
Articles
eClinicalMedicine
2023;59: 101997

Published Online 5 May

2023

https://doi.org/10.
1016/j.eclinm.2023.
101997
Onasemnogene abeparvovec in spinal muscular atrophy:
predictors of efficacy and safety in naïve patients with spinal
muscular atrophy and following switch from other therapies
Marika Pane,a,b,r Beatrice Berti,b,r Anna Capasso,a,b,r Giorgia Coratti,a,b Antonio Varone,c Adele D’Amico,d Sonia Messina,e Riccardo Masson,f

Valeria Ada Sansone,g Maria Alice Donati,h Caterina Agosto,i Claudio Bruno,j Federica Ricci,k Antonella Pini,l Delio Gagliardi,m Massimiliano Filosto,n

Stefania Corti,o Daniela Leone,b Concetta Palermo,b Roberta Onesimo,p Roberto De Sanctis,a,b Martina Ricci,a,b Ilaria Bitetti,c Maria Sframeli,e

Claudia Dosi,f Emilio Albamonte,g Chiara Ticci,h Noemi Brolatti,j Enrico Bertini,d Richard Finkel,q and EugenioMercuri,a,b,∗ on behalf of the ITASMAc
group

aPaediatric Neurology, Catholic University, Rome, Italy
bCentro Clinico Nemo, Fondazione Policlinico Universitario Agostino Gemelli IRCCS, Rome, Italy
cDepartment of Neurosciences, Paediatric Neurology, Santobono-Pausilipon Children’s Hospital, Naples, Italy
dUnit of Neuromuscular and Neurodegenerative Disorders, Bambino Gesù Children’s Hospital IRCCS, Rome, Italy
eDepartment of Clinical and Experimental Medicine, University of Messina, Messina, Italy
fFondazione IRCCS Istituto Neurologico Carlo Besta Developmental Neurology Unit, Milan, Italy
gNeurorehabilitation Unit, Centro Clinico Nemo, Niguarda Hospital, University of Milan, Milano, Italy
hMetabolic and Muscular Unit, Meyer Children’s Hospital IRCCS, Florence, Italy
iDipartimento di Salute della Donna e del Bambino, Università di Padova, Padua, Italy
jCenter of Myology and Neurodegenerative Disorders, IRCCS Istituto Giannina Gaslini, Genoa, Italy
kAOU Città della Salute e della Scienza di Torino, Presidio OIRM (SC Neuropsichiatria Infantile), Turin, Italy
lNeuromuscular Pediatric Unit, IRCCS Istituto delle Scienze Neurologiche di Bologna-UOC Neuropsichiatria dell’Età Pediatrica, Bologna,
Italy
mPediatric Neurology Unit, Pediatric Hospital "Giovanni XXIII", Bari, Italy
nDepartment of Clinical and Experimental Sciences, NeMO-Brescia Clinical Center for Neuromuscular Diseases, University of Brescia;
Brescia, Italy
oFondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico Milan, Milan, Italy
pRare Disease Unit, Pediatric Unit - Fondazione Policlinico Universitario Agostino Gemelli IRCCS, Rome, Italy
qDepartment of Paediatric Medicine, Center for Experimental Neurotherapeutics, St. Jude Children’s Research Hospital, Memphis, TN,
USA

Summary
Background Efficacy and safety of onasemnogene abeparvovec (OA) for Spinal Muscular Atrophy infants under 7
months and <8.5 kg has been reported in clinical trials. This study examines efficacy and safety predictors in a wide
age (22 days–72 months) and weight (3.2–17 kg) range, also including patients previously treated with other drugs.

Methods 46 patients were treated for 12 months between January 2020 and March 2022. Safety profile was also
available for another 21 patients with at least 6 month follow-up after OA infusion. 19/67 were treatment naïve when
treated with OA. Motor function was measured with the CHOP-INTEND.

Findings CHOP-INTEND changes varied among age groups. Baseline score and age at OA treatment best predicted
changes. A mixed model post-hoc analysis showed that in patients treated before the age of 24 months the CHOP-
INTEND changes were already significant 3 months after OA while in those treated after the age of 24 months the
difference was only significant 12 months after OA. Adverse events occurred in 51/67. The risk for elevated
transaminases serum levels was higher in older patients. This was also true for weight and for pre-treatment with
nusinersen when analysed individually. A binomial negative regression analysis showed that only age at OA
treatment had a significant effect on the risk of elevated transaminases.

Interpretation Our paper describes OA 12-month follow-up showing efficacy across various age and weight groups
not targeted by clinical trials. The study identifies prognostic factors for safety and efficacy in treatment selection.
*Corresponding author. Paediatric Neurology Unit, Policlinico Gemelli, Largo Gemelli, Roma, 00168 Italy.
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Research in context

Evidence before this study
In clinical trials gene therapy for SMA has been used in infants
below 7 months of age and weight less than 8.5 kgs. Due to
the recent approval, real world data using onasemnogene
abeparvovec is now becoming increasingly available. We
conducted a systematic literature search with no language
restrictions on PubMed, from database inception to December
20, 2022 with the search terms (((Spinal Muscular Atrophy
[MeSH Terms]) AND (onasemnogene abeparvovec)) OR
(zolgensma)) NOT (review [Publication Type]). Twenty-three
studies were taken into consideration. The recent real world
papers expand efficacy and safety data to heavier and older
infants but with a short-term follow-up. Data on efficacy in
older infants following switch from other therapies is also
limited.

Added value of this study
This paper represents the first systematic description of 12
month data in a large cohort of 67 children with spinal

muscular atrophy, exploring possible prognostic factors for
both safety and efficacy in different age and weight groups.
Additionally, it pays particular attention to the children who
received gene therapy after previous treatment with another
disease modifying therapy.

Implications of all the available evidence
The data on 12 month follow-up of onasemnogene
abeparvovec in a cohort of children with weight and age
wider than those reported in clinical trials provides the
opportunity to set up the right expectations of the efficacy of
gene therapy if administered at different ages. The additional
data on efficacy following switch from a previous disease
modifying therapy provides information will be of help for
families and clinicians at the time they face the choice if and
when to switch to the new therapy.
Introduction
Spinal muscular atrophy (SMA) is caused by biallelic
mutations (deletions or small mutations) of the survival
motor neuron gene 1.1 Before the advent of new thera-
pies by the age of 2 years over 90% of infants with SMA
type I, the most severe form, did not survive or needed
permanent ventilation.2,3 Disease modifying therapies
and supportive care have significantly changed the
course of the disease.4 Onasemnogene abeparvovec
(OA) is an adeno-associated viral (AAV9) vector-based
gene replacement therapy. Recent clinical trials show a
dramatic increase in survival and function.5–8 These
findings have been confirmed in other studies reporting
long term follow-up of the initial trial9 and by real-world
data.10–12 The clinical trials only included infants below
the age of 7 months and 8.5 kg,5–7 but the drug has
subsequently been approved for a wider range of
patients.

Following the availability of OA, many families
whose children had been treated soon after diagnosis
with nusinersen that until then had been the first drug
available, have opted for switching to the new available
therapy. The decision was often taken in order to avoid
repeated intrathecal injections or was driven by the
exciting results obtained in younger infants.10–12
Recent real-world data in a large cohort suggest that
the use of OA in older patients is associated with a more
limited improvement than that observed in infants
treated before the age of 6 months10–12 and that previous
exposure to nusinersen and older age may increase the
risk for elevated transaminases.12

We report our experience in 67 patients treated with
OA trying to establish possible prognostic factors for
safety and efficacy in patients treated at different ages,
paying special attention to those previously treated with
other drugs.
Methods
The cohort includes 67 patients with homozygous de-
letions of SMN1 treated with OA between January 2020
and March 2022 who had at least 6 month follow-up,
with 46/67 reaching 12 month follow-up. Only type I
infants could be treated, in line with the Italian regula-
tory label. As part of the activities of an Italian nation-
wide registry, data were prospectively collected using a
structured electronic case report form (eCRF).13 The
study was approved by the institutional Ethics Com-
mittee (2355/18 ID:1894) and all parents signed consent
forms.
www.thelancet.com Vol 59 May, 2023
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Nineteen patients were treatment naïve at the time
they were treated with OA. Another two had been pre-
viously treated with risdiplam and 46 with nusinersen.
The number of doses of nusinersen ranged between 1
and 15 (mean number of doses: 5.24) and, in all pa-
tients, OA was administered approximately 3 months
after the last nusinersen dose. All patients received the
standard dose of 1.1 × 1014 vg/kg OA intravenously over
an hour. Oral prednisolone treatment was started on the
day before administration of OA at a standard dose of
1 mg/kg/day and continued for at least 4 weeks. Steroid
dose was adapted according to clinical needs. Blood
tests, including full blood count and liver enzymes were
performed and they were always found to be normal.

Follow-up visits including lab tests were scheduled
on day 2, 7, and then every week for at least 4 weeks,
followed by biweekly intervals for 2 months, and
monthly intervals for another 3 months. Additional
visits were scheduled when needed on the basis of
clinical or laboratory abnormalities.

Functional assessments
All patients were assessed using the Children’s Hospital
of Philadelphia Infant Test of Neuromuscular Disorders
(CHOP-INTEND), which includes 16 items with a total
score between 0 and 64 (higher score reflects a higher
level of motor function). Details of the training and
reliability sessions have already been reported.14 Patients
were assessed at the time treatment started (T0), after 3
months (T3), after 6 months (T6), and at 12 months
(T12) from the infusion.

Sitting posture
In the registry sitting posture is defined as the ability to
sit unsupported and without brace for at least 3 s (item 1
of the Hammersmith Functional motor scale).

Laboratory tests and investigations
Complete blood count, kidney and liver function, crea-
tine kinase, and troponin levels were measured at the
following time-points: day 2, 7, and then every week for
at least 4 weeks, followed by biweekly intervals for 2
months, and monthly intervals for another 3 months. In
the event of abnormal liver enzymes in the first weeks
determination of Aspartate Transferase (AST) and
Alanine Transaminase (ALT) were repeated every three
days until normalization. Cardiac evaluation with echo-
cardiography and electrocardiogram were also per-
formed at baseline and at 12 months or in the presence
of elevated troponin levels.

Statistical analysis
The cohort was stratified according to sex, SMN2 copy
number, age at treatment initiation, weight at treatment
initiation (≤8.5 kg, >8.5 kg). The cutoff point of 8.5 kg
was selected as this was used in the pivotal clinical trials.
Disease severity was defined using the Dubowitz
www.thelancet.com Vol 59 May, 2023
decimal classification,15 in 1.1 (most severe patients), 1.5
(intermediate), and 1.9 (mildest phenotypes).

Simple descriptive statistics were used. The median
and interquartile range value (IQR), mean and standard
deviation (SD) were evaluated.

Paired samples Wilcoxon test was used to assess
differences between T12 and T0 for the entire cohort
and by stratification groups. Kruskal–Wallis test was
conducted to examine the differences on CHOP-
INTEND changes at 12 months post OA infusion ac-
cording subgroups of stratification.

A linear mixed model with patient as random effect
was fitted to predict CHOP-INTEND score with the
possible confounder of stratification. T-tests were
computed using Satterthwaite’s method. The analysis
was performed using the R package lme4 and lmerTest.

To assess the effect of the different stratification
variables on time-to-sit acquisition, the hazard ratio and
its 95% confidence interval were calculated with the Cox
regression model (univariable and multivariable).

Safety assessments
AST and ALT serum levels were defined as elevated when
more than twice the upper limit of normal.16 Mean value
and 95% confidence interval/standard deviation were
reported as values for the different segments of the
population. Kruskal–Wallis-test/Mann–Whitney test was
use to assess the association between AST and ALT
maximum elevation and age, weight, SMA type, SMN2
copy number, and sex. Negative binomial regression
adjusted per days of follow-up (offset term) was used to
examine whether the number of abnormal ALT and AST
peaks were increased or decreased depending on sex, age
at treatment initiation, weight at treatment initiation, and
pre-treatment with nusinersen.

Role of the funding source
This research received no external funding. Data are
available on request.
Results
Patients
At the time of OA treatment, 66/67 (98.5%) patients had a
weight between 3.2 and 13.5 kg. Their age was between 22
days and 58 months. The remaining child, with a weight of
17 kg, was treated off label at the age of 72 months.

Four of the 67 (5.97%) were identified through
neonatal screening and were asymptomatic at the time
they were treated. The remaining 63 (94.03%) were
classified according to the Dubowitz’s decimal classifi-
cation: nine as 1.1, 45 as 1.5 and nine as 1.915 (Table 1).

Efficacy
CHOP-INTEND
Details of the CHOP-INTEND scores over time in pa-
tients subdivided according to age at treatment and
3
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Whole cohort (N = 67) Naive (N = 19) Pre-treated (N = 48) 12-month cohort (N = 46)

Age (months)

Mean (SD) 20 (17) 3 (2.49) 26 (17.49) 22 (18.26)

Median (range) 12 (0–72) 3 (0–10) 25 (3–72) 18 (1–72)

Weight (kg)

Mean (SD) 8.29 (2.69) 5.82 (2.49) 9.23 (2.41) 8.85 (2.65)

Median (range) 8.1 (3.2–17.0) 5.6 (3.2–9.2) 9 (5.4–17.0) 9 (4.1–17)

Male 44 11 34 32

Female 23 10 13 14

SMA type (N)

Pre-symptomatic 4 2 4 2

SMA I 62 16 62 44

SMN2 copies (N)

2 62 17 62 42

3 4 1 4 4

CHOP-INTEND patients’ distribution per time-points

T0 67 19 48 46

T3 65 19 46 46

T6 65 19 46 46

T12 46 9 39 46

Table 1: Details of the whole cohort, of the naïve patients, and of those previously treated.
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treatment status are available in Supplementary
Figure S1.

Forty-six of 67 (68.66%) patients had at least a
CHOP-INTEND assessment at the time treatment
started (T0) and at 12 months (T12) from the infusion
(range 11.5–12.9 months).

A paired Wilcoxon test, conducted to evaluate
whether patients showed greater CHOP-INTEND scores
with time, showed a significant difference (P < 0.0001)
(Table 2). The Kruskal–Wallis test was used to examine
the differences on CHOP-INTEND changes at 12
months post OA infusion according to subgroups of
stratification (Table 2).

Mixed model analysis. A linear mixed model was used
to analyse the effects of the stratification variables on 12-
month results on CHOP-INTEND scores considering
random variation across participants. The interaction of
age at treatment with time, and the CHOP-INTEND
score at baseline resulted to have a significant effect
(P < 0.001) on CHOP-INTEND scores at 12 months. The
post-hoc analysis conducted on the interaction between
time and age at treatment showed a significant increase
of the CHOP-INTEND at different time-points
depending on the age at treatment (Table 3).

Stratification of CHOP-INTEND 12-month changes. Fig. 1
shows details of the patients who reached cut off points
of 40, 50, and 60 on the CHOP-INTEND in the naïve
and previously treated cohorts at baseline and after 12
months.
Achievement of sitting posture
Sitting was achieved in all 4 pre-symptomatic patients
(100%, mean age 7.75 months; mean age at last follow-
up 15 months). One acquired independent standing at
10 months (25%) and the two older patients also ac-
quired independent walking (50%, at 16 and 17 months,
respectively).

In the 16 surviving naïve symptomatic patients
(100%) sitting was achieved in 6 (37.5%) (mean age at
sitting: 11 months; mean age at last follow-up 13
months). One (6.25%) also acquired independent
standing at 12 months.

In the 46 pre-treated symptomatic patients (100%)
sitting was achieved in 38/46 (83%) (mean age at sitting
27 months; mean age at last follow-up 37 months).
Fourteen of the 38 (37%) had achieved independent
sitting before OA. Of the remaining 24 (63%) who
achieved sitting after OA started 12 (50%) only had the
loading dose of nusinersen, generally in the first
months after birth. One patient also acquired indepen-
dent standing at 34 months. The remaining 8/46
(17.4%) did not achieve sitting even after switching to
OA (Fig. 2).

Table 4 reports the results of univariable and multi-
variable Cox regression model analyses. Patients who
had acquired sitting before OA administration were not
included in the regression (n = 15). SMA severity,
duration of previous treatment, and SMN2 copies were
the only statistically significant prognostic factors upon
univariable analysis. SMA severity and duration of pre-
vious treatment retained significance upon multivari-
able analysis.
www.thelancet.com Vol 59 May, 2023
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Stratification subgroups Time Total (N) Median (IQR) Mean (SD) P-value Median change Mean change P-value

Wilcoxon T12–T0 (IQR) T12–T0 (SD) Kruskal–Wallis

Age at OA treatment

<6 months T0 15 30 (20) 34.4 (14.5) P = 0.001b 17 (12) 16.7 (7.56) Chi square = 15.13. P = 0.0005b, df = 2

T12 15 51 (19) 51.1 (10.8)

7–24 months T0 12 42.5 (5.75) 42.1 (8.27) P = 0.003b 6 (12) 9.75 (8.4)

T12 12 52.5 (9.5) 51.8 (7.07)

>24 months T0 19 50 (8.5) 47.1 (10.3) P < 0.001b 3 (6.5) 5.11 (5.20)

T12 19 53 (8.0) 52.2 (9.15)

Sex

Female T0 14 43.5 (22.8) 41.2 (14.5) P = 0.001b 8.5 (813.8) 10.8 (9.23) Chi square = 0.16,529. P = 0.68, df = 1

T12 14 53 (8.5) 52 (7.81)

Male T0 32 43.5 (13.2) 41.8 (11.7) P < 0.001b 8.5 (14) 9.78 (8.16)

T12 32 52 (11.5) 51.6 (9.69)

Weight

<8500 gr T0 20 36.5 (20) 36.7 (13.4) P = 0.001b 17 (13.2) 15 (8.48) Chi square = 11.31 P < 0.001b, df = 1

T12 20 51.5 (14.2) 51.8 (9.64)

>8500 gr T0 26 47 (10.8) 45.5 (10.4) P < 0.001b 4 (6.75) 6.27 (6.16)

T12 26 53.5 (10.2) 51.7 (8.81)

SMN2 copy number

2 T0 42 42.5 (19) 40.4 (12.0) P < 0.001b 8.5 (14.8) 10.3 (8.44) N/A

T12 42 52.0 (13.2) 50.8 (8.83)

3 T0 4 55.5 (18) 54.5 (11.1) N/A 6.5 (14) 7.5 (8.81)

T12 4 64 (2.0) 62.0 (4.0)

SMA 1 severity of the disease

1.1 T0 4 30 (13) 29.5 (8.19) N/A 14 (9.5) 15.5 (6.81) Chi square = 6.31 P = 0.04b, df = 2

T12 4 44.5 (11) 45 (12.0)

1.5 T0 32 43 (19) 39.8 (11.7) P < 0.001b 10.5 (15.2) 11.3 (8.56)

T12 32 52 (10.2) 51.1 (8.31)

1.9 T0 8 51 (8) 50 (8.18) P = 0.035b 3 (4.5) 4.62 (5.78)

T12 8 54 (14) 54.6 (9.02)

Pre-treatment with nusinersena

No T0 7 30 (9.5) 30.4 (9.03) P = 0.022b 17 (9.5) 16.6 (6.32) Chi square = 0.030, P = 0.8617, df = 1

T12 7 47 (9.5) 47 (10.3)

Yes T0 8 38.5 (25.8) 37.9 (18.0) P = 0.022b 19.5 (11.2) 16.8 (8.94)

T12 8 59 (14.0) 54.6 (10.6)

aComputed only in patients <6 months at OA treatment. bReached statistical significance (P < 0.05).

Table 2: 12-month CHOP-INTEND results on the sample of 46 patients of Wilcoxon test and Kruskal–Wallis-test/Mann–Whitney test according to the subgroups of stratification.

Articles
Of the 52 included in the regression analysis, 32
acquired sitting during the OA follow-up. The median
time of sitting acquisition was 16.5 (IQR 27) months
(Supplementary Table S2, Supplementary Figure S2).

Bulbar and respiratory function
Thirty-six of the 46 children with one-year follow-up
(78%) did not need for nutritional support at baseline;
after 12 months from the OA, they all remained orally
fed. The remaining ten (22%) remained tube feeding.

Ten patients (22%) did not need non-invasive venti-
lation at baseline; nine of them (90%) remained on
spontaneous breathing after 12 months, only one
needed for non-invasive ventilation <10 h/day (SMA I
1.5). Of the remaining 36 requiring non-invasive venti-
lation (76%), 32 needed NIV for <10 h/day, and four for
www.thelancet.com Vol 59 May, 2023
>10 h/day at baseline. After 12 months from OA, one
showed a reduction in the duration of daily ventilation to
<10 h/day and another one stopped ventilation
completely.

Safety
Within the first 7 days after treatment, 15 (22.4%) pa-
tients had pyrexia, and 14 (20.9%) vomiting or loss of
appetite. Of 67 patients, 26 (39%) showed at least one
episode of 2-fold AST increase. Of these 26, 17 were
also showing 2-fold ALT increase. In total, on the 67
patients included in the study, 20 showed at least one
episode of 2-fold ALT increase (Fig. 3 and
Supplementary Figure S3). Supplementary Table S3
shows details on patient characteristics and median
value of the increase.
5
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Parameter CHOP

Estimate (95% CI) SE P-value

Intercept 6.27 (−0.08, 12.61) 3.21 0.053

Time

T0 (reference level)

T3 11.33 (8.85, 13.81) 1.26 <0.001a

T6 13.93 (11.45, 16.41) 1.26 <0.001a

T12 16.67 (14.19, 19.15) 1.26 <0.001a

Sex

Female (reference level)

Male −1.00 (−3.89, 1.90) 1.46 0.500

Age

<6 months (reference level)

7–24 months 1.32 (−3.92, 6.57) 2.65 0.499

>24 months 2.65 (−3.76, 9.07) 3.25 0.81

Pre-treatment with nusinersen

No (reference level)

Yes 1.39 (−2.71, 5.49) 2.07 0.506

Weight at treatment

<8500 gr (reference level)

>8500 gr −0.72 (−5.06, 3.62) 2.20 0.746

Disease severity

1.1 (reference level)

1.5 2.12 (−2.88, 7.11) 2.53 0.408

1.9 0.29 (−5.47, 6.05) 2.92 0.921

CHOP score at baseline 0.77 (0.64, 0.91) 0.07 <0.0001a

SMN2 copy number

2 (reference level)

3 2.13 (−2.97, 7.23) 2.58 0.415

Time*Age at treatment

T3*7–24 months −5.58 (−9.30, −1.86) 1.88 0.0036a

T6*7–24 months −6.43 (−10.15, −2.71) 1.88 <0.0001a

T12*7–24 months −6.92 (−10.64, −3.20) 1.88 <0.0001a

T3*>24 months −8.70 (−12.02, −5.38) 1.68 <0.0001a

T6*>24 months −10.09 (−13.41, −6.77) 1.68 <0.0001a

T12* > 24 months −11.56 (−14.88, −8.24) 1.68 <0.0001a

Scaled residuals

Min 1Q Median 3Q Max

−2.43 −0.56 0.04 −0.56 2.86

Random effects

Groups Name Variance Std. Dev.

id2 (Intercept) 12.50 3.54

Residual 11.84 3.44

Number of obs: 184, groups: id2, 46

Reference level used for comparison are labelled in the table. Only the 46 patients who had completed 12 months follow-up were analysed. Supplementary Table S1
provides post-hoc contrast for time*age at treatment, that should be interpreted with caution seen the relative sample size used. aSignificant values (α < 0.05).

Table 3: Model parameter estimates for the mixed-effect model with CHOP-INTEND score as dependent variables.
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Table 5 reports descriptive and inferential statistics
on the association between the maximum elevation of
AST and ALT and patient’s baseline characteristic.

None of the patients had any clinical sign of acute
liver failure or increase in bilirubin. The increased AST
and ALT (more than twice normal values) detected in
the first weeks were always treated adjusting predniso-
lone from 1 to 2 mg/kg per day and there was never the
need to further increase the dose of steroids or use
additional drugs. For the peaks occurring at the end of
www.thelancet.com Vol 59 May, 2023
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Fig. 1: Details of the symptomatic children who reached cut off points of 40, 50, and 60 on the CHOP-INTEND in the naïve and previously
treated cohorts at baseline and after 12 months.

Articles
the first month or after, these were generally treated by
deciding to maintain the same steroid dose and delay
tapering if still on steroids or, in those who had already
completed the tapering, by reintroducing 1 mg/kg.

Conducting a negative binomial regression analysis
adjusting per days of follow-up, the risk of having
abnormal AST results in patients with an age at treat-
ment >24 months was 5.76 times elevated if compared
to patients <6 months, and in patients with an age at
treatment between 7 and 24 months was 7.52 times
elevated if compared to patients <6 months. The risk of
having abnormal ALT results in patients with an age at
treatment >24 months was 11.08 times elevated if
compared to patients <6 months, and in patients with an
age at treatment between 7 and 24 months was 9.07
times elevated if compared to patients <6 months
(Supplementary Table S4).

Thrombocytopenia (<150 × 109/L) occurred in 35
(52%) of 67 patients at a mean of 5–7 days after treat-
ment. Six of the 35 (17.14%) had a thrombocyte count
below 50 × 109/L and were treated adjusting the
www.thelancet.com Vol 59 May, 2023
prednisone dose. None developed petechiae, bleeding,
or required blood transfusion. Thrombotic micro-
angiopathy was not observed.

Of 35 patients with thrombocytopenia, four were
treatment naïve (11%) while 31 were previously treated
(89%). Thrombocytopenia was more frequent in older
and heavier patients and in those previously treated but
this did not reach statistical significance.

Transient mild increase in troponin were found in
3/67 in the second week. Clinical examination, ECG,
and echo were normal in all. None of the patients had
obvious signs of sensory root ganglia dysfunction on a
standard neurological examination. We did not
observe any treatment related serious adverse events.
One child showed hemophagocytic lymphohistiocy-
tosis. One child developed hydrocephalus 1 month
after dosing.

One patient died at 8 months of age for traumatic
event not related to OA treatment and another died of
acute encephalitis occurring after 13 months from
dosing.
7
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Fig. 2: Individual results on motor milestone achievement. The green lines indicate treatment with onasemnogene abeparvovec, the orange
lines treatment with previous treatment, and the grey ones indicate the time without any treatment.
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Variable Univariable Multivariable

Hazard ratio 95% CI P-value Hazard ratio 95% CI P-value

Sma severity

1.1 (ref)

1.5 3.50 0.82–14.97 0.090 1.48 0.29–7.35 0.631

1.9 17.92 3.11–103.17 0.001a 25.87 2.87–232.45 0.003a

Pre-symptomatic 10.84 1.75–67.06 0.010a 28.26 2.71–294.18 0.005a

Age at OA infusion

<6 months (ref)

7–24 months 1.83 0.77–4.30 0.169 1.29 0.20–8.47 0.788

>24 months 1.25 0.53–2.94 0.605 0.51 0.04–6.90 0.615

Duration of previous treatment (naïve <6 months> 6 months)

Naïve (ref)

<6 months 2.78 1.01–7.70 0.048a 8.59 1.90–38.82 0.005a

>6 months 2.68 1.03–6.93 0.042a 22.44 3.01–167.19 0.002a

SMN2 copy number

2 SMN2 copies (ref)

3 SMN2 copies 3.47 1.18–10.13 0.022a 2.14 0.42–10.80 0.358

Weight at OA infusion

<8.5 kg (ref)

≥8.5 kg 1.36 0.67–2.78 0.389 0.73 0.18–2.86 0.656

Sex

Male (ref)

Female 1.26 0.61–2.65 0.526 1.48 0.47–4.68 0.507

OA, onasemnogene abeparvovec; SMN2 copy number, survival motor neuron 2 copy number. aSignificant values (α < 0.05).

Table 4: Hazard ratios for all prognostic factor of sitting acquisition in patients treated with OA.
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Twenty-three (34.3%) had admissions related to
COVID or other respiratory infections during the
follow-up period.

Discussion
Our paper expands the available data on OA also
exploring possible prognostic factors for safety and ef-
ficacy, paying particular attention to the children who
were at a larger weight than those enrolled in the clinical
trials and those who received OA after previous treat-
ment with another disease modifying therapy. This
topic is of particular interest at the time OA is becoming
increasingly available in several countries where other
therapies were already available and families and clini-
cians face therapeutic choice. Until recently, the choice
could only be based on the results available from the
clinical trials that however were targeting naïve young
infants below 7 months6,7,9 or pre-symptomatic in-
fants.17,18 The recently published real-world data mainly
report short term data in cohorts with wider age and
weight range than those used in clinical trials, also
including infants previously treated with other disease
modifying therapies.10–12,19–25

In our large cohort, also including patients older
than 7 months and heavier than 8.5 kg, there was a
significant CHOP-INTEND improvement between T0
and T12. Not surprisingly the best efficacy was observed
www.thelancet.com Vol 59 May, 2023
in the few patients identified through neonatal
screening and in the younger ones. Patients ≤6 months
or ≤8.5 kg improved more than those >6 months or
>8.5 kg. Since around 80% of the patients with an age
>6 months at OA treatment had also a weight >8.5 kg,
this information should be read as complementary.

In our cohort the mixed model post-hoc analysis
showed that while in patients treated before the age of
24 months the CHOP-INTEND changes were already
significant after 3 months and remained significant also
at 6 and 12 months, in those treated after the age of 24
months the difference was only significant between T0–
T12. The discrepancy with previous findings reporting
no significant changes in infants treated after the age of
24 months12 can be explained by the fact that their
follow-up was limited to 6 months while the significance
in our cohort was only reached at 12 months.

Special attention was paid to the patients previously
treated with other disease modifying therapies. With
few exceptions, our patients had been treated with
nusinersen but the possibility to perform a meaningful
analysis of treated vs untreated in the individual age
groups was limited by the fact that the great majority of
the children >6 months had previously been treated
while most younger patients were treatment naïve or
only few had a short exposure to nusinersen until OA
became available.
9
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Fig. 3: Individual trajectories of x-fold AST and ALT subdivided by age at treatment. Panel A: x-fold AST (aspartate aminotransferase); Panel B: x-
fold ALT (alanine aminotransferase).
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A linear mixed model considering random variation
across participants and adjusting for different variables
showed that the CHOP-INTEND score at baseline and
age at OA treatment were the best predictors of the
CHOP-INTEND changes at the different time-points
while previous treatment and the other variables were
not. These findings are in agreement with other studies
also reporting age and baseline as predictors of outcome
in smaller cohorts of older and heavier children.10,11,24,26

One of the main questions when switching to OA in
patients who had already achieved some improvement
as a response to the first therapy is whether the new
drug will provide additional achievements. When we
analysed if and when sitting had been achieved in our
cohort we found multiple patterns. Approximately a
third of the symptomatic patients had already achieved
sitting at the time OA was administered. Others ach-
ieved sitting after switching to OA but the switch
occurred before the age of 6 months, when sitting is not
yet expected. More than a third achieved sitting after
switching to OA and after a variable exposure to nusi-
nersen. The remaining six never achieved sitting
irrespective of the nusinersen or OA duration of treat-
ment. The interpretation of these findings is difficult
because of the heterogeneity of age, duration of previous
treatment, and several other variables. The univariable
Cox regression analyses assessing the effect of the
different variables on the time-to-sit acquisition showed
that decreasing SMA severity, increasing duration of
previous treatment, and increasing SMN2 copies were
the only statistically significant prognostic factors.

The safety profile in our cohort appeared to be overall
similar to that reported in clinical trials. Survival was
approximately 97%, in line with the clinical trials find-
ings in younger infants. In the two children who did not
survive the cause of death was not related to treatment.
We did not observe any of the major serious adverse
effects recently reported such as TMA10,19,27,28 or liver
failure,19,20 irrespective of age or previous treatment.

Our paper also provides additional information on
safety data and on the possible difference in adverse
events in patients who were previously treated.
Decreased platelets and elevated liver enzyme were the
most frequent findings. The peaks of transaminases
www.thelancet.com Vol 59 May, 2023
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AST (x-fold) ALT (x-fold)

Median (range) IQR P-value Median (range) IQR P-value

Sex

Female (n = 22) 0.83 (−0.11–11.8) 2.05 U 1.39 (−0.56–13.0) 3.17 U

Male (n = 45) 0.67 (−0.58–12.5) 2.42 P = 0.7997 0.72 (−0.68–13.9) 2.44 P = 0.6937

Type

Pre-symptomatic (n = 4) 0.36 (−0.11–11.8) 3.43 H (3) = 1.628 −0.01 (−0.34–13.0) 3.51 H (3) = 3.9225

1.1 (n = 9) 0.53 (−0.05–3.78) 0.89 P = 0.653 −0.08 (−0.16–5.20) 0.76 P = 0.27

1.5 (n = 45) 0.89 (−0.58–12.5) 2.64 0.80 (−0.68–13.9) 3.24

1.9 (n = 9) 1.04 (0.29–2.53) 1.62 1.48 (−0.02–8.62) 1.14

SMN2 copies

2 (N = 63) 0.71 (−0.58–12.5) 2.32 N/A 0.72 (−0.68–13.9) 2.77 N/A

3 (n = 4) 1.60 (0.34–2.93) 2.04 0.88 (0.10–3.3) 0.92

Age at treatment

<6 (n = 29) 0.38 (−0.58–5.15) 0.71 H (2) = 10.7 0.10 (−0.68–9.14) 1.12 H (2) = 9.6569

7–24 (n = 14) 2.44 (0.38–11.8) 2.92 P = 0.005a 1.14 (−0.32–13.0) 4.82 P = 0.008a

>24 (n = 24) 1.90 (−0.22–12.5) 3.49 2.05 (−0.58–13.9) 2.75

Weight at treatment

≤8.5 kg (n = 35) 0.45 (−0.58–5.38) 0.74 U 0.12 (−0.68–9.14) 1.09 U

>8.5 kg (n = 32) 2.31 (−1.13–12.5) 3.25 P = 0.002a 2.65 (−0.58–13.9) 4.01 P = 0.0001a

Pre-treatment with nusinersen

No (n = 20) 0.34 (−0.58–2.27) 0.51 U −0.03 (−0.68–8.62) 1.22 U

Yes (n = 47) 1.56 (−0.22–12.5) 3.36 P = 0.0007a 1.42 (−0.58–13.9) 3.37 P = 0.010a

AST, aspartate aminotransferase; ALT, alanine aminotransferase; U, Mann–Whitney U test; H, Kruskal–Wallis H test; IQR, interquartile range. aSignificant values (α < 0.05).

Table 5: Descriptive and inferential statistics on the association between the maximum elevation of AST and ALT and patient’s baseline characteristic.
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were never associated with clinical signs of liver failure
with no need to increase the steroid dose beyond 2 mg/
kg per day or use additional drugs.

As reported in clinical trials, AST, and ALT eleva-
tions were frequent in the first 14 days after dosing or
between 4 and 6 weeks, as part of the previously re-
ported bimodal time course,11,12,20,29 but we also observed
later onset peaks occurring after the first month up to
13–14 weeks. Some of them were isolated peaks and not
the previously reported persistent high value spanning
over the first months20,29,30 and were not always preceded
by a peak in the first weeks. These findings highlight the
need for long term monitoring even in the patients who
did not present the more commonly observed first peaks
within 14 days.

The overall risk of increased liver enzyme was higher
in older patients who, at variance with patients treated
below the age of 6 months, had a higher risk of also
developing elevations after the first weeks, as also re-
ported by previous studies.12,29 This was confirmed by
the x-fold analysis showing how AST and ALT were
differently elevated among patients with different age at
OA treatment, with younger patients having a median
level of x-fold elevation lower that the older patients
(0.38 (−0.58–5.15) vs. 02.44 (0.38–11.8) vs. 1.90
(−0.22–12.5)). This was also true for weight at the time
of treatment and for pre-treatment with nusinersen
when analysed individually. As all variables are
www.thelancet.com Vol 59 May, 2023
obviously strictly correlated with one another, we further
explored the possible effect of the individual factors. The
binomial negative regression analysis adjusted per time
of follow-up showed that only age at OA treatment had a
significant effect on having one or more 2-fold eleva-
tions while weight and previous treatment were not.
These findings are at variance with what reported by a
recent large cohort study suggesting that previous
treatment with nusinersen was per se a prognostic risk
for developing increase in ALT and AST.12 The differ-
ences may be explained by the different cohorts studies
as the previous study also included a number of naïve
type II SMA patients treated after the age of 6 months
who were not present in our cohort. This highlights one
of the limitations of the study, i.e. the exclusion of type
II and III and the small number of infants with 3 SMN2
copies.

In conclusion, our results confirm the efficacy of OA
in children treated at different ages. We also provided
further insights on safety and on the need to prolong the
monitoring of liver enzymes beyond the first months.
Our data also provide additional evidence of the
response to OA when administered in older infants who
have already been treated with another treatment indi-
cating that the response obtained in older infants can be
variable and can be partially predicted by age at OA
treatment and baseline CHOP-INTEND scores. These
findings will be of help when counselling families who
11
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may opt to switch therapy hoping to see the same
magnitude of responses observed in infants treated at
an earlier age.

Despite our study includes all the tertiary referrals
for SMA in Italy, when the cohort is subdivided ac-
cording to age, weight, number of copies etc., the
numbers are still too small to draw any definitive
conclusion or to provide suggestions. The number of
variables to be considered will become even bigger
when including different SMA types or different copy
numbers that could not be included in our study. Larger
international studies are therefore needed to merge
findings from different countries and provide a larger
dataset that will also allow to apply new methods of
analysis, such as machine learning models that could
help to identify trajectories of progression in individual
subgroups.
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