending on age at onset and maximum motor
milestone achieved, with types 0 and 1 being the most severe. SMA type 0 is an
extremely severe prenatal/congenital form, with reduced fetal movements, congenital
contractures, and early respiratory failure. SMA type 1, also called Werdnig—Hoffman

disease, presents shortly after birth and before 6 months of age with inability to achieve
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independent sitting and limited life expectancy (high mortality rate by 2y). This form is
further classified into three subgroups according to the age at symptom onset: within
the first 2 weeks of life (type 1a), by 3 months of age (type 1b), and between 3 and 6
months of age (type 1c). Overall, SMA type 1 accounts for 60% of all patients with SMA
and is the most common genetic cause of death in infants. Published literature on SMA
type 1 has mainly focused on survival and respiratory, bulbar, and motor function,>’
while less attention has been paid to other features of the disease, including brain
involvement. However, clinical practice shows that some patients with SMA type 1 may
show cognitive impairment, and most children untreated for SMA type 1 never achieve
functional verbal skills.®

Over the past few years, the natural history of the disease — in particular of the type 1
form — has radically changed thanks to the availability of new pharmacological
treatments. Nusinersen (Spinraza), the first SMN-modulating treatment targeting the
RNA splicing of the SMN2 gene, resulted in prolonged survival and improved motor
function in clinical "@'s%-12 and was approved by the US Food and Drug Administration
and the European Medicine Agency in 2016 and 2017, respectively.

Onasemnogene abeparvovec-xioi (Zolgensma), the first gene replacement therapy for
this disease, has also shown positive results in clinical trials in patients with SMA type
1,13-15 and was approved by the US Food and Drug Administration in 2019 and more
recently by the European Medicine Agency. Other drugs are at a very advanced stage
of clinical development, including the orally administered SMN2 splicing modifier
risdiplam,'® recently approved by the US Food and Drug Administration, and represent
promising additional pharmacological options for SMA.

With the increasing number of long-term survivors of SMA type 1 worldwide, it has
become obvious that treated children show new phenotypes, presenting changes not
only in respiratory, bulbar, and motor function, but also in other areas of functioning,
including cognition and speech and language development. A better understanding of
the characteristics and extent of brain involvement in SMA type 1 is crucial for a deeper
comprehension of the clinical features of the disease and for personalized patient
management.

In this scoping review, we first aim to explore and summarize the current knowledge of
brain involvement in SMA type 1, analysing the domains of brain pathology, cognition,
and speech/language development through an extensive search of the published

literature. Second, by providing up-to-date information on structural and functional
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brain involvement in SMA type 1, we aim to pave the way for future research focusing
on these domains. We believe that understanding the nature and degree of brain
involvement in this disease may help to better characterize the newly emerging
phenotypes of treated patients. This, in turn, would shed light on aspects that are still
unclear, including the impact of new pharmacological treatments on cognitive and
speech/language functions and the role of recovered motor abilities on brain
development. These aspects may become increasingly important in the future when
choosing between different drugs and planning personalized rehabilitation
programmes, particularly in children with SMA type 1, who may present with a

developmental disorder in addition to the neuromuscular disease.

3.3 Method

The Joanna Briggs Institute (JBI) methodology for scoping reviews described in the
online JBI reviewer’s manual'” was used to conduct the review. Results are presented
following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
extension for Scoping Reviews (PRISMA-ScR) checklist.'®

No a priori protocol was registered. Further information on the process can be obtained

from the corresponding author on request.

Inclusion criteria
The inclusion criteria used to select the articles for the review were based on the

population, concept, and context elements reported below.

Population

We included articles addressed to the 5q11.2—g13.3 SMA, excluding all other forms of
SMA. Afterwards, only papers on 5q SMA type 1 were analysed, according to the aim
of the review. The only exception was the brain pathology domain, where we also
discussed the findings from other 5q SMA subtypes (0 and 2). The reason was that the
biological mechanisms underlying brain pathology could be considered similar all
forms of 5q SMA, although with

different degrees of severity. 192

Concept
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We selected articles analysing the following concepts: ‘brain pathology’, for which we
included pathological and imaging studies on both humans and animal models; and
‘cognition’ and ‘speech/language development’, for which we included studies testing
cognitive functions as well as receptive and expressive communication skills with any
tests for the paediatric population (both validated and nonvalidated in large paediatric

cohorts).

Context
No cultural, geographical, ethnicity, or sex-specific limits were considered for our

review, the reason being the equal presentation of the disease in these categories.

Search strategy

The review covered data available up to December 2019. Selected keywords were
combined to create search strategies, adjusted for each screened database. Articles
were

searched in the following databases: PubMed/MEDLINE (1950-2019), Scopus (1996—
2019), Embase (1980-2019), PsycINFO (1806-2019), and Web of Science (1990-
2019). Search terms included ‘spinal muscular atrophy’, ‘brain’, ‘magnetic resonance
imaging’, ‘central nervous system’, ‘cognition’, ‘intellectual disability’, ‘speech’,
‘language’, ‘communication’, ‘augmentative alternative communication’, ‘attention’,
‘executive functions’, ‘working memory’, and ‘neuropsychology’. Table S1 (online
supporting information) shows the search process used to retrieve the final articles
discussed in the review. Search strategies and search terms are reported for
PubMed/MEDLINE, Scopus, Embase, and PsycINFO. References from relevant
articles were searched for inclusion of additional papers not previously identified

through the systematic search.

Study screening and selection

Articles were initially screened on the basis of titles and abstracts according to the
population, concept, and context elements previously described (data on central
nervous system [CNS] morphology and functions in SMA type 1). Duplicates were
removed. Only full-text papers published in peer-reviewed journals and in English were

selected. The articles were examined by two authors (RM and CB), and eligibility for
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inclusion was performed independently; in case of discordant opinion between the

reviewers, the eligibility of the article was discussed until consensus was reached.

Level of evidence and qualitative analysis of eligible articles

The strength of evidence for each article was assessed according to the levels of
evidence developed by the JBI.??

In addition, the methodological quality of papers focusing on cognitive and
speech/language development was assessed following amended criteria from Cross
and Hare?? reported by Pearson et al.?* The articles were rated from 0 to 2 in six areas:
control group; sample size; recruitment; syndrome diagnosis; methodology; and
appropriate statistics/ comparisons. Table S2 (online supporting information) shows the
scoring criteria used to assess the methodological quality of eligible articles. A total
score was obtained for each article, with papers scoring in the upper tertile of possible
scores (9+) deemed to be of reasonable methodological quality. The qualitative
assessment was performed by two authors (RM and CB) independently; in case of
discordant opinion between the reviewers, the scoring was discussed until consensus

was reached.

Extraction and presentation of results

All data relevant to inform the scoping review objectives and questions were extracted
and are summarized in Tables 1 to 4 (Tables 3 and 4 also report the quality assessment
of articles focusing on cognitive and speech/ language development). Results were
grouped according to the domains explored: brain neuropathology, brain

neuroimaging, cognition, and speech/language development.

3.4 Results

Search results

A total of 19 articles were included in the review after study screening and selection:
11 focusing on brain pathology, four on cognition, and four on speech/language
development, as shown in Figure S1 (online supporting information). All but one of
these papers included patients untreated for SMA type 1.

Brain pathology

64



We identified 11 different articles on brain involvement in SMA: seven on
neuropathological examinations (three out of seven performed in mouse models), and

four on neuroimaging findings in patients with SMA.

Neuropathological studies: patients

Specific neuropathological abnormalities have been reported in several CNS areas
other than lower motor neurons from autoptic examinations performed in patients with
both the type 0%° and the type 1267 forms of the disease. Articles published before
1980 were already summarized by Towfighi et al.?® and they were not counted
individually as part of the results of this review. The involved CNS structures included
brainstem nuclei, pigmented nuclei, thalami, basal ganglia, frontal and temporal
cortices, hippocampi, and cerebellum. In addition, few papers documented different
degrees of involvement according to disease severity. Brain samples from patients with
different subtypes of SMA type 1 showed milder findings in patients with the less severe
forms of SMA type 1 (1b and 1c) compared with patients with the most severe form of
the disease (type 1a).?” These neuropathological findings were considered primarily
related to the underlying condition by the authors. In addition, neuropathological
examinations of patients with a clinically and genetically confirmed diagnosis of SMA
type 2 showed no neuronal changes in the areas previously described as affected in
patients with SMA type 0/1 (e.g. brainstem nuclei, pigmented nuclei, thalami, basal
ganglia, hippocampi, cerebellum).?®2 Changes in areas such as the precentral gyrus
and the large myelinated fibres in the spinal- pyramidal tract were reported instead.
The overall level of evidence about the presence of neuropathological abnormalities

in humans was 4.b according to the JBI criteria.??

Neuropathological studies: mouse models

Changes in brain morphology were reported in a severely affected SMA mouse
model.?° Size reduction was observed in areas normally associated with higher SMN
protein levels in the healthy postnatal brain — especially the hippocampus — with more
modest morphological reductions in the primary motor cortex. According to the authors,
these data show for the first time that high levels of SMN protein are required for typical
brain development in vivo and, as a result, reduced expression of SMN protein causes

atypical brain development, particularly affecting regions such as the hippocampus.
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Neuropathological abnormalities in the developing telencephalon and in the motor
cortex were also reported in two other SMA mouse model studies.30:31

The overall level of evidence about the presence of neuropathological abnormalities in
mouse models was 5.c according to the JBI criteria.?? Details of each article are

reported in Table 1.

Neuroimaging studies

Alterations of several CNS areas other than alpha motor neurons in the spinal cord
have been demonstrated both by brain computed tomography (CT)3? and by brain
magnetic resonance imaging (MRI)33-3% studies. The largest case series reported
results of CT scans performed in eight children with a clinical diagnosis of SMA type
1.32 Images showed generalized cerebral cortical atrophy in all but one patient who
presented mild abnormalities in the white matter of both frontal lobes (the authors could
not exclude chronic hypoxic-ischemic brain injury as a cause of the described
abnormalities). All subsequent neuroimaging case series/reports presented brain MRIs
performed in patients with both SMA type 133 and type 03*3%° with no documented
history of hypoxic-ischemic events. A first case report of a patient with SMA type 1
showed thalamic abnormalities in the anterolateral portions.3® Very recently, marked
progressive CNS alterations have been documented in a longitudinal neuroimaging
case series in three patients with SMA type 0.3 Predominant brain MRI findings at the
first scan were supratentorial atrophy of subcortical predominance, tapered corpus
callosum, and widening of sulcus and ventricles; imaging follow-up showed a marked
progression of the supratentorial brain atrophy in all patients, characterized by severe
reduction of white matter (three out of three), severe hippocampal atrophy (two out of
three) and relative sparing of the cerebellum. Symmetrical signal abnormalities were
detected in the putamen and thalamus (lateral and pulvinar) in two patients, with
additional atrophy of caudate in the third. Marked ventricular dilatation was also
detected in the third patient. Finally, a progressive atrophy of the cerebral cortex,
subcortical white matter, thalami, basal ganglia, brainstem, and cerebellum
accompanied by epilepsy was reported at follow-up MRI scans in a very severely
affected patient with SMA type 0.3°

The overall level of evidence about the presence of neuroimaging abnormalities was

4.b according to the JBI criteria.?? Details of each article are reported in Table 2.
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Cognition

According to the review inclusion criteria, only four papers on cognitive performances
in type 1 SMA patients were found, and the available data seem contradictory.

The comparison of a group of patients with SMA (types 1 and 2, age 8—13y) with those
having Duchenne muscular dystrophy and typically developing children in verbal and
non-verbal intelligence (Wechsler Intelligence Scale for Children — Revised), language
(Batterie d’Evaluation du Langage; Test de vocabulaire actif e passif; North Syntax
screening test), and reading (le pipe et le rat; single-word list reading) showed lower
performances in the Duchenne muscular dystrophy group (verbal IQ, language, and
reading) than in patients with SMA.26 Overall, the SMA group was described as having
similar performances to typically developing individuals, but a direct statistical
comparison was not made between these two groups in the study. Another study of
cognitive skills in 96 children with SMA (18 with type 1, age 6—18y), assessed through
the Raven Coloured and Standard Progressive Matrices, the Kaufman Assessment
Battery for Children, and the Wechsler Intelligence Scale for Children, showed very
similar results between the SMA and comparison groups (non-affected siblings and
typically developing peers), with no differences between the types of SMA.3’ It should
be noted that patients classified in SMA type 1 in both of these studies were probably
not representative of this form of disease, as only some of them were able to sit and
the age was higher than expected by natural history. Furthermore, the adolescent
patients described in the second study seemed to perform better than a typically
developing comparison group on the verbal IQ subscale of Weschler tests and Raven
standard progressive matrix, suggesting that the environmentally mediated aspects of
intelligence were higher in patients with SMA than in the comparison groups. The
authors speculated that this was a compensatory effect for the restrictions resulting
from physical disability. On the other hand, the description of the functional status of
83 patients with SMA (22 type 1) through the Wee- FIM (an interview-based
questionnaire for caregivers) showed that the overall performance of children with SMA
was below normal, with the worst performance in patients with SMA type 1, who
required help or assistance in most of the cognitive functioning domains, particularly in
expression, social interaction, and problem solving.®® Furthermore, even the most
recent study on cognition3® confirmed a poorer performance in patients with SMA than
in a comparison group. It was specifically addressed to patients with SMA type 1 (age

3-9y), compared with a sex and age-matched typically developing comparison group.
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Cognitive assessment was completed with pair-matching tasks, consisting of verbal
requests to match objects, figures and colours, letters (upper and lower cases),
numbers (Arabic and words), by using an eye tracker device. Patients with SMA
performed worse than the comparison group in correct answer rate and time
performance in all tasks.

The overall level of evidence about cognitive impairment was 4.b according to the JBI

criteria.??2 Details of each article are reported in Table 3.

Speech and language development

Four articles were found on speech and language development in patients with SMA
type 1.

Two cross-sectional studies provided information on patients’ communication abilities
on the basis of researcher-developed questionnaires completed by parents/ carers (a
postal questionnaire*® and an online survey via email invitation*' respectively). Both
surveys focused on questions related to the communication methods used by the child,
including electronic and non-electronic communication devices. In the first study, the
authors observed that the five communication methods most frequently used were
signs (e.g. eye movements indicating ‘yes’ or ‘no’, 50%), eye fixation (47%), electronic
communication devices (47%), vocalizing (30%), and non-electronic communication
devices (22%). No communication methods were used by 19.4%. The acquisition of
the ability to communicate without using devices, such as through eye fixation,
vocalization, or use of signs was delayed compared with typically developing peers. In
this population, children showed the ability to communicate using electronic devices
from the age of 3 years and non-electronic devices from the age of 4 years. This is the
first study providing insight on the communication skills of children with SMA type 1
according to age and use of devices. In the second study, variability in the
communication methods used was reported, including speech (59%), gesture (69%),
speech generating device (38%), and no-tech picture or symbol board/book (16%).
Three parents reported that all four methods were used by their children (9%). In
patients able to speak, speech deficits were reported and were related to clarity,
independence, and intelligibility. Among children with no functional natural speech,
22% used gesture only. Results also illustrated parental perceptions of greater
receptive than expressive language abilities. The benefit of implementing speech-

generating devices in terms of communication effectiveness and quality of life was
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highlighted, although several obstacles to their acquisition and implementation were
reported.

Two further studies provided information on patients’” communication abilities on the
basis of clinicians’ observations. In one study,? the authors reported functional abilities
and other clinical findings — including speech — in a cohort of 122 untreated children
with  SMA type 1. In their cross-sectional analysis only 28% had acquired
comprehensible speech, defined as the ability to produce at least short sentences that
could be understood by the examiner and not just by the carers. These were mainly
patients with SMA type 1c who were at the milder end of the spectrum. The last study14
was the only one providing information about patients treated for SMA type 1, in
particular on health outcomes — including the acquisition of the ability to speak —in 12
children with SMA type 1 treated with gene replacement therapy. It showed an increase
to 92% of patients able to speak by the end of the 2-year followup period.

The overall level of evidence about speech/language impairment was 4.b in all but one
study (level 3.e) according to the JBI criteria.?? Details of each article are reported in
Table 4.

3.5 Discussion

This review suggests that a comprehensive understanding of brain involvement in SMA
type 1 is still lacking. One of the reasons for this limited knowledge is the difficulty of
assessing cerebral functions and other cognitive abilities in severely affected patients.
Severe muscle weakness as well as respiratory and bulbar dysfunction significantly
limit the interactions with the environment. Augmentative and alternative
communication and the use of eye-tracking devices have been recommended for
patients with SMA, but there are some limitations in the use of a nonphysiological way
of communication to study cognitive and verbal skills compared with typically
developing peers.

Furthermore, although the expression of the SMN protein throughout the CNS has
been known since the late 1990s,'%20 neuropathological studies in SMA type 1 are
sparse. The study of brain involvement through autopsies of very young infants was
probably slowed down by ethical considerations, given the apparent secondary interest
of the topic in such a devastating neuromuscular disorder.4243

Neuroimaging studies in this population are very limited as well.
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Available data show that brain structures can be primarily affected in the severe forms
of SMA. This was originally documented before the identification of the SMN1 gene,
on the basis of neuropathological findings at postmortem examinations.?® Subsequent
studies in patients with a genetically confirmed diagnosis of 59 SMA clearly
demonstrated brain involvement,252728.33-35 ggpecially in the most severe forms (types
1a or 0). Several structures, including thalami, basal ganglia, temporal and frontal
cortices, hippocampi, and cerebellum have been reported to be variably affected.
Interestingly, a marked progression of initial brain abnormalities has been documented
by follow-up brain scanning.343% This is something to be considered and further
investigated, especially now that treated patients are surviving longer. Experimental
evidence from mouse models — although very limited?%-3" — further supports a possible
primary brain involvement in patients with SMA type 1. Of note, neuropathological
alterations in other nervous system areas such as the primary spinal sensory neurons
of dorsal root ganglia were reported as well, both in human?>-2” and mouse model*+4%
studies. Although the study of the peripheral nervous system is beyond the scope of
this review, it should be noted that sensory inputs may play a role in the overall brain
functioning of these patients.

The clinical correlates of these findings in terms of cognitive and other
neuropsychological functions including speech and language are still largely unclear,
and no study has investigated the correlation between neuropathology/ neuroimaging
reports and cognitive and neuropsychological functioning. As already mentioned, this
was mainly due to the clinical severity of the disease and the high mortality rate by 2
years of age of patients untreated for SMA type 1, who were often not able to provide
verbal or gestural responses during the assessments. Most of the studies focusing on
the intellectual abilities in SMA were initially performed in less severely affected
patients (SMA types 2 and 3), who could be more easily assessed using the available
validated tests and assessments. These studies showed that patients with SMA types
2 and 3 obtained normal to higher than normal IQ and speech/language abilities scores
compared with their peers.*6 Average vocabulary scores and above-average early
grammar scores,*¢47 as well as significantly higher levels of lexical and semantic
development*® and rich spatial language abilities, were reported, despite children with
SMA type 2, by definition, never experiencing locomotion abilities.*°

More recent studies®®39 specifically investigating cognitive abilities in patients with

SMA type 1, also using adapted assessments,®® showed that they have poorer
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performances than their peers, particularly in the attention and executive function
domains. Speech and language development is also affected, with published data
showing that functional and intelligible speech is rarely achieved in children untreated
for SMA type 1.124041 Considering that the limited interaction with the environment
owing to poor expressive communication skills has been shown to further impact on
cognitive development in several neurodevelopmental disorders,*® alternative and
augmentative ways to communicate are recommended from early in life.

The advances in multidisciplinary care and the recent clinical implementation of SMN-
modulating treatments have contributed to prolonging event-free survival and
improving motor function in treated patients. However, it is still unclear whether other
areas of functioning, including cognitive development and the achievement of effective
speech and language abilities, which can significantly impact on independence and
quality of life, may equally benefit from treatments. In fact, there are no published
studies directly addressing cognition and language in children treated for SMA type 1.
The report by Al-Zaidy et al.'* is the only study providing information on the effect of a
treatment (gene replacement therapy) on one of the domains considered in our review
(speech/language), simply reporting that the vast majority of patients were ‘able to
speak’ 2 years after receiving the treatment. Additionally, the role of bulbar function in
the development of articulate speech abilities is also unclear. Whether children with
SMA type 1 treated with the new SMN-modulating treatments will recover bulbar
function and improve speech, having the possibility to experience and develop their
pre-verbal and verbal social and communication skills as typically developing children
do, or whether residual structural and/or functional brain pathology will affect
achievement of mature language abilities, will need to be clarified.

This scoping review provides very preliminary information about this, and the included
articles present some limitations. One of the main limitations is the methodological
quality of papers focusing on cognitive and speech/language development, with most
articles presenting scores below the threshold for a reasonable methodological
quality.814.36.38.4041 Thijs is due to the lack of comparison groups, the very limited
sample sizes, and the lack of appropriate statistical data analyses. Other weaknesses
are the lack of validated and/or standardized measures, with the necessary use of
information reported by parents/carers or by clinicians, and the difficulties of assessing
severely disabled children with alternative methods (e.g. eye tracker) and of measuring

these results against the comparison groups.
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Longitudinal multicentric studies with standardized assessments of cognitive and
speech/language abilities are required in children with SMA type 1. The use of adapted
methodology to perform these assessments should be considered. Moreover,
longitudinal neuroimaging studies performed alongside the clinical assessments would
provide additional valuable information on the new emerging clinical phenotypes in this
population, especially in patients at the most severe end of the spectrum.

Data collected from these studies would also provide a significant contribution to the
growing evidence that SMA may be a multi-system disorder.>’ The SMN protein is
ubiquitously expressed throughout the body and is involved in several physiological
mechanisms, including the assembly of spliceosomal small nuclear
ribonucleoproteins,® critical to RNA splicing of multiple genes. One of the most
intriguing features in the pathogenesis of SMA is the selective vulnerability of motor
neurons. However, several studies have shown that various cell types other than motor
neurons can be affected in SMA,%3 particularly in the most severe early-onset forms.
There may be differential thresholds between different cell types, with spinal motor
neurons being the most sensitive to a reduction in SMN protein expression.'® Several
gene modifiers have been demonstrated to affect disease severity in SMA, with the
number of copies of the SMN2 gene playing a major role. Patients with only one copy
of the SMN2 gene and the lowest levels of SMN protein compatible with survival have
shown the highest degree of brain involvement, as well as of other organ dysfunctions.
Additionally, SMN protein levels have been shown to decrease during development not
only in the spinal cord but also in the brain, with a substantial decline between fetal
and postnatal stages, reaching very low levels after 3 months of age.®* This
emphasizes the crucial role of the SMN protein during the early stages of brain
development, and further supports the need for longitudinal standardized assessments

of cerebral structures and functions in children with SMA type 1.

3.6 Conclusions

In conclusion, brain pathology, cognition, and speech/language development are
under-investigated aspects of SMA type 1. In the literature there is some limited
evidence of potentially progressive brain involvement in the severe forms of the
disease. Impaired cognitive performances are reported in recent small SMA type 1

cohorts, while data on speech/language development in SMA type 1 are limited to
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parent-reported information or non-formal evaluations. Future longitudinal studies
focusing on standardized assessments of cognitive and speech/language
development in SMA type 1 are required, as well as longitudinal neuroimaging
evaluations performed alongside. Data obtained will contribute to a better knowledge
on new emerging phenotypes in treated patients with SMA type 1, and will guide more
accurate, personalized rehabilitation programmes, thus supporting patients’ emerging
abilities, autonomies, and quality of life. The information gathered will also help to
define additional outcome measures to test the efficacy of current and new developing
drugs for SMA.
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3.8 Tables and Figures

Table 1: Neuropathological studies in patients with spinal muscular atrophy (SMA) and mouse models

Reference

Study design

Sample (size; SMA type; age range)

Assessment

Results

Level of
evidence??

Towfighi et al.?®

|-25

Devriendt et a

Araki et al.Z®

Harding et al.?”

Wishart et al.®

Liu et al 2®

d’Errico et al.®"

Case series

Case report

Case series

Case series

Bench research
(mouse madel)

Bench research
(mouse model)

Bench research
(mouse model)

n=4; SMA type 1; 9d-8.5mo

n=1; SMA type 0; 25d

n=2; SMA type 2; 5y and 37y

n=5; SMA type 1; 18d-10y

Smn~"; SMN2 mice

Smn~"; SMN2 mouse embryos

Smn~"; SMNZ*; SMNA7* mice

Autopsy
examination

Autopsy
examination

Autopsy
examination

Autopsy
examination

Post-mortem

examination

Post-mortem
examination

Post-mortem
examination

Neuronal ballooning,
chromatolysis, degeneration
and neuronophagia in
ventral thalamic nuclei,
primary spinal sensory
neurons

Severe neurodegenerative
changes including ballooned
neurons and neuronophagia
in brainstem nuclei, thalami,
cerebellum, dorsal root
ganglia

Reduction in the number of
the Betz cells in the
precentral gyrus and
reduction of the large
myelinated fibres in the
spinal-pyramidal tract

Neuronal degeneration with
ballooning and
chromatolysis in cerebral
cortex, hippocampus, basal
ganglia, thalami, brainstem,
pigmented nuclei,
cerebellum, dorsal root
ganglia

Decreased cell density,
reduced cell proliferation
and impaired neurogenesis
in primary motor cortex,
hippocampus

Dramatic increase in cell
death in the developing
telencephalon at both the
dorsal and ventral sides
around the lateral ventricle

Selective decrease in the
number of large layer V
pyramidal neurons in the
motor cortex

4.b

4b

4.b

4b

5.c

5.c

5.c
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Table 2: Neuroimaging studies in patients with spinal muscular atrophy (SMA)

Sample (size; SMA Level of
Reference Study design type; age range) Assessment Results evidence??
Yohannan et al.3> Case series n=8; SMA type 1; 21d-15mo Baseline brain Generalized cerebral cortical 4.b
computed tomography  atrophy, low attenuated non-
enhancing areas in the white
matter of both frontal lobes
lto et al.®® Case report n=1;, SMA type 1; 6y Baseline brain MRI High signal intensity lesions in 4.b
the anterolateral portions of the
bilateral thalami
Mendonga et al3* Case series n=3; SMA type 0; first Longitudinal brain MRI First assessment: supratentorial 4.b
assessment: by 2mo, atrophy of subcortical
follow-up assessment: predominance, tapered corpus
at 11mo, 1y, and callosum and widening of
3y respectively sulcus and ventricles
Follow-up assessment: severe
reduction of the white matter (3/
3), severe hippocampal atrophy
(2/3); symmetrical signal
abnormalities in the putamen
and thalamus—Ilateral and
pulvinar (2/3), with additional
atrophy of caudate (1/3);
marked ventricular dilatation (1/
3)
Maeda et al.®® Case report n=1; SMA type 0; first Longitudinal brain MRI First assessment: no findings 4.b
assessment: neonatal, suggestive of hypoxic-ischemic
second assessment: 7mo, encephalopathy
third assessment: 2y Second assessment: atrophy of
the cerebral cortex, subcortical
white matter, thalamus and
basal ganglia
Third assessment: additional
reduction of volumes of cervical
cord, brainstem and cerebellum
MRI, magnetic resonance imaging.
Table 3: Studies exploring cognitive function in spinal muscular atrophy (SMA) type 1
Sample (size; SMA Level of Quality
Reference Study design  type; age range) Assessment Results evidence?? score?®?4
Billard et al.>® Case—control n=11; SMA type 1 and WISC-R subtests; Batterie Verbal 1Q, verbal 4.b 6/12
study 2; 8y 3mo-13y 6mo d’Evaluation du Langage, memory, language
n=21; DMD; 8y 6mo— Test de vocabulaire actif and reading deficits in
13y 6mo e passif, North Syntax patients with DMD
n=42; typically developing screening test; reading compared with SMA
comparison group; 6y and processing tests: le and comparison
3mo-14y Omo pipe et le rat, single-word  group
lists reading
Von Gontard  Case-control n=96; SMA (18 type 1); 6y  Raven coloured and Similar results in SMA  4.b 9/12
et al.¥’ study 0mo-18y 11mo standard progressive and control groups,
n=45; non-affected matrices, subtests of the no differences
siblings; age-matched Kaufman assessment according to SMA
n=59; typically developing battery for children and type; environmentally
comparison group; age- of the WISC mediated aspects of
matched intelligence higher in
adolescents with SMA
Chung et al.®® Cross-sectional n=83; SMA (22 type 1); Interview-based Overall performance of 4.b 6/12
study age not specified questionnaire for children with SMA
No comparison group caregivers: Functional below normal, with
Independence Measure the worst
for Children — Chinese performances in
version patients having type 1
SMA
Polido et al.3® Case—control n=12; SMA type 1, 6y Four pair-matching tasks Poorer performances 4.b 9/12
study Omo+2y 4mo (assessed with an eye- in patients with SMA
n=12; typically developing tracking device): task 1, than in comparison
comparison group; age- matching objects, group in terms of
matched animals, and fruits; task correct answer rate

2, matching figures and
colours; task 3, matching
letters; task 4, matching
numbers

and time of
performance in all
tasks

DMD, Duchenne muscular dystrophy; WISC-R, Wechsler Intelligence Scale for Children — Revised.
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Table 4: Studies exploring speech and language in spinal muscular atraphy (SMA) type 1

Sample (size; SMA Level of Quality
Reference Study design type; age range) Assessment Results evidence??  score®?*
Hoshi et al.*® Cross-sectional n=36; SMA type 1; Postal questionnaire for The ability to 4.b 4/12
study 11Tmo-15y parents/carers on communicate with no
language development devices (eye fixation,
milestones classified into vocalization, signs) is
three main items: delayed in SMA type 1
communication skills compared with typically
using devices; developing children, but
communication skills it is acquired earlier than
with no devices; the ability to
communication methods communicate using
used at the time of the electronic or non-
assessment electronic devices
Pane et al.® Cross-sectional n=122; SMA type 1; Clinical observation of the = 34/122 (28%) had acquired 4.b 7112
study 3mo-266mo ‘ability to produce at comprehensible speech
least short sentences that
could be understood by
the examiner and not just
by the carers’ (reported
as yes/no)
Ball et al.*’ Cross-sectional n=32; SMA type 1; Researcher-developed Speech deficits related to 4.b 4/12
study B6mo—30y online survey for parents/ clarity, independence,
carers on interaction intelligibility; methods
characteristics associated used: speech (n=19),
with the following: gesture (n=22), speech-
communication using generating device (n=12),
natural speech; no-tech picture or
communication methods symbol board/book (n=b),
used; issues with speech- all methods (m=3)
generating devices Several obstacles to the
acquisition and
implementation of
speech-generating
devices
Al-Zaidy et al.'"*  Observational n=12; SMA type 1; Clinical observation of the  11/12 (92%) were able to 3.e 4/12

study 0.9mo-7.9mo at ‘ability to speak” at
baseline baseline and 2y after
No comparison (reported as yes/no)
group

speak by the end of the
2y follow-up period

Figure S1. Study screening and selection flow chart.

PubMed/MEDLINE (n=2418), Scopus (n=2671), Embase (n=2629), PsycINFO (n=1362), Web of
Science (n=1051)

—

Duplicate removal Additional records identified through
Title and Abstract screening other sources (article references)

l n=13 ‘ n=7

I n=20 ‘

Eligibilit Articles excluded:
¢ ! - 1 no English language (Japanese)

n=19

- 11: brain pathology
4: cognition

- 4: speech/language
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Table S1. Search strategy

Table SlI. Search strategy (PubMed/MEDLINE, Scopus, Embase, PsycINFO)

Search  Query Items

Pubmed/MEDLINE

1 (spinal muscular atrophy) OR (“Muscular Atrophy, Spinal”[Mesh]) 8292

2 (brain) OR (“Brain”’[Mesh]) 1914639

3 (magnetic resonance imaging) OR (“Magnetic Resonance Imaging”[Mesh]) 533582

4 (central nervous system) OR (“Central Nervous System”[Mesh]) 1444329

5 (cognition) OR (“Cognition”[Mesh]) 273074

6 (intellectual disability) OR (“Intellectual Disability”[Mesh]) 101327

7 (speech) OR (“Speech”[Mesh]) 22539

8 (language) OR (“Language”[Mesh]) 326561

9 (communication) OR (“Communication”[Mesh]) 543205

10 (a}lgmentative alternative communication) OR (“Communication Aids for 3022
Disabled”[Mesh])

11 (attention) OR (“Attention”[Mesh]) 450670

12 (executive functions) OR (“Executive Functions”’[Mesh]) 32427

13 (working memory) OR (“Working Memory”’[Mesh]) 50992

14 (neuropsychology) OR (“Neuropsychology”’[Mesh]) 21390

15 1 AND 2 977

16 1 AND 3 502

17 1 AND 4 1291

18 1 AND 5 45

19 1 AND 6 107

20 1AND7 40

21 1 AND 8 46

22 1 AND 9 77

23 1 AND 10 3

24 1 AND 11 85
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25 1 AND 12 6

26 1 AND 13 5

27 1 AND 14 4

28 ]2? OR 16 OR17OR 18 OR 19 OR 20 OR 21 OR 22 OR 23 OR 24 OR 25 OR 26 OR 2418
Scopus

1 Spinal muscular atrophy AND brain 1196
2 Spinal muscular atrophy AND magnetic resonance imaging 811
3 Spinal muscular atrophy AND central nervous system 724
4 Spinal muscular atrophy AND cognition 74

5 Spinal muscular atrophy AND intellectual disability 27

6 Spinal muscular atrophy AND speech 76

7 Spinal muscular atrophy AND language 48

8 Spinal muscular atrophy AND communication 111
9 Spinal muscular atrophy AND augmentative alternative communication 4

10 Spinal muscular atrophy AND attention 150
11 Spinal muscular atrophy AND executive functions 9

12 Spinal muscular atrophy AND working memory 7

13 Spinal muscular atrophy AND neuropsychology 7

14 10R20R30OR40OR50R60OR70R80OR90OR100R 11 0R 12 0R 13 2671
Embase

1 Spinal muscular atrophy AND brain 1073
2 Spinal muscular atrophy AND magnetic resonance imaging 441
3 Spinal muscular atrophy AND central nervous system 468
4 Spinal muscular atrophy AND cognition 60
5 Spinal muscular atrophy AND intellectual disability 25
6 Spinal muscular atrophy AND speech 62
7 Spinal muscular atrophy AND language 48
8 Spinal muscular atrophy AND communication 106
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9 Spinal muscular atrophy AND augmentative alternative communication 0
10 Spinal muscular atrophy AND attention 1320
11 Spinal muscular atrophy AND executive functions 195
12 Spinal muscular atrophy AND working memory 104
13 Spinal muscular atrophy AND neuropsychology 240
14 10R20R30OR40OR50R60R70R80OR90OR100R110R120R 13 2629

Table S2. Qualitative analysis: scoring criteria

Table SII. Qualitative analysis: scoring criteria amended from Cross and Hare and reported by
Pearson et al.

Control group. Papers will score: 0 no control group, 1 comparisons between non-genetically distinct
groups or utilise standardised assessment tools, 2 genetically distinct control group.

Sample size. Papers will score: 0 fewer than 15 participants, 1 15+, 2 30+.
Recruitment. Papers will score: 0 participants selected by clinician(s), 1 participants recruited either
through charity or medical clinic, and 2 multiple methods, multiple clinics or multiple charities are used

for recruitment.

Syndrome diagnosis. Papers will score: 0 syndrome diagnosis based on self-report, 1 diagnosis based on
physical features or sibling diagnosis, 2 diagnosis based on appropriate genetic/ enzyme testing.

Methodology. Papers will score: 0 no validated measures are used, 1 use validated and/or standardised
assessment tools, 2 validated and/or standardised measures are used alongside new measures,
observations or other methodology.

Appropriate statistics/ comparisons. A paper will score: 0 data not analysed, 1 descriptive statistics are
used, 2 appropriate comparative/correlative statistics are reported.
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Chapter 4 Brain, cognition, and language development in spinal muscular

atrophy type 1 in the post-treatment era: what is new?

4.1 Introduction

As highlighted in the scoping review presented in Chapter 3, the studies from Pane at
al. and Al-Zaidy et al. were the only ones exploring neurodevelopmental outcomes —
in particular expressive language abilities — in children treated with disease modifying
therapies (nusinersen and onasemnogene abeparvovec, respectively). However, the
authors used non-formal assessments which represent a limitation when aiming to
follow-up trajectories over time and to evaluate the efficacy of currently available and
newly developing drugs for SMA.

Recently, exploring cognitive and communication outcomes in SMA has gained more
and more attention within the neuromuscular scientific community as demonstrated by
the increasing number of published observational studies’” and reviews”° on this
topic.

In the next paragraph, | will present an overview of all studies focusing on cognitive
and/or communication outcomes in treated children with SMA 1 using formal,

standardised tests validated in the paediatric population.

4.2 Cognitive and language abilities in treated children with SMA 1

In 2023, Ngawa et al.! performed a longitudinal developmental assessment in eighteen
patients with SMA type 1, eleven symptomatic and seven presymptomatic children,
eight with 2 SMN2 copies, five with 3 SMN2 copies, two with 4 SMN2 copies, and three
with an unknown number of SMN2 copies. Eleven patients had received nusinersen,
three risdiplam, four onasemnogene abeparvovec. Eight of the patients initially treated
with nusinersen were shifted to risdiplam during the study. All patients were below
three years of age, and they were assessed with the Bayley Scales of Infant and
Toddler Development — Third Edition (BSID Ill). At last assessment, on the cognitive
scale, six of the seven presymptomatic patients were in the average range, and one
was in the low average range. Regarding the eleven patients treated
postsymptomatically, seven scored in the average range, three in the low average

range, and one in the abnormal range. On the communicative scale, the scores of the
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presymptomatic and postsymptomatic patients were more variable. Four of the seven
presymptomatic patients were in the average range, one in the low average range, one
in the abnormal range, and one was not tested. Five of the eleven postsymptomatic
patients scored within the average range, one in the low average range, and five in the
abnormal range. The authors conducted an unplanned analysis on a subset of the
postsymptomatically treated SMA1 patients to compare the cognitive score at the last
assessment with the value at the assessment around 9 months old. Data were
available for six patients and confirmed that there was an improvement in the cognitive
score at the end of the study.

In the same year, Tosi et al.? also investigated the developmental profile of fifteen
patients with SMA type 1, all but one with two copies of the SMN2 gene. Twelve
patients were treated with nusinersen, two with onasemnogene abeparvovec, and one
with risdiplam at the time of the evaluation. The mean age at the time of the evaluation
was 2.6 years, range 0.47-6.78 years, and they were assessed with the Griffiths Ill
developmental scales. The mean general development quotient was 64.8. Nine out of
15 patients (60%) had a score of <70, indicative of an overall developmental delay.
Three patients had normal scores (mean 91.0) and three others had borderline scores
(mean 79). The worst performance was noted on the Gross Motor subscale, with an
average score of 56.27, while patients had good scores on the Language (mean 83.67)
and Foundations of Learning (mean 81.73) subscales. The authors also administered
the Vineland Adaptive Behavior System - Second Edition (VABS-II), a parent-reported
questionnaire exploring adaptive behaviour which revealed a mean adaptive behaviour
composite score of 68.67, reflecting global difficulties in adaptive functioning. Parents
reported strengths in the Communication (mean 78.60) and Socialization (mean 81.20)
subscales, while they reported weaknesses in the Daily Living Skills (mean 68.73) and
Motor Skills (58.40) subscales.

In 2024, Kolbel et al.? assessed forty children with SMA type 1 (seventeen patients with
2 SMN2 copies, eleven with 3 SMN2 copies, and twelve with =2 4 SMN2 copies)
identified via a newborn screening project. Thirty-six children out of forty were treated
within the first weeks of life with nusinersen, with some patients switching to
onasemnogene abeparvovec (four children with = 4 SMN2 copies were not treated in
agreement with parents). They had a mean age of 29.25 months (23—42 months) at
the time of the assessment, and they were evaluated with the Bayley Scales of Infant

and Toddler Development — Third Edition (BSID III). On the cognitive scale, fourteen
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out of forty children scored below average, twenty out of forty scored average and six
out of forty scored above average. Ten of the fourteen children with below average
scores had 2 SMN2 copies. As regard to the receptive communication scale
administered to thirty-three out of forty patients, twelve scored below average, sixteen
scored average, and five scored above average. As regard to the expressive
communication scale, eleven scored below average, thirteen scored average, and 4
scored above average. SMN2 copy numbers were evenly distributed in all the
language domains. The mean scores demonstrated a clear dependence of cognitive
development on the number of SMN2 copies, but the other scales did not show this
effect as clearly.

In the same year, Buchignani et al.* focused on early language acquisitions in twenty-
four children with SMA 1 (all but one with 2 SMN2 copies) and twelve infants identified
by newborn screening (five with 2 SMN2 copies, 3 with 3 SMN2 copies, and 4 with 24
SMN2 copies). Twelve out of twenty-four children with SMA 1 received nusinersen as
their first therapy, 11 received onasemnogene abeparvovec, and one received
risdiplam. Twelve shifted to a second therapy. Five out of twelve infants identified via
newborn screening received nusinersen as their first therapy, four 4 received
onasemnogene abeparvovec, and three infants were not treated. Only one infant
shifted to a second therapy. They had a mean age of 24 months (range 8 — 36 months),
and their parents completed the MacArthur-Bates Communicative Development
Inventory (MB-CDI). A follow-up assessment was performed in twenty-one of the thirty-
six patients. Comprehension skills were preserved in 81% of children with SMA 1 and
in 87% of infants identified by newborn screening. Gesture abilities were <5th centile
in 55% of children with SMA 1 and in none of those identified by newborn screening.
Lexical expressions were <5th centile in more than 80% of children with SMA 1 and in
50% of infants identified by newborn screening. At follow-up, despite an increase in
lexical expression skills, the scores remained below the fifth centile in 43% children

with SMA 1 and in 86% of infants identified by newborn screening.

In 2024 also Steffens et al.® described the cognitive phenotype of 20 patients with SMA
1, 19 symptomatic and 1 presymptomatic, eighteen with 2 SMN2 copies and two with
3 SMN2 copies. They received the following treatments during their first year of life:
one patient nusinersen only, four patients onasemnogene abeparvovec only, fourteen

patients onasemnogene abeparvovec after nusinersen, one patient onasemnogene
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abeparvovec after risdiplam. Nine patients were assessed using the Bayley Scales of
Infant Development (BSID-IIl) at 2 years of age, and three patients at 3 years of age
while eight patients were assessed using the Wechsler Preschool and Primary Scale
of Intelligence (WPPSI-IV) at 5 years of age. Two patients tested with the WPPSI-IV
were unable to complete the test due to inability to understand the tasks. As regard to
the other patients, eleven had a degree of cognitive impairment (total score < 85), with
nine out of eleven scoring 70 or lower. Three patients obtained average scores and
three showed above-average cognitive results (scores > 115). Below-average scores
were significantly more likely in male than in female participants (p 0.001). Patients
requiring assisted ventilation had a 12.5-fold higher likelihood

of achieving below-average values (odds ratio). In the group of patients needing
feeding support, the odds ratio was 9. All patients who had achieved independent
walking as their best motor function also had normal cognitive scores. Conversely, all
patients whose best motor function was head control exhibited cognitive impairment.

The cognitive profile of sitters showed heterogeneous results.

Finally, in 2024, two other studies reported for the first time results of cognitive
assessments performed before and after receiving a disease modifying therapy.

Bitetti et al.® followed up the developmental trajectories of 12 symptomatic children with
SMA 1 and 2 copies of SMN2 treated with onasemnogene abeparvovec. Nine of the
children had received 4—13 nusinersen administrations prior to enrolling in the study,
while the remaining three had not. They ranged from 1.7 months to 52.6 months in age
at the time they received onasemnogene abeparvovec, and they were assessed at
baseline at 6 and 12 months using the Griffiths Ill. Significant increases in the median
developmental quotient scores of all patients were identified between baseline and 6-
months in the Griffiths Ill 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. Between baseline and 12-months,
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. The developmental quotient scores of most Griffiths Ill subscales, except
the Gross Motor subscale, increased over the 12-month period after onasemnogene

abeparvovec administration regardless of the nusinersen status of the patients.
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Despite this, 9 patients had low to borderline scores (<84) across all subscales,
indicative of an overall developmental delay, and only 3 patients had normal scores
(>84) for any of the subscales.

Yang et al.” presented their experience with two paediatric patients, a 6 years old girl
and an 8 years old boy with SMA type 1 and 3 SMN2 copies who started nusinersen
at 4.8 and 6.6 years of age, respectively. Their cognitive performances were tested
before and after receiving nusinersen with the Wechsler Preschool and Primary Scale
of Intelligence, Fourth Edition, Chinese version (WPPSI-IV) and the Wechsler
Intelligence Scale for Children-IV (WISC -IV), respectively. The Total Intelligent
Quotient (1Q) before treatment showed Intellectual disability (IQ < 40) in both patients,
and the scores did not improved at the assessment performed after treatment (age not

specified).

All studies published so far have focused on cognitive and/or language development
of treated children with SMA 1. More and more clinicians are also becoming aware of
potential social communication difficulties in treated children with SMA 1, as highlighted
in a recent international survey on neurodevelopmental comorbidities in early onset
SMA'0.

To further investigate this domain, | performed a cross-sectional study exploring
expressive language and social communication abilities in treated children with SMA 1
and evaluating the utility of two standardised parent-report questionnaires as potential
new assessment tools for SMA. The manuscript describing this study is currently under
review by the Developmental Medicine and Child Neurology journal and is reported in
Chapter 5.
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Chapter 5 Expressive language and social communication abilities in treated
children with spinal muscular atrophy (SMA) type 1: a cross-sectional study

from two tertiary neuromuscular centres

Currently under review by the Developmental Medicine and Child Neurology journal.
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5.1 Abstract

Aim To investigate parents-reported expressive language and social communication
abilities in SMA1 children treated with disease-modifying therapies (DMTs).

Method Cross-sectional study performed at the Dubowitz Neuromuscular Centre,
London (UK) and the Centro Clinico Nemo Pediatrico, Rome (Italy) on 41 SMA1

children. We administered the MacArthur-Bates Communicative Development
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Inventory (MB-CDI, 8months+) exploring vocabulary production, and the Social
Communication Questionnaire (SCQ, 4years+) investigating social communication.
Results Fifteen/41 completed the MB-CDI (age range 2 years 2 months — 6 years 9
months). Thirteen/15 acquired verbal skills, although with scores below normal ranges.
Thirty-seven/41 completed the SCQ (age range 4 years 0 months — 9 years 0 months).
Four/37 scored 211, suggesting the need of further investigations for autism spectrum
disorders. Three/4 had completed the MB-CDI and were among the children able to
say the lowest number of words. Other areas of concern included routines/ritualized
patterns of behaviour (14/37), and hyperreactivity to sensory input (5/37).
Interpretation Treated SMA1 children can acquire verbal skills, although this can be
delayed. A percentage of them also present with social-communication difficulties,
especially when expressive language is more severely affected. Large prospective
studies are warranted to better characterize the spectrum of language and social

communication abilities in this population.

5.2 Introduction

5q spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder
caused by mutations in the SMN1 gene on chromosome 5q leading to reduced
expression of the survival motor neuron (SMN) protein. This results in dysfunction and
degeneration of a-motor neurons in the spinal cord and brainstem with progressive
atrophy and weakness of limb, trunk, respiratory, and bulbar muscles (1).

Humans carry at least one copy of the paralogue, centromeric SMN2 gene which
modulates the SMA phenotype, as a small fraction of its transcripts (approximately
10%) are alternatively spliced to produce the full-length SMN protein. Historically, SMA
has been divided into different types based on the age of onset and the maximum
motor function achieved in untreated patients: three main types with paediatric onset
(types 1 to 3) and two less common types, one with antenatal onset and very severe
phenotype (type 0) and one with adult onset and milder phenotype (type 4). SMA1 is
the most frequent type of SMA (50-60% of incident SMA) characterized by onset before
6 months of life and inability to achieve independent sitting. In the pre-treatment era, it
was the second most common genetic cause of death in children due to rapidly
progressive motor, respiratory, and bulbar deterioration with >90% mortality by 2 years

of age.
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Over the last few years, the natural history of SMA1 has radically changed due to the
advances in the multidisciplinary standards of care (2) (3) , and the approval of three
disease-modifying therapies (DMTs) which increase the SMN protein expression via
distinct molecular mechanisms. These are two mRNA therapies enhancing the amount
of full length SMN transcripts alternatively spliced from the SMN2 gene, nusinersen
(given intrathecally, approved by FDA in 2016 and EMA in 2017) and risdiplam (given
orally, approved by FDA in 2020 and EMA in 2021), and one gene transfer therapy,
onasemnogene abeparvovec, introducing the SMN gene via an AAV9 vector (given
intravenously, approved by FDA in 2019 and EMA in 2020) (4) .

The improvement in the survival of SMA1 children is rapidly increasing the disease
prevalence globally. In addition, there is raising evidence of new phenotypes with
SMA1 children acquiring functional abilities and developmental milestones — including
unsupported sitting — that had never been achieved before (5) . While these newly
emerging phenotypes are being characterised in terms of survival, motor, respiratory,
and bulbar function, less is known about other areas of functioning such as cognition,
language, and social communication (6) (7) (8) . In the pre-treatment era, data on
cognition and language have been limited to milder SMA phenotypes 2 and 3 (9) . In
SMA1, information on these domains was mainly based on non-formal assessments,
with only few very recent studies on treated SMA1 children using standardised
outcome measures to evaluate language and the global developmental profile (10) (11)
(12) (13) (14) .

We conducted a cross-sectional study aiming to expand the knowledge on expressive
language and social communication abilities by administering standardised, validated
parent/carer reported measures in SMA1 children treated with any of the three

approved DMTs.

5.3 Methods

Study Design and Setting

This is a two-centre, observational, cross-sectional study performed at two tertiary
Neuromuscular Centres, the Dubowitz Neuromuscular Centre, Great Ormond Street
Hospital for Children, London (UK), and the Centro Clinico Nemo Pediatrico, Rome

(Italy). The recruitment and the data collection took place between March 2019 and
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April 2024. The study procedures were conducted either in person during the clinical

appointments as per the disease standards of care or via phone calls/video calls.

Participants

Participants were selected among SMA1 children followed at the two tertiary
Neuromuscular Centre and treated post-symptomatically with any of the three
approved DMTs, nusinersen, risdiplam, onasemnogene abeparvovec. Children had to
be at least 8 months old for the questionnaire exploring expressive language abilities,
and at least 4 years old for the one investigating social communication abilities. All
patients had a genetically confirmed diagnosis of SMA and a clinical diagnosis of SMA1
further classified according to disease severity expressed by age at symptoms onset:
within the first 2-4 weeks of life (type 1a), by 3 months of age (type 1b), and between
3 and 6 months of age (type 1c).

The study is part of the ethically approved natural history study at the two participating
centres (R&D Reference: 11DN15, REC Reference: 13/LO/1748; and 26/05/2020
1894).

Variables

The clinical notes of all participants were reviewed to collect the following additional
data: age and gender; SMA1 type and number of SMN2 copies; DMT(s) and age at
initiation; respiratory status at the time of completion of the questionnaire
(tracheostomy yes/no, non-invasive ventilation (NIV) yes/no and, if yes, nocturnal
only/more than 16 hours per day), feeding status at the time of completion of the
questionnaire (oral / mixed oral and enteral / nasogastric tube — NG tube /
percutaneous endoscopic gastrostomy-jejunostomy — PEG-J); motor status at the time
of completion of the questionnaire, independent sitting yes/no, score on the last SMA
motor scale administered before the completion of the questionnaire - either the
Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP
INTEND) (15) (16) , or the Revised Hammersmith Scale (RHS) (17) , or the Vignos

Lower Extremity scale (18) .

Outcome measures
Expressive Language abilities. To investigate expressive language abilities, we

selected the MacArthur-Bates Communicative Development Inventory (MB-CDI) —
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Words and Gestures, long form (19). The MB-CDI is a group of parent/carer reported
measures aiming to capture information on children's developing abilities in early
language, including vocabulary comprehension and production, gestures, and
grammar. They have been adapted to numerous languages and have been extensively
used worldwide in both typically and non-typically developing children (20) . The validity
of these instruments as an early screening tool for language difficulties was recently
questioned (21) due to some methodological shortcomings identified in previous
studies such as the mere explorative nature of the study, the focus on expressive
language only, the heterogeneity of measures used as reference tests, the generally
small sample sizes, the presence of spectrum and/or verification biases, the rarity of
reported confidential intervals. However, their relevance in generating knowledge on
child language, particularly in special populations, remains exceptional. They come in
three main forms: the Words and Gestures form for children aged 8 to 18 months, the
Words and Sentence form for children aged 16 to 30 months, and the third form (CDI-
[II) for children aged 30 to 37 months. The Words and Gestures form includes two
parts: “Early Words”, and “Actions and Gestures”. For our study, we focused on part
one — “Early Words” — of this form, and specifically on the vocabulary checklist (section
D). The vocabulary checklist investigates a child’s understanding and production of
396 words that fall into 19 semantic categories (e.g. animal sounds, animal names,
vehicles, toys, food and drink, body parts, etc.). The vocabulary checklist is completed
by a parent/carer who checks one of three possible boxes for each individual word,
indicating if their child understands the word, understands and says the word, or
understands and signs it. Words in the checklist are left blank if the parent does not
think his/her child understands them. For our participants, we were only interested in
the number of words the child was able to understand and say. If a child understands
and says every word on the vocabulary checklist, they receive a maximum score of
396. Although the Words and Gestures form is intended for children aged 8 to 18
months, we administered it also to children aged > 18 months considering the MB-
CDIs can be used with older, developmentally delayed children as already done in
previous studies (22) (23) (20) .

Social Communication abilities. To investigate social communication abilities, we
selected the Social Communication Questionnaire (SCQ) — Lifetime form. The SCQ
(24) , formerly known as the Autism Screening Questionnaire (ASQ) (25) , is a widely

recognised, brief, 40-item, parent/carer reported screening measure focusing on
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symptoms of Autism Spectrum Disorder (ASD) likely to be observed by a primary
caregiver. Each item in the SCQ requires a dichotomous “yes”/ “no” response, which
is scored 1 for presence of abnormal behaviour and 0 for absence of abnormal
behaviour/normal behaviour. The first item— “Is she/he now able to talk using short
phrases or sentences?”— is not scored but rather determines whether the following
six items relating to abnormal language must be answered. Therefore, “verbal” children
can score a total of 0-39 points while “non-verbal” children can score a total of 0—-33
points. The Lifetime version of the questionnaire was used in our study. It investigates
the complete developmental history and asks respondents to indicate whether the
behaviours have ever been present for questions 2—19 and whether the behaviours
were present at age 4 to 5 years for questions 20—40 (or to consider behaviours in the
past 12 months if the child is not 4 years old yet). This questionnaire is intended for
children whose chronological age is over 4 years, provided their mental age is over 2
years, but there is increasing interest in its use in younger children (26) . As a screening
tool, the SCQ was created to determine who should receive a more complete, formal
diagnostic assessment for ASD, and it was originally validated with a cut-off > 15
points. However, a low sensitivity has been reported when using this threshold,
especially in younger children (aged < 8 years). Some researchers have proposed
adjusting the threshold according to the age of the participants and the purpose of the
study, with a lower cut-off point of 12 (27) or 11 (28) to improve sensitivity and reduce
the likelihood of false negatives. In accordance with this suggestion, we selected > 11

as the cut-off for our study.

Statistical analysis

Due to the limited sample size, descriptive statistics were used to summarise
demographic and clinical features of the study participants. For the same reason, only
raw data for both the MB-CDI and the SCQ were presented.

As regard to the raw scores collected from the vocabulary checklist of the MB-CDI —
Words and Gestures, no comparison with population weighted norms were possible
as most parents/carers completed the questionnaire when their children were beyond
the intended age range for this instrument. However, to consider data in the context of
expressive language growth curves for typically developing children, we interrogated
Wordbank (29) , an open database for MB-CDIs results providing unweighted
vocabulary norms for typically developing children up to 30 months of age. In this study,
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vocabulary norms for the Word and Sentences form — English version — were extracted
from Wordbank on the 11th of September 2024.

5.4 Results

Study population

A total of 41 parents/carers of SMA1 children agreed to take part in this study (Table
1).

Fifteen out of 41 completed the MB-CDI — Words and Gestures: 6 males and 9 females,
7 type 1b and 8 type 1c, age range 2 years 2 months — 6 years 9 months, all treated
with nusinersen at the time of completion of the questionnaire but one who also
received onasemnogene abeparvovec-xioi.

Thirty-seven out of 41 completed the SCQ - Lifetime form (11/15 who previously
completed the MB-CDI and other 26 parents/carers): 18 males and 19 females, 5
SMA1a, 20 SMA1b, and 12 SMA1c, age range 4 years 0 months — 9 years 0 months,
30/37 treated with nusinersen, 1/37 switched from nusinersen to risdiplam, 2/37
received onasemnogene abeparvovec-xioi after nusinersen, 1/37 received
onasemnogene abeparvovec-xioi only, 2/37 received risdiplam after onasemnogene
abeparvovec-xioi, 1/37 received risdiplam only.

Clinical details for each participant, including gender, SMA1 subtype, number of SMN2
copies, DMT(s) and age at initiation, age, respiratory, feeding, and motor status at the

time of completion of the questionnaires are summarised in Supplementary table 1.

Expressive Language abilities

The parents of the seven SMA1b participants completed the MB-CDI — Words and
Gestures when their children were between 2 years 2 months and 2 years 11 months
of age, and the median score on the vocabulary checklist (“says”) was 4 out of 396
words (range 0-88), with two children, ID1 and ID2, unable to say any word, four
children, RM9, RM12, ID4 and ID5, only able to say 3 to 5 words, and one child able
to say 88 words (Figure 1). All seven patients were on NIV (6 nocturnal only, 1 for more
than 16 hours per day), all were PEG fed but one who was orally fed, and they had a
mean score at last CHOP INTEND of 43/64 (range 24-52). They had started

nusinersen at a median age of 6 months (range 2—10).
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The parents of the eight SMA1c participants completed the MB-CDI — Words and
Gestures - when their children were between 2 years 3 months and 6 years 9 months
of age, and the median score on the vocabulary checklist (“says”) was 298 out of 396
words (range 6—394), with one child, ID13, able to say 6 words only (Figure 1). Three
patients did not need ventilatory support, four were on nocturnal NIV only, and one on
NIV for more than 16 hours per day. Four patients were orally fed with 1 out of 4 also
requiring PEG support, three were PEG fed and 1 was fed through a NG tube. Their
mean score at last CHOP INTEND was 41/64 (range 23-56). They had started
nusinersen at a median age of 14.5 months (range 8-57).

The MB-CDI results for each study participant are shown in Figure 1 and

Supplementary table 1.

Social Communication abilities

Four out of 37 participants whose parents/carers completed the SCQ, 2 SMA1b (RM12
and ID2) and 2 SMA1c children (ID13 and ID22), reached or scored above the pre-
specified cut-off of 11, suggesting the need of further investigations for ASD, as shown
in Figure 2. So far, one of them (ID2) had a complete formal assessment confirming
the diagnosis of ASD (moderate degree), one did not meet the criteria for ASD, and
the remaining two have been referred to the local services for assessment. The clinical
features of the four participants who reached or scored above the SCQ cut-off are
summarised in Table 2. Patients RM12, ID2, and ID13 showed inflexible adherence to
routines or ritualized patterns of behaviour as well as other 11 children who did not
reach the SCQ cut-off: 3 SMA1a, 4 SMA1b, and 4 SMA 1c. Restrictive, repetitive
patterns of behaviour were reported by parents/carers especially during bedtime, while
watching cartoons, or in relation to caring procedures. In addition, hyperreactivity to
sensory input was described in 5 out of 37 children: 1 SMA1a child showing adverse
response to noise, 1 SMA1b child and 3 SMA1c children not responding positively to
social touch (i.e. being touched and/or having their wheelchair being touched or, in
general, being approached by another child).

Twenty-one out of 37 parents/carers were unable to answer one or more questions
due to their child being nonverbal and/or not strong enough to perform the action(s)
included in the SCQ (e.g., “When she/he was 4 to 5, did she/he ever talk with you just
to be friendly (rather than to get something)?, “Has she/he ever had any complicated

movements of her/his whole body, such as spinning or repeatedly bouncing up and
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down?”, “When she/he was 4 to 5, did she/he play cooperatively in games that required
joining in with a group of other children, such as hide-and-seek or ball games?”). So,
in these cases those items could not contribute to the total score.

The SCQ results for each study participant are shown in Figure 2 and Supplementary
table 1.

SCQ scores in children who completed the MB-CDI

Three of the four patients who reached or scored above the SCQ cut-off (RM12, ID2,
and ID13) were among the children obtaining the lowest scores on the MB-CDI
vocabulary checklist as they were reported to be able to say 4, 0, and 6 words,
respectively. Patient ID22 who obtained the highest SCQ score did not complete the
MB-CDI. As regards to the four other patients obtaining very low scores on the MB-
CDI vocabulary checklist — 5 words or less —, ID1 did not complete the SCQ while RM9,
ID4, and ID5 did not reach the SCQ cut-off. Despite this, RM9 and ID4 were both

reported to have ritualized patterns of behaviour.

5.5 Discussion

This two-centre cross-sectional study explored expressive language and social
communication abilities of treated SMA1 children from a parent/carer perspective using
well-known, widely used, standardised assessments.

As regards to expressive language skills, 86% (13/15) of parents/carers reported their
child was able to say 3 words or more. However, 7/13 obtained very low raw scores.
The results clearly showed that SMA1c children were able to say a higher number of
words compared to SMA1b children (median score 298 in SMA1c versus 4 in SMA1b).
Comparing these scores with normative standards was not possible as the MB-CDI —
Words and Gestures was completed when most participants were older than the
validated age range. However, most scores were below the unweighted vocabulary
norms available from the MB-CDI Wordbank repository. These results expand the
findings from the recent study that reported longitudinal MB-CDI data in a smaller
cohort of 24 SMA1 children and 12 infants identified by NBS (10) . Additional evidence
comes from three other recent studies using general neurodevelopmental scales. A
longitudinal study on 7 pre-symptomatic and 11 post-symptomatic SMA1 children

assessed with the Bayley Scales of Infant and Toddler Development, Third Edition

98



(Bayley-Ill) (11) showed that a significant proportion of patients treated post-
symptomatically had below-the-average scores on communicative (as well as
cognitive) subscales, with better outcomes observed in pre-symptomatic children. A
cross-sectional study on 15 SMA1 children treated post-symptomatically and assessed
with the Griffiths Scales of Child Development, Third Edition (Griffiths IIl) (12) showed
normal range scores in the Language and Communication (as well as the Foundation
of Learning) subscales, although with mean scores in the borderline range and general
development quotients corresponding to a global developmental delay. Finally, a
newborn screening project assessing 40 SMA children treated within the first weeks of
life with the Bayley-Ill (13) showed an overall normal language development with no
dependence on SMN2 copy number. However, in this latter study, lower cognitive
development scores were observed in children with lower SMN2 copies despite all
children with two SMN2 copies being treated in the first weeks of life.

As regards to social communication skills, 11% of the infants in our cohort reported
behaviours suggesting the need of further investigations for ASD. These results should
be interpreted with caution as more than half of parents/carers could not answer one
or more questions due to the SCQ not considering SMA1-specific verbal and/or motor
difficulties. Although the SCQ has been used for other disorders associated with verbal
and/or motor difficulties such as cerebral palsy (30), it was not standardised specifically
for children with severe motor impairment and in our experience appears to have a
limited use in SMA.

We also explored the possible impact of other variables. No univocal findings emerged
on the impact of early vocabulary, bulbar function, and SMN2 copy number on social
communication abilities. Three of the four patients reaching or scoring above the SCQ
cut-off were able to say no or a very limited number of words on the MB-CDI, they were
either orally or PEG fed, and had 2 copies of SMN2, while the fourth patient was fully
orally fed, and had 3 copies of SMN2, but had not completed the MB-CDI so,
unfortunately, we have no data on their early vocabulary.

Our findings highlight the need to identify or develop tools in which items are not
affected by severe motor impairment. The lack of such tools is partly responsible for
the little evidence on this domain that is currently available in the literature for SMA.
While clinicians are becoming more and more aware of potential neurodevelopmental
difficulties in SMA1 children, as discussed during a recent workshop on multi-system

involvement in SMA (31) and in a recent international survey on neurodevelopmental
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comorbidities in early onset SMA (32), a better understanding of the prevalence of
individual neurodevelopmental comorbidities and of the impact of motor impairment is
required. Our study contributes to delineate further the new challenges presented by
treated SMA1 children. In the absence of more disease-specific tools, we believe that
tools like the MB-CDI and the SCQ may be used as screening tools to identify early
communication difficulties as they are quick and easy to administer; however, their
results should be interpreted with caution and should be the first step to prompt
access to Neurodisability services. Careful consideration should be given to limitations
in motor abilities that could be misinterpreted as social communication impairment or
to the overall level of severity of the phenotype that may be responsible for weakness
in the phonatory muscles with subsequent reduction of the number of words detected.
Because of this, especially when abnormal findings are detected, both questionnaires
should be accompanied by cognitive and neuropsychological standardised tests to
delineate the neurodevelopmental profile of each SMA1 child more accurately, and by
a complete SLT review performed alongside to better interpret results from the MB-
CDI. These are all crucial aspects considering that earlier detection and intervention
can lead to better outcomes for children with neurodevelopmental disorders (34).
Raising awareness on potential neurodevelopmental impairments in SMA1 children is
also essential to design future studies aiming to further clarify the role of the SMN
protein on early brain development. These, in turn, would help to identify new outcome
measures to investigate the efficacy of current and future therapeutic strategies for
SMA. Further studies should also consider the use of augmentative alternative
communication (AAC) or other tools such as eye-tracking devices as an alternative

option for the subgroup of patients with higher motor impairment.
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5.7 Tables and Figures

Table 1. Study sample (n = 41).

Characteristic

All participants (n = 41)

Participants

Participants

completing MB-CDI | completing SCQ (n =
(n=15) 37)
Sex
Male, n (%) 19 (46%) 6/15 (40%) 18/37 (49%)
Female, n (%) 22 (54%) 9/15 (60%) 19/37 (51%)
SMA1 subtype
1a, n (%) 5(12%) 0/15 5/37 (13.5%)
1b, n (%) 21 (51%) 7/15 (47%) 20/37 (54%)
1c, n (%) 15 (37%) 8/15 (53%) 12/37 (32.5%)
SMN2 copy number
2, n (%) 36 (88%) 14/15 (93%) 32/37 (86.5%)
3, n (%) 5(12%) 1/15 (7%) 5/37 (13.5%)
DMT

First DMT, n (%)

Nusinersen 37 (90%)
Onasemnogene
abeparvovec 3 (7%)
Risdiplam 1 (3%)

Nusinersen 15/15
(100%)

Nusinersen 33/37
(89%)

Onasemnogene
abeparvovec 3/37 (8%)
Risdiplam 1/37 (3%)

Shift to second DMT, n
(%)

4 (10%)

1/15 (7%)

4/37 (11%)

Age at first DMT in
months, median
(range)

9(1-57)

9(2-57)

8 (1-50)

MB-CDI data

age at completion in
months, median
(range)

33 (26 -69)

ventilatory support

NIV > 16h/day 2/15
(13%)

n-NIV 10/15 (67%)
No support 3/15
(20%)

feeding status

PEG(-J) 9/15 (60%)
NG tube 1/15 (7%)
Mixed PEG/orally
1/15 (7%)

Orally 4/15 (26%)

independent sitting

Yes 9/15 (60%)

CHOP-I total score,
mean (range)

42 (23 - 56)

SCQ data

age at completion,
median (range)

6 years 1 month (4
years 0 months — 9
years 1 month)
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ventilatory support

Tracheostomy 4/37
(11%)

NIV > 16h/day 2/37
(5.5%)

n-NIV 26/37 (70%)

If unwell only 3/37 (8%)
No support 2/37 (5.5%)

feeding status

PEG(-)) 22/37 (59%)
NG tube 1/37 (3%)
Mixed PEG/orally 4/37
(11%)

Orally 10/37 (27%)

independent sitting

Yes 26/37 (70%)

SMA scale total score,
mean (range)

RHS (n=26/37) 10 (3 —
27)

Vignos scale (n=4/37)
9.5(9-10)

N/A (n=7/37)
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Table 2. Clinical features of the participants who reached or scored above the SCQ cut-off

PtID S |SMA1 [SMN2 |First CHOP Pt age at Ventilatory | Feeding Sitting Last CHOP |LastSMA |SCQ |Routines |Hyper No. of
e |sub- |copies |DMT, age |[INTEND |completion |supportat |status at (yes/no) at | INTEND motor score |yes/no reactivity | not
type at motor of SCQ completion | completion | completion | motor score at (total to answered
initiation |score at of SCQ of SCQ of SCQ score at completion |=39) sensory | questions
initiation completion | of SCQ input
of first of SCQ (yes/no)
DMT
RM12 |M |1b 2 N,2m* |26/64 4y 7m n-NIV orally yes 50/64 RHS 18/69 |11 yes no 0
1D2 M | 1b 2 N, 3m n/a 5y 9m n-NIV PEG no 49/64** RHS 4/69 12 yes no 12
ID13 |F |1c 2 N, 8m n/a 5y 4m n-NIV PEG/oral no 38/64 RHS 3/69 12 yes yes 0
ID22 |F |1c 3 OA, 10m |37/64 4y Om no orally yes n/a RHS 9/69 20 no yes 0

*Patient RM12 also received onasemnogene abeparvovec at 24 months of age
**completed at 2 years and 10 months of age

Abbreviations: Pt = participant; DMT = disease modifying therapy; SCQ = Social Communication Questionnaire; m = months; y = years; N = nusinersen; OA
= onasemnogene abeparvovec; n-NIV = nocturnal non-invasive ventilation; PEG = percutaneous endoscopic gastrostomy; CHOP INTEND = Children's
Hospital of Philadelphia Infant Test of Neuromuscular Disorders; RHS = Revised Hammersmith Scale; n/a = not administered/not assessed
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Figure 1. Scores obtained on the vocabulary checklist (“understands and says”) of the
MB-CDI — Words and Gestures
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To consider the scores in the context of expressive language growth curves for typically developing
children, we interrogated Wordbank, an open database providing unweighted vocabulary norms for
children up to 30 months of age. For participants aged < 30 months (ID2 30 months, ID4 26 months, ID7
30 months, ID8 27 months, ID13 30 months) we used age-matched unweighted norms while for
participants aged > 30 months (RM9, RM12, ID1, ID3, ID5, ID6, ID9, ID10, ID11, ID12) we used

unweighted norms for children aged 30 months.

Figure 2. Scores obtained on the SCQ — Lifetime form
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Supplementary Table 1. Clinical features of each study participant at completion of the MB-CDI and the SCQ

PtID |S |SMA1l |SMN2 | First MB-CDI | MB-CDI MB-CDI MB-CDI | MB-CDI MB-CDI scQ scQ scQ scQ scQ SCQ | Routine | Hyper No. of
e |sub- |copies |disease ptage |ventilatory |feeding |sitting |last CHOP |number |ptage |ventilatory |feeding |[sitting |last SMA score |s reactivity | not
X |type modifying support status yes/no |INTEND |of words support status yes/no | motor score |(total |yes/no |to answered
therapy, motor produced =39) sensory | questions
age at score input
initiation yes/no
ID1 M | 1b 2 N, 9m 2y 9m [ n-NIV PEG yes 52/64 0 n/a n/a n/a n/a n/a n/a n/a n/a n/a
D2 M | 1b 2 N, 3m 2y bm n-NIV PEG no 51/64 0 5y 9m n-NIV PEG no RHS 4/69 12 yes no 12
ID3 F |1b 2 N, 10m 2y 11m [ n-NIV PEG yes 43/64 88 5y 11m | n-NIV PEG yes RHS 6/69 1 no no 2
D4 M | 1b 2 N, 4m 2y 2m [ n-NIV PEG-J yes 48/64 5 4y 10m | n-NIV PEG yes RHS 25/69 2 yes yes 0
ID5 M | 1b 2 N, 10m 2y 9m NIV>16h/d |PEG no 24/64 5 5y 8m NIV>16h/d |PEG no n/a 2 no no 21
ID6 F |1c 2 N, 24m 4y 2m | n-NIV orally yes 42/64 390 6y 11m |n-NIV orally yes RHS 5/69 4 yes yes 2
ID7 F |1c 2 N, 8m 2y 6m |[NIV>16h/d |NGtube |no 36/64 153 4y 11m | n-NIV NG tube |yes Vignos 9/10 |4 no no 0
ID8 F |1c 2 N, 9m 2y3m | n-NIV PEG no 41/64 70 n/a n/a n/a n/a n/a n/a n/a n/a n/a
D9 F |1c 2 N, 57m 6y 9m [n-NIV PEG no 23/64 225 n/a n/a n/a n/a n/a n/a n/a n/a n/a
ID10 |F |1c 2 N, 11m 3y5m |[no PEG/oral |yes 47/64 393 n/a n/a n/a n/a n/a n/a n/a n/a n/a
ID11 |F |1c 2 N, 20m 3y 10m |no orally yes 56/64 394 7y 3m | if unwell orally yes RHS 16/69 1 yes no 0
ID12 |M |1c 3 N, 18m 3y4dm |no orally yes 50/64 372 6y 2m | If unwell orally yes RHS 7/69 1 yes no 1
D13 |F |1c 2 N, 8m 2y6m | n-NIV PEG no 44/64 6 S5y4m | n-NIV PEG/oral |no RHS 3/69 12 |yes yes 0
ID14 |[M|1a 2 N, 1m n/a n/a n/a n/a n/a n/a 4y 9m | n-NIV PEG-J yes RHS 9/69 9 no no 6
ID15 |[M|1a 2 N, 50m n/a n/a n/a n/a n/a n/a 9y Om |trachy PEG no Vignos 10/10 |5 yes yes 22
ID16 |M|1b 2 N, 16m n/a n/a n/a n/a n/a n/a 6y 5m [NIV>16h/d |PEG no Vignos 10/10 |6 no no 21
ID17 M |1b 2 N, 3m n/a n/a n/a n/a n/a n/a S5y 1m [n-NIV PEG/oral |yes Vignos 9/10 |6 no no 8
ID18 |F |1b 2 N, 2m n/a n/a n/a n/a n/a n/a 5y1m |[no PEG/oral |yes RHS 10/69 2 no no 1
ID19 M |1b 2 N, 2m n/a n/a n/a n/a n/a n/a 4y3m | n-NIV PEG yes RHS 8/69 2 no no 0
ID20 |F |1b 2 N, 2m * n/a n/a n/a n/a n/a n/a 4y4dm | n-NIV PEG-J yes RHS 8/69 5 no no 1
ID21 |[M|1c 3 N, 19m n/a n/a n/a n/a n/a n/a 7y0m | If unwell orally yes RHS 22/69 1 no no 0
ID22 |F |1c 3 OA, 10m n/a n/a n/a n/a n/a n/a 4yOm |no orally yes RHS 9/69 20 no yes 0
RM1 |F |1a 2 N,9m n/a n/a n/a n/a n/a n/a 6y Im [n-NIV orally yes 54/64 9 yes no 0
RM2 (M |1a 2 OA,3m** |n/a n/a n/a n/a n/a n/a 5y9m [n-NIV PEG yes 40/64 9 no no 5
RM3 (M |1a 2 N, 6m n/a n/a n/a n/a n/a n/a 5y 7m |trachy PEG no 3/64 6 yes no 8
RM4 |F |1b 2 N, 41 m n/a n/a n/a n/a n/a n/a 8yOm |n-NIV PEG no 25/64 2 no no 2
RM5 [F |1b 2 N, 30 m n/a n/a n/a n/a n/a n/a 9y Im | n-NIV PEG no 13/64 5 no no 8
RM6 |[F |1b 2 N,3m n/a n/a n/a n/a n/a n/a 7y 11m [n-NIV PEG yes 52/64 8 no no 0
RM7 [M|1b 2 N, 6 m n/a n/a n/a n/a n/a n/a 7y 6m [ n-NIV PEG yes 43/64 8 yes no 0
RM8 |F |1b 2 R,6m n/a n/a n/a n/a n/a n/a 7y 10m | n-NIV PEG yes 35/64 5 no no 4
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RM9 |F |1b 2 N, 6m 2y 9m [ n-NIV PEG yes 41/64 3 4y 9m | n-NIV PEG yes 45/64 8 yes no 2
RM10 |F |1b 2 N, 24 m n/a n/a n/a n/a n/a n/a 8y 4m |trachy PEG no 15/64 8 no no 6
RM11 |F |1b 2 N, 6m n/a n/a n/a n/a n/a n/a 8y4m | n-NIV PEG yes 41/64 6 no no 3
RM12 [M | 1b 2 N,2m*** 12y 8m |n-NIV orally yes 50/64 4 4y 7m | n-NIV orally yes 50/64 11 yes no 0
RM13 [M | 1b 2 OA,2m~”™ |n/a n/a n/a n/a n/a n/a 5y 8m [n-NIV orally yes 54/64 5 no no 0
RM14 |F |1b 2 N, 35m n/a n/a n/a n/a n/a n/a 7y 10m | trachy PEG no 8/64 10 yes no 4
RM15 (M | 1c 3 N, 26 m n/a n/a n/a n/a n/a n/a 8y 11m | n-NIV PEG/oral |no 27/64 1 no no 0
RM16 (M | 1c 3 N, 4m n/a n/a n/a n/a n/a n/a 7y 3m | n-NIV PEG yes 42/64 5 no no 5
RM17 (M | 1c 2 N,9m n/a n/a n/a n/a n/a n/a 6y 7m [ n-NIV orally yes 52/64 0 no no 0
RM18 |F |1c 2 N, 6m n/a n/a n/a n/a n/a n/a 5y5m [n-NIV orally yes 54/64 4 no no 0
RM19 |F |1c 2 N,9m n/a n/a n/a n/a n/a n/a 7y 1m [n-NIV PEG yes 42/64 2 yes no 0

* Patient ID20 also received onasemnogene abeparvovec at 51 months of age
**patient RM2 also received risdiplam (age at initiation not known)

***patient RM12 also received onasemnogene abeparvovec at 24 months of age
A Patient RM13 also received risdiplam starting from 30 months of age

Abbreviations: Pt = participant; MB-CDI = MacArthur-Bates Communicative Development Inventory; SCQ = Social Communication Questionnaire; d = day; m
= months; y = years; N = nusinersen; OA = onasemnogene abeparvovec; R = risdiplam; n-NIV = nocturnal non-invasive ventilation; trachy = tracheostomy;
PEG(-J) = percutaneous endoscopic gastrostomy(-jejunostomy); NG tube = nasogastric tube; CHOP INTEND = Children's Hospital of Philadelphia Infant Test of
Neuromuscular Disorders; RHS = Revised Hammersmith Scale; Vignos scale 9/10 = in a wheelchair; Vignos scale 10/10 = confined to bed; n/a = not
administered/not assessed
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SECTION IV: CONCLUSIONS

Chapter 6 General discussion and conclusions

Throughout this thesis | have approached each study with the aim of furthering knowledge

in the following areas:

1. Can my results play a role in understanding more about the impact of available
disease-modifying therapies on scoliosis surgery in treated children with SMA 2
and 37

2. Can my study findings add further details to the description of the
neurodevelopmental phenotype in treated children with SMA 1?

3. Can my results from the assessment tools | used inform the choice of future
outcome measures of brain functions in treated children with SMA 17?

4. What questions remain and how could these be addressed in the future?

In this final chapter | will bring together the findings from each chapter in the context of

these questions.

6.1 Summary of results

In Chapter 2, | reported the results of a 12-years long retrospective study on post-surgical
changes in respiratory function, motor function, weight and pain in 32 untreated SMA 2
and nonambulant SMA 3 children who underwent scoliosis surgery. Overall, the results
of this study showed a positive impact on respiratory function, but a negative impact on
motor function, weight and pain. Mean annual rates of change in Forced Vital Capacity
%, Hammersmith Functional Motor Scale total score, Revised Upper Limb Module total
score, weight z-score were collected before and after scoliosis surgery. Also, the
percentage of patients experiencing post-surgical pain was documented. A statistically
significant reduction of the mean annual rate of FVC% decline post-surgery was found,
while no statistical significance was reached for the HFMS, RULM, and weight data. An

additional analysis showed a drop of gross motor functions as well as a negative deviation
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of the growth curve immediately after surgery, and a significant percentage of patients
reporting post-surgical hip pain.

| also performed investigator-developed phone interviews and | run a focus group for
patients and their families on post-surgical satisfaction and unmet care needs. Overall
satisfaction was reported, especially in terms of improvements in posture and physical
appearance. However, post-surgical unmet care needs were highlighted, including the
lack of intensive postsurgical physiotherapy programs, prompt occupational therapy
assistance, and psychological support.

Most of the literature on scoliosis surgery in SMA has focused on the primary outcome of
the procedure — the correction of the curve — and little is known about other outcomes.
So, this study provided valuable information to support the discussion with SMA patients
and parents/caregivers before planning this invasive procedure. In addition, the natural
history data collected could be used as a benchmark to investigate whether disease-
modifying treatments received by patients with SMA 2 and 3 who need to undergo

scoliosis surgery will lead to better post-surgical outcomes.

Chapter 3 includes the scoping review published in 2021 and co-authored with colleagues
in Milan (ltaly) and in London (UK) on the knowledge on brain involvement in SMA 1 in
the pre-treatment era. This review covered data available up to December 2019 with a
total of 19 articles identified.

A few neuropathological (both in humans and in mice) and neuroimaging studies
demonstrated alterations in several areas of the central nervous system, other than alpha
motor neurons in the spinal cord, in patients with the most severe forms of SMA (0 and
1). Studies on cognition in SMA 1 showed contradictory results, with some reporting
cognitive performance similar to typically developing children and others reporting poorer
performance, particularly in attention and executive function. Studies on speech and
language development showed that functional and intelligible speech was rarely achieved
in untreated children with SMA 1.

This review of the literature shed light on the under-investigated brain comorbidities in
SMA 1. The evidence collected contributed to raising awareness on this topic within the
scientific community. It highlighted the need for longitudinal studies with standardised
assessments of cognitive and speech/language abilities in children with SMA 1, alongside
longitudinal neuroimaging evaluations when possible, thus paving the way of future

research on this domain.
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Subsequently, more and more researcher have focused their attention on the assessment
of neuropsychological outcomes in treated children with SMA 1 using standardised tests
validated in the paediatric population, and in Chapter 4 | presented an updated overview
of the current literature. Overall, cognitive and language outcomes in treated children with
SMA 1 were reported as heterogeneous, with some children demonstrating average or
above-average abilities while others experience persistent delays depending on factors
such as the time at initiation of treatment, SMN2 copy number, and motor function.

All authors agreed on the need to perform larger, multicentric and longitudinal studies to
better characterised the newly emerging neurodevelopmental phenotype of treated
children with SMA 1. In addition, according to an international survey performed across
32 sites in 13 countries and published in 2024, social communication difficulties were

identified as a potential emerging concern in treated children with SMA 1.

To further explore this aspect, in Chapter 5 | presented a manuscript, currently under
revision, reporting findings from a cross-sectional study performed at two tertiary
Neuromuscular Centres in London and Rome. The study investigated expressive
language and social communication abilities of treated children with SMA1 using two
standardised, validated, and widely used parent-report questionnaires: the MacArthur-
Bates Communicative Development Inventory (MB-CDI) to explore vocabulary production
and the Social Communication Questionnaire (SCQ) to investigate social communication.
Atotal of 41 SMA1 children were included in this study. Fifteen participants completed the
MB-CDI and 13 out of 15 acquired verbal skills, although their scores were below normal
ranges. Thirty-seven participants completed the SCQ and 4 out of 37 scored above the
cutoff, suggesting the need for further investigations for autism spectrum disorders. Other
areas of concern included routines/ritualized patterns of behaviour and hyperreactivity to
sensory input. Overall, the study found that treated SMA1 children can acquire verbal
skills but may experience delays. Additionally, a percentage of these children may present
with social-communication difficulties, especially when expressive language is more
severely affected. As an element of novelty, two assessment tools were investigated as
new outcome measures for treated children with SMA 1 to evaluate communication

abilities in this population.
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6.2 Consideration of overall limitations

| have already addressed the limitations specific to each study in the relevant chapters.
However, there are some overall limitations which were common to all studies. One
limitation, which is difficult to address due to the nature of Spinal Muscular atrophy itself,
is achieving adequate sample sizes to draw population-relevant conclusions. It is a
relatively rare inherited disorder with a heterogeneous phenotype, therefore to attain large
samples for the subgroup stratification, for example by disease-modifying treatment
received, very large multi-centre studies are needed. In addition, long-term, longitudinal
studies are required to better understand the trajectories of the newly identified clinical

features in treated children with SMA and to monitor their evolution over time.

The neuropsychological outcome measures | used presented some disadvantages for
the SMA population, although they have been widely used as screening measures in
clinical and research practice in other paediatric neurological conditions. These have
been useful to describe aspects of brain involvement in SMA for which there is little to no
evidence. However, they include tasks requiring motor abilities to explore specific
cognitive/neurodevelopmental aspects. Children with SMA 1, especially if symptomatic,
might not be able to perform the motor tasks due to muscular weakness, hence the risk
to obtain scores that underestimate the actual potential of these patients. To overcome
this issue, the use of augmentative alternative communication (AAC) or other tools such
as eye-tracking devices could be considered as an alternative option for the subgroup of

patients with higher motor impairment.

6.3 Future work

Large multi-centre, longitudinal studies will be required to determine the new natural
history of scoliosis development and brain involvement in treated children with SMA.

The currently existing National and International Networks of Neuromuscular Centres
represent the optimal framework for such studies, and common data collections to
delineate further the new challenges presented by treated children with SMA are currently

ongoing.
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As regard to the identification and/or development of new outcome measures to
investigate the neurodevelopmental phenotype of treated children with SMA 1, joint efforts
of neuromuscular experts at National and International level will be essential to design
future studies aiming to further clarify the role of the SMN protein on early brain
development. The results reported in Chapter 5 will be presented at the upcoming "285th
ENMC International Workshop on SMN-related neurodevelopmental disorder: type 1
Spinal Muscular Atrophy and the brain" which will be held in Hoofddorp, The Netherlands,
from the 31st of January to the 2nd February 2025, and where | have been selected as
an "Early-Career Researcher". Outcomes from the workshop will be instrumental in

sharing experiences and expertise and setting up common basic neurocognitive dataset.

6.4 Final conclusions

| have presented findings in this thesis which have contributed to expanding the
knowledge on the newly emerging phenotypes of treated children with SMA, from the
natural history data on secondary outcomes of scoliosis surgery to formal assessments

of expressive language and social communication abilities.

| have collected longitudinal data on respiratory function, motor function, weight, and pain
outcomes after scoliosis surgery in untreated children with SMA 2 and 3 which will serve
as a benchmark to better understand the impact of available disease-modifying therapies.
In addition, | have shed light on the importance to actively investigate post-surgical
satisfaction and unmet needs to improve the postoperative management.

These findings represent valuable information, especially now that the subgroup of SMA
individuals requiring scoliosis surgery is increasingly including treated children with SMA
1.

| have described further the neurodevelopmental profile of treated children with SMA 1,
confirming initial evidence of potential delay in expressive language abilities and social
communication difficulties. | have explored for the first time in SMA the use of a parent-
report standardised questionnaire to identify children who might benefit from a more

complete, formal diagnostic assessment for autism spectrum disorder. | have tested the
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use of two novel outcome measures for SMA 1 which could be considered as screening
tools for the early identification of neurodevelopmental disorders.

Raising awareness on potential neurodevelopmental impairments in children with SMA1
will be essential to design future studies aiming to clarify the role of the SMN protein on

early brain development.
In conclusion, this work is a step towards advancing the knowledge on the new natural

history of SMA, which in turn will contribute to the improvement of the management and,

ultimately, the quality of life of treated children and young people with SMA.
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