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Abstract: SMA (5q SMA) is an autosomal recessive neuromuscular disease with an estimated incidence of approximately 1 in 11,000
live births, characterized by progressive degeneration and loss of α-motor neurons in the spinal cord and brain stem, resulting in
progressive muscle weakness. The disease spectrum is wide, from a serious congenital to a mild adult-onset disease. SMA is caused by
biallelic mutations in the SMN1 gene and disease severity is modified primarily by SMN2 copy number. Before the advent of specific
disease altering treatments, SMA was the second most common fatal autosomal recessive disorder after cystic fibrosis and the most
common genetic cause of infant mortality. Nusinersen, risdiplam, and onasemnogene abeparvovec are presently the only approved
disease modifying therapies for SMA, and the aim of this review is to discuss their mode of action, effects, safety concerns, and results
from real-world experience. All exert their action by increasing the level of SMN protein in lower motor neuron. Nusinersen and
risdiplam by modifying the SMN2 gene product, and onasemnogene abeparvovec by delivering SMN1 gene copies into cells. All have
an established clinical efficacy. An important feature shared by all three is that early intervention is associated with a better treatment
outcome, such that in cases where treatment is initiated in an early pre-symptomatic period, it may result in normal – or almost
normal – motor development. Thus, early diagnosis followed by swift initiation of treatment is fundamental for the treatment response
and consequently long-term prognosis in SMA type 1, and probably SMA type 2. The same principle similarly applies to the milder
phenotypes. All three therapies are relatively novel, with risdiplam being the latest addition. Except for nusinersen, real-world data are
still scarce, and long-term data are quite naturally lacking.
Keywords: spinal muscular atrophy, treatment, disease-modifying, gene therapy

Background
Spinal muscular atrophies (SMAs) are a group of genetic diseases caused by progressive degeneration and loss of α-
motor neurons (also known as lower motor neurons) in the spinal cord and brain stem, resulting in progressive muscle
weakness.1 The topic of this review is the most common form, which is classic proximal or 5q SMA, hereafter referred to
as SMA. SMA is an autosomal recessive neuromuscular disease with an estimated incidence of approximately 1 in
11,000 live births.2,3 Data from newborn screening programs suggest that this number may be lower.4 Before the advent
of specific disease altering treatments, SMAwas the second most common fatal autosomal recessive disorder after cystic
fibrosis5 and the most common genetic cause of infant mortality.1,6

SMA is a disease spectrum, from a serious congenital to a mild adult-onset disease. The current universal classifica-
tion, established in 1992,7 denotes three clinical types according to age at symptom onset and maximum motor
milestones achieved (Box 1). It preceded the discovery of the genetic cause by a few years. The causative SMN1-
gene localized to 5q11.2-13.3 (at that time called SMN gene, short for Survival of Motor Neuron) was identified and
characterized in 1995.8 Initially presumed to be present in one telomeric copy, SMN1, and up to several centromeric
copies, SMN2, it soon was suggested that SMN2 copy number might influence SMA disease severity.9 In 1997, it was
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revealed that a C to T base change within exon 7 of the SMN2 gene is detrimental for its transcription, by causing
exclusion of exon 7 in most of the transcripts, resulting in low levels of SMN protein produced.10 A few years later it was
unequivocally proven that there indeed is an inverse relationship between SMN2 copy number and clinical SMA
phenotype.11 There are outliers. Most patients with 4 SMN2 copies will develop SMA type 3, but 7–10% will develop
SMA type 2, and some may even develop an SMA type 1 phenotype.12 Some classifications also encompass SMA type 0,
representing prenatal-onset disease, and SMA type 4, in cases of very mild adult-onset disease (Figure 1). Of infants
affected by SMA, type 1 accounts for approximately 60%. SMA type 4 is rare, at just over 2% of the total number of
SMA cases, with a median age at onset of 46 years.13 Specific types can be further divided into subtypes, eg, 1A, 1B, 1C,
3A and 3B, et cetera, based on differing severity. A decimal system was proposed early on, but never gained widespread
use.14

All SMA types are progressive, differing in the rate of progression and the point at which clinical deterioration
begins.13,15–18

The role of the SMN protein is incompletely understood and SMA has traditionally been seen as a pure α-motor
neuron disease. There is increasing evidence that the SMN protein is important also in other tissues.19–21 Consequently, it
may be advantageous increasing its levels in tissues outside the central nervous system (CNS).6

The natural history of SMA type 1 is well established,15,16 such that data from natural history cohorts can be used for
comparison to treatment cohorts. Mortality is approximately 95% by age 18 months, usually related to respiratory
complications. The natural history of SMA types 2 and 3 is fairly well established.17,22–24 Survival is somewhat
shortened in SMA type 2A, but virtually normal in types 2B, 3, and 4.24 The less severe types display great clinical

Figure 1 Schematic illustration of SMA types, maximal milestones achieved within each type, as well as the most typical SMN2 copy numbers for respective type.104

Notes: Adapted from Schorling DC, Pechmann A, Kirschner J. Advances in treatment of spinal muscular atrophy - new phenotypes, new challenges, new implications for
care. J Neuromuscul Dis. 2020;7(1):1–13. © 2020 – IOS Press and the authors. All rights reservedThis article is published online with Open Access and distributed under the
terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).

Box 1 Characteristics of SMA Type 1, 2, and 3

SMA type 1 ⇒onset between birth and 6 months of age

⇒never able to sit without support

SMA type 2 ⇒onset before the age of 18 months

⇒never able to stand or walk without aid

SMA type 3 ⇒onset after the age of 18 months
⇒develops the ability to stand and walk; may later be lost
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heterogeneity and consequently uncertain prognosis in individual cases. Further natural history studies, at least in SMA
types 1 and 2, are ethically unimaginable in countries where disease modifying therapies now are available.

Until recently, SMA treatment was solely supportive. International consensus guidelines pertaining to standard of care
in SMA were first published in 2007,25 with a revised update published a decade later.3,26 They provide a detailed
framework for work-up and follow-up of patients with the different SMA types, and are organ system-specific, thus
aiding clinicians from different specialties caring for these often very complex patients.

Clinical assessment of patients with SMA involves the usage of motor scales.27 Table 1 summarizes the ones most
frequently used.

SMN Modifying Therapies
Two pivotal publications on two novel treatments in SMA type 1 were published in 2017.28,29 The first disease modifying
therapy ensued, signaling a new era in SMA treatment.30 Recently, a third novel treatment has entered the scene.31 The
therapeutic landscape has changed dramatically, ie, in countries where the new treatments are available.

In this review, we discuss these three treatment options, specifically nusinersen (brand name Spinraza, company
Biogen) previously ISIS-SMNRX, and later IONIS-SMNRX; onasemnogene abeparvovec (brand name Zolgensma,
company Novartis) previously AVXS-101; and risdiplam (brand name Evrysdi, company Roche) previously RG7916.
Figure 2 illustrates their mode of action. Nusinersen and risdiplam both modify the SMN2 gene product, and both require
continuous usage. Onasemnogene abeparvovec is a one-time somatic gene therapy whereby a viral vector delivers
functioning copies of the SMN1 gene into cells.

We will not discuss possible future therapies, some of which are currently under investigation.

Nusinersen
Mechanism of Action and Administration
Nusinersen is an antisense oligonucleotide (ASO) belonging to phosphorothioate (PS) oligodeoxynucleotides. Under
normal circumstances ASOs do not cross the blood-brain barrier, necessitating intrathecal (IT) administration in order to
exert effect within the CNS.32 For patients with complex spine anatomy due to advanced scoliosis or after spinal fusion,
x-ray guided transforaminal delivery or the use of a reservoir may be a feasible option.33–35 Nusinersen has a long half-
life of approximately five months, and it is administered initially as four loading doses over a 2-month period, followed
by maintenance doses every 4 months. The dose is the same in all age groups.

Pharmacokinetic studies indicate that nusinersen is cleared from the cerebrospinal fluid (CSF) into the systemic
circulation, and it has also been identified postmortem in peripheral tissues such as liver and kidney from treated
infants.36 Whether this “leakage” translates to effects outside the CNS is unknown. Nusinersen exerts its effect via gene-

Table 1 Functional Motor Scales Most Often Used in SMA

Age Range Group Specifics

CHOP INTEND107 <2 years, SMA type 1 Non-sitters Includes 16 items, total score 0–64 points.

Valid in non-sitters up to 4 years of age

HFMSE108 >2 years Sitters, walkers Evaluate motor function beyond infancy.

Includes 33 items, total score 0–66 points.

HINE-2109,110 2 months – 2 years All Motor development.

Includes 8 items, total score 0–26 points.

RULM111 >2 years Non-sitters, sitters, walkers Assessment of upper limb function.

Includes 20 items, total score 0–37 points.

6MWT112 >3 years Walkers Maximum walking distance in 6 minutes, along a 25-metre course.

Abbreviations: CHOP INTEND, Children´s Hospital of Philadelphia Infant Test of Neuromuscular Disorders; HFMSE, Hammersmith Functional Motor Scale – Expanded;
HINE-2, Hammersmith Infant Neurological Examination, section 2 (motor milestones); RULM, Revised Upper Limb Module; 6MWT, 6-Minute Walking Test.
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product modification. The SMN2 gene also encodes for SMN protein but differs by 11 nucleotides from SMN1, resulting
in skipping of exon 7 in 80–90% of the mature RNA transcripts and production of a truncated non-functional protein,
SMN∆7.37 Nusinersen targets a heterogenous nuclear ribonucleoprotein A1-dependent splicing silencer within the SMN2
pre-messenger RNA, downstream of exon 7. This adjusts the splicing process leading to increased synthesis of transcripts
containing exon 7.38–40

Results from Clinical Trials with Nusinersen on Symptomatic SMA
The first human clinical Phase 1 and 2 studies of nusinersen in children with SMA types 2 and 3,38 and type 1 (CS3a
study)36 were published in 2016. Encouraging results laid the grounds for three Phase 3 studies: ENDEAR, CHERISH,
and NURTURE. The results of the first two were the basis on which nusinersen became approved as the first available
disease modifying treatment for SMA.40

ENDEAR (CS3B) was a randomized, double-blind, sham-controlled, international multicenter study in infants with
SMA type 1 and two copies of the SMN2 gene, <7 months of age at inclusion. A total of 121 symptomatic infants
underwent the study procedure, 80 in the nusinersen group and 41 in the control (=no drug) group.29 The study was
terminated early, as a prespecified interim analysis found a significantly higher percentage of motor-milestone responders
on HINE-2 in the treatment group than the control group, 41% vs 0% (P < 0.001). In the final analysis, the percentage in
the treatment group was 51%, while the control group remained at 0%. The corresponding CHOP INTEND response, as
a secondary end point, was 71% and 3% (P < 0.001). Some participants achieved clinically meaningful motor milestones,
eg, head control, ability to roll over, independent sitting. The treatment group had a significantly higher overall survival
for the study period (P = 0.004) as well as a prolonged time to need for permanent assisted ventilation. Infants with

Figure 2 Simplified illustration of the mechanism of action of the three disease modifying therapies for SMA: Onasemnogene abeparvovec, nusinersen and risdiplam.
Notes: Adapted from Schorling DC, Pechmann A, Kirschner J. Advances in treatment of spinal muscular atrophy - new phenotypes, new challenges, new implications for
care. J Neuromuscul Dis. 2020;7(1):1–13. © 2020 – IOS Press and the authors. All rights reservedThis article is published online with Open Access and distributed under the
terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).104

Abbreviations: SMN∆7, SMN protein lacking exon 7.
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a shorter disease duration fared better compared with those with a longer disease duration, suggesting that early initiation
of treatment is important in SMA type 1.

CHERISH (CS4) was a randomized, double-blind, sham-controlled, international multicenter study in children with
SMA type 2, aged 2–12 years. A total of 126 symptomatic children were enrolled, 84 in the nusinersen group and 42 in
the control group. They were also stratified according to age at screening (<6 years vs ≥6 years).41 Only 16% were older
than 6 years. All could sit independently and had relatively high baseline scores on both HFMSE and RULM. Children
with severe contractures or scoliosis, respiratory insufficiency, or a gastric tube were not eligible. This trial was also
terminated early for ethical reasons, on account of an interim analysis. By then, the least-squares mean difference in
HFMSE score from baseline was 5.9 points (P < 0.001). In the final analysis, the difference was 4.9 points, with a mean
gain of 3.9 points in the nusinersen group, and a mean loss of 1.0 points in the control group. An improvement of ≥3
points on HFMSE is proposed as being clinically meaningful42 and a higher percentage in the treatment group met this
end points (57% vs 26%). The change from baseline in RULM score between the groups, was 3.7 points (+4.2 vs +0.5)
points, and the improvements were greatest in younger children with a short disease duration.

In December 2016, the US Food & Drug Administration (FDA) approved nusinersen under the brand name Spinraza®

as the first drug for the treatment of SMA. The European Medicines Agency (EMA) followed suit 6 months later. As of
August 2021, nusinersen is available in 22 European countries; in 14 without restrictions, in 7 only to specific SMA types
and/or with restrictions, and in 1 through an early access program.43 Nusinersen is formally approved for use in all SMA
types, age groups, and disease stages. According to Biogen, as of March 2021 more than 11,000 patients worldwide had
received treatment with nusinersen.44

Long-term results of patients with SMA types 2 and 3, aged 2–15 years at enrollment, who participated in the earlier
CS2 Phase 1/2 study followed by the CS12 Phase 2, open-label extension study, confirmed improvements in motor
function and stabilization of disease activity throughout approximately three years of follow-up.45 Likewise, final
analysis of the CS3A study46 demonstrates a durable clinical response in a substantial proportion of the SMA type 1
treatment cohort, comparable with results from the ENDEAR study, over a median follow-up of 36.2 months. At study
closure, 75% of the participants were alive. Lastly, EMBRACE was a randomized, double-blind, sham-controlled Phase
2 study of 21 symptomatic infants and children who did not meet the eligibility criteria of the ENDEAR or CHERISH
studies. The blinded 14-month part was shortened on account of ENDEAR interim results. Part 2 recruited 20
participants, was open label, with a study period of 28 months. All but one of the participants treated with nusinersen
in both parts of the study met HINE-2 motor-milestone response criteria, independent of age at SMA onset.47

All participants in the studies mentioned above, had the opportunity to enroll in SHINE (NCT02594124), an on-going
open-label extension study, investigating long-term efficacy and safety of nusinersen in the different phenotypes.
According to Biogen, SHINE has enrolled 292 participants and will be completed in August 2023.

Pre-Symptomatic Treatment with Nusinersen
NURTURE (CS5) is an on-going Phase 2, open-label, single-arm, multinational study in 25 pre-symptomatic infants with
either 2 (N = 15) or 3 (N = 10) SMN2 gene copies, ie, without treatment they most likely would develop SMA type 1 or
type 2, respectively.48 All were ≤6 weeks of age at first dose. As of this writing, only results of an interim analysis have
been published.48 With no withdrawals, participants’ median age was 38.4 months, and all had therefore passed the age
of expected symptom onset. 2/25 (both with 2 SMN2 copies) utilized respiratory intervention, for 2 and 10 hours per day,
respectively. 3/25 (also all with 2 SMN2 copies) had developed feeding difficulties, necessitating placement of gastro-
stomy tubes. 25/25 had acquired independent sitting, and 22/25 independent walking, the majority within the established
WHO window for healthy children. The proportion of participants with clinically manifested SMA differed between the
groups with 2 or 3 SMN2 copies; being higher in the former. At age 13 months, they were 67% and 20%. At age 24
months, interestingly, they were lower, at 47% and 0%, respectively.

Real-World Data on Nusinersen Treatment
Real-world data on nusinersen treatment in all SMA types and age-groups is growing. To date, most published studies
lack a control group, and the study duration is short. Treatment cohorts are often small and subgroups smaller still,
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causing broad confidence intervals. Methodological differences complicate comparison between studies and interpreta-
tion of results in a larger context.

Coratti et al’s recent critical real-world review and meta-analysis on motor function in patients with SMA types 2 and
3 treated with nusinersen includes all relevant publications until January 2021, reviewing also natural history studies on
similar patients using the same measures as a means of establishing eventual differences between treated and untreated
cohorts. Clinical trials, case reports and data concerning to treatment of pre-symptomatic patients were excluded.49 Key
results concerning HFMSE, RULM, and 6MWT from their review are presented in Table 2.

Positive HFMSE change was reported in all studies and a multivariate meta-regression analysis confirms association
with nusinersen treatment, irrespective of SMA type or age group. Less impressive change was reported on RULM,
where pooled mean change across treated and untreated did not reach statistical significance. Untreated ambulant patients
tend to have high scores on RULM, which may mask eventual positive effects of treatment (“ceiling effect”). Subgroup
analysis demonstrated a bigger increase in RULM scores in non-ambulant vs ambulant, SMA type 2 vs type 3, and in
pediatric vs adult patients. A significant increase was demonstrated on the 6MWT in pediatric and adult patients.

Table 3 provides an overview of more recently published real-world studies containing also SMA type 2 and type 3
and/or older patients.

Real-world motor results regarding SMA type 1 and nusinersen are summarized in Table 4. Treatment duration varies,
from 6 months to 2 years. Some use CHOP INTEND, some HINE-2, some both. Age-group subdivisions differ and
Audic et al50 incorporate patients with SMA type 2 into the <2 years of age group, without specifying eventual
differences in outcome between the two. All differ from the ENDEAR study in that they also include older patients
with a more advanced disease, requiring ventilatory and nutritional support at baseline. Across the board, the results are
promising.

Safety Profile/Adverse Events (AEs)
The ENDEAR and CHERISH trials demonstrated similar frequency of AEs between treatment and placebo groups.29,41

The incidence of serious AEs was higher in the placebo group in both trials, consistent with disease progression rather
than being related to nusinersen. Other publications have confirmed these findings, in different SMA types and age
groups.36,38,45,48,50–59 Hydrocephalus coupled to nusinersen treatment became a concern soon after approval, but a recent
retrospective study reveals that SMA patients had an approximately fourfold increased risk of hydrocephalus compared
with non-SMA controls in the pre-nusinersen era.60 Hemorrhage near the thecal space has been reported in the setting of
multiple lumbar puncture attempts.48 The treatment itself is invasive and for many patients entails general anesthesia.
The most common treatment-related AEs are headache, post-puncture syndrome, back pain, nausea, vomiting, rash, and
pyrexia. Meningitis is rare. Significant changes in laboratory values seem to be rare. Still, it is prudent to monitor for
coagulation disorders prior administration, as well as for infection and kidney function.

Table 2 Meta-Analysis Results on Motor Function in Patients with SMA Types 2 and
3 Treated with Nusinersen

Instrument Pooled Mean 95% CI P

HFMSE Overall 2.27 1.41–3.13
Untreated −1.00 −1.33–0.67
∆ 3.27 <0.0001

RULM Overall 1.11 0.53–1.69
Untreated 0.47 −0.79–1.74
∆ =0.370

6MWT Overall 19.80 m 6.7–32.89

Untreated −8.29 m −19.10–2.52
∆ <0.0001

Abbreviation: m, meters.
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Onasemnogene Abeparvovec
Mechanism of Action and Administration
Onasemnogene abeparvovec (OAV101, Zolgensma®, formerly AVXS-101, Novartis Gene Therapies) is somatic intra-
venously administered gene therapy for SMA developed by Avexis.61 It is based on a self-complementary adeno-
associated virus serotype 9 (AAV9) vector carrying a human SMN1 gene under the control of a constitutive hybrid CMV
enhancer/chicken-b-actin promoter expected to give a continuous SMN1 expression. AAV9 crosses the blood-brain
barrier and target neurons in the CNS. It is not known to cause disease in humans. Preclinical studies in mice and
nonhuman primates demonstrated correction of the SMA phenotype after AAV9-based SMN1 gene therapy.61–63

Subsequently, safety and efficacy were demonstrated in a prospective study (CL101, START) of infants with SMA
type 1 receiving a single dose of onasemnogene abeparvovec gene transfer administered as intravenous (IV) infusion.28

In contrast to gene therapies based on lentivirus or retrovirus, AAV-based onasemnogene abeparvovec is not integrated
into the genome, but persists in the cell nucleus predominantly as extrachromosomal episomes, thus reducing oncogenic
potential.64

Before administration of onasemnogene abeparvovec, baseline laboratory testing is required, including AAV9 anti-
body testing, liver function test (transaminases, bilirubin), creatinine, complete blood count, and troponin-I. Following

Table 3 Key Findings from Real-World Studies in Mixed Groups and in Older Patients

Reference Period, Cohort, Country Main Findings

Osredkar
et al113

14-month follow-up of 61 patients in Slovenia
and Czech Republic

SMA type 1 (N=16), type 2 (N=13), type 3

(N=13)

Change in scores on different motor scales presented as percentage scores
72.9% improved during the study period, 11.9% were stable, and 13.5%

deteriorated

Younger patients benefited more and quicker compared to older ones

Wataya

et al114
2-year follow-up of 271 patients in Japan

SMA type 1 (35%), type 2 (42%), type 3 (23%),
type 4 (0.4%)

87% were > 2 years at baseline; 31% were > 16

years.

26.2% of participants demonstrated improvements on HINE

33.3% of the walkers improved by at least 30 meters on 6MWT

Pera et al52 International SMA registry data, mean follow-
up of 1.83 years

144 pediatric and adult patients with SMA type

3, aged 30 months – 68.27 years

At 12-months, HFMSE change was +1.18 points (N=104, P=0.004), significant in
both sitters and walkers

Compared to external untreated cohort, in patients > 7 years of age, ∆ is always

2.5–3 points
RULM change significant in sitters only

6MWT change at 12 months not statistically significant

Lefeuvre

et al115
18 adult patients; SMA type 1 (N=7), type 2

(N=9), and type 3 (N=2)

Single French center
Mean age at baseline 28.0 years; advanced

disease in all

Mean MFM-32 score for the whole group was 15.6%; 10/18 had scores below, and

8/18 had scores equal to or higher than the mean

Scores did not increase significantly between days 0 and 303

Tscherter

et al116
6–42-month follow-up of 44 patients in

Switzerland, aged 0.1–44.6 years old

SMA type 1, 2, and 3

Positive treatment effect on motor function, with either improvement or

stabilization, demonstrated in all groups and all forms of severity; most striking in

patients with SMA type 1 who initiated treatment < 18 months

Pane

et al117
24-month data from 111 Italian patients with

SMA type 2 (N=46) and type 3 (N=65)
Median age at baseline 6.66 and 17.86 years,

respectively

Significant HFMSE change between baseline and 24 months in SMA type 2 (+ 1.6

points, P=0.019) and type 3 (+ 1.5 points, P=0.017)
RULM points had significantly increased at 24 months in type 2 (P=0.018) but

never in type 3, possibly due to a ceiling effect

In general, smallest changes observed at the severe end of the disease-spectrum,
in both SMA type 2 and type 3; conversely, the positive difference is mostly driven

by the younger cohort
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Table 4 Real-World Data on Key Motor Function Results in SMA Type 1 Following Treatment with Nusinersen

N; Age Motor Scale Used;
Pretreatment Score

Change During Study Period P

Szabó et al55 R 7; mean 0.78 ± 0.27 years CI; mean 30.0 points (SD 7.6) Average +14.9 points (± 5.1), at day 307 0.016

All had improved by > 4 points

Average +20 points, at day 429 (N=6) 0.031

SMN2 copy number not specified.

Audic et al50 R 30; <2 years H; mean 7 points (range 0–23) at T0 Mean +14.5 (range 7–25) at T1 (1 year). Statistically significant, but only 20

patients, not specified which

<0.001

21 with SMA type 1, 9 with SMA type 2.
5 patients with SMA type 1 died during the study period.

Pechmann et al56 P 61; mean 21.08 months (range 1–93) CI; mean 22.3 points (range 1–50) Mean +9.0 points (± 8.0), after 6 months of treatment NS

38 with 2 SMN2 copies, 20 with 3 SMN2 copies. Greater change in children aged ≤ 7 months, compared to > 7 months. Less changes in children already on permanent
ventilator support. Gain of ≥ 4 points in 77%.
3 patients received a tracheostomy during the study period. 1 patient died.
Of note, parents reported positive effects even in children who deteriorated in CI points; “parents´ high expectations … ”.

Pane et al57 P 85; mean 4.70 years (range 2 months –

15:11 years)

CI; mean 15.66 points (± 13.48) Mean +5.48 (± 7.62), range −6 to +32, at 12 months <0.001

H; mean 0.69 points (± 1.23) Mean +1.34 (± 2.90), range −3 to +12, at 12 months <0.001

2 with 1 SMN2 copy, 61 with 2 SMN2 copies, 18 had 3 copies, 4 were unknown.
12 deteriorated on CI, 38 gained ≥ 4 points. 4 deteriorated on H, 28 improved, and 1 achieved standing.
11 patients discontinued nusinersen treatment after 1 year, because of lack of effect or side-effects.

Aragon-Gawinska

et al58
P 33; 8.3–113.1 months CI; median 31.5 points (range 6–45),

N=20

+4 (range −2 to +14), after 6 months =0.001

H; median 1 point (range 0–6),

N=33.

+1.5 (range −1 to +9), after 6 months =0.001

30 (=90%) younger than 53 months. 15 with 2 SMN2 copies, 17 with 3 copies. 8 patients deteriorated with regards to respiratory function during the study period.

Olsson et al102 P 12; mean 14.4 ± 24.0 months.

2 SMN2 copies.

CI; mean 24.3 ± 8.2 points Median +13 (range 3–30) points, after a mean study period of 11 months <0.0001
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Chan et al118 R 40; median 20 months (range 0.35–294). CI; median 12.0 points (range 0.0–
60.0), N= 23

+8.5 points (range 0.0–49.0), after 10 months <0.001

H; median 0 points (range 0.0–4.0),

N=37

+3.0 points (range 0.0–20.0) <0.001

25 had 2 SMN2 copies, 14 had 3 copies and 1 had 1 copy. Best effect in patients who started treatment < 2 years of age.

Pane et al119 P 68; mean 3.96 years (SD 3.90, range
0.20–15.92)

CI; mean 18.09 ± 14.22 points Mean +6.72 ± 8.33 points at 12 months, and +8.66 ± 9.35 points at 24 months <0.001

H; mean 0.88 ± 1.33 points Mean +1.87 ± 3.18 points at 12 months, and +2.62 ± 4.39 points at 24 months <0.001

2 with 1 SMN2 copy, 48 with 2 copies, 17 with 3 copies, and 1 with 4 copies.
CI difference between baseline and 2 years significant I all age groups. 16 could sit at 12 months, and further 6 at 24 months.

Tscherter et al116 P 11; mean 1.4 years (range 0.1–16.1) CI; median 25 points (range 2–29) Median +25 points (range 2–42), median treatment duration 2.1 years. NS

5 with 2 SMN2 copies, 4 with 3 copies, 2 unknowns.
Largest improvements in patients <18 months at treatment initiation (N=6).
3 display delayed language development and 3 difficulties with articulation.

Osredkar et al113 P 16; median 5.2 years (range 0.2–14.7) Percentage score of 17.0% ± 5.1% at
baseline

Had increased to 27.5% ± 4.7% at 14 months =0.002

1 patient died during the study period, and 1 scored lower at 14 months.
5 patients could sit independently at last visit.
Significant risk for need for NIV and gastric tube even in patients who improve on motor scales.

Abbreviations: R, retrospective; P, prospective; N, number of participants; NS, not specified; CI, CHOP INTEND; H, HINE-2; SD, standard deviation.
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gene therapy, close monitoring of liver function, platelet count and troponin-I is mandatory. Risk for immune-mediated
adverse events warrants prophylactic corticosteroid therapy. A minority of infants have antibodies against AAV9,
precluding treatment with onasemnogene abeparvovec. In newborns, positive titers often reflect passive transfer of
maternal antibodies. In such cases, re-testing after 1–2 months (during which time treatment with nusinersen is possible)
is reasonable.

Results from Clinical Trials with Onasemnogene Abeparvovec on Symptomatic SMA
The first clinical study, evaluating the effect of a single dose of onasemnogene abeparvovec in SMA, denoted START,
was performed in USA, on 15 infants (mean 6.3 months of age) with SMA type 1 and having 2 copies of SMN2 (12
receiving high dose onasemnogene abeparvovec, 3 receiving low dose onasemnogene abeparvovec) as a Phase 1 trial
comparing with a historic cohort. At 20 months following gene transfer, 11 of the 12 children receiving high dose
onasemnogene abeparvovec could sit unassisted and fed unassisted. The treatment overall resulted in survival and
achievement of motor milestones and motor function incompatible with the natural course of the disease.28

Subsequently, an open-label Phase 3 study, CL-303 (STR1VE-US), was carried out in USA on 22 patients younger
than 6 months with SMA type 1 and 2 SMN2 copies, as a single-arm, 18-month, single-dose study of IV adminis-
tration of onasemnogene abeparvovec at the dose 1.1×1014 vg/kg. At 14 months of age, 20/22 patients were alive and
free of permanent ventilation, and 18/22 completely without ventilatory support.65 Fifty-nine percent of the study
participants achieved independent sitting (≥30 seconds) at 18 months, compared to 0% in a natural history control
group, 68% (15/22) did not require feeding support, and their CHOP INTEND scores had increased 1-month post
treatment, with a mean change of 6.9 points from baseline.65 STR1VE-EU (CL-302) was conducted in Europe for
patients with SMA type 1 and 1 or 2 SMN2 copies, enrolling 32 patients with a more severe phenotype at baseline
compared with the START and STR1VE-US trials. Patient survival was similar compared to STRIVE-US with 97%
(31/32) surviving free of permanent ventilatory support at 14 months of age,66 and 39% without any daily ventilatory
support. Forty-four percent achieved independent sitting (≥10 seconds) at the completion of the study. This effect is
lower than that observed in the STR1VE-US trial, most likely reflecting initial differences in the study populations.
However, a similar increase in CHOP INTEND scores was demonstrated, with a mean change of 6.0 points from
baseline.66

Onasemnogene abeparvovec was approved by the FDA in May, 2019 and received conditional approval by EMA in
May, 2020. The FDA approval covers children with SMA <2 years of age, whereas the EMA indication denotes children
with bi-allelic SMN1 gene mutations and the clinical diagnosis SMA type 1 or ≤3 SMN2 gene copies. According to
Novartis, as of Q4 2021 more than 1800 patients have been treated with onasemnogene abeparvovec.67

Presymptomatic Treatment with Onasemnogene Abeparvovec
A global, Phase 3, open-label, single-arm, single dose, multicenter study (SPR1NT, CL-304) on the effect of onasemno-
gene abeparvovec in 29 presymptomatic infants up to 6 weeks of age with 2 or 3 SMN2 copies is ongoing. Preliminary
results show that all presymptomatic study participants treated with onasemnogene abeparvovec maintained respiratory
and nutritional independence, that most treated children achieved age-appropriate milestones (eg, sitting, standing,
walking). The latter was achieved by 64% (9/14) of participants with 2 SMN2 copies, and by 100% (15/15) of
participants with 3 SMN2 copies. All participants with 2 SMN2 copies achieved a CHOP INTEND score of ≥58 points,
a score not seen in the natural history of SMA type 1.

Real-World Data on Onasemnogene Abeparvovec Treatment
The largest cohort followed to date contains data from 76 children with SMA from Germany and Austria. They were
aged 21 days–5 years, weighed between 4 and 15 kg and the follow-up period was at least 6 months. Fifty-eight children
had received treatment with nusinersen prior to the onasemnogene abeparvovec.68 In 60 patients for which data were
available, significant improvements were observed in motor function outcome measures in CHOP INTEND (≥4 points)
and HFMSE scores (≥3 points). The improvement was most marked in children <8 months at the time for onasemnogene
abeparvovec treatment, with a mean CHOP INTEND increase of 13.8 points. For the age group 8–24 months, the
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corresponding figure was 7.7 points. For children >24 months of age at the time of treatment, there was no statistically
significant effect of onasemnogene abeparvovec treatment measured by CHOP INTEND.

Serious AEs occurred in 11% (8 children). Importantly, 8% (6 children) developed acute liver dysfunction. The
side effects on liver function were dependent on age and nusinersen pre-treatment and showed a biphasic course in
children ≥8 months of age. Mostly based on the liver enzyme elevations, prednisolone treatment was significantly
prolonged to a mean duration of 15.7 weeks. Other observed side effects were fever (62%), vomiting or loss of
appetite (54%), and thrombocytopenia (78%), whereas cardiac adverse events (abnormal echocardiography) were
rare (2.6%).

The authors conclude that gene therapy with onasemnogene abeparvovec is safe and effective, provided close
monitoring, for patients with SMA up to a weight of 15 kg and up to 24 months of age.68 Similar results have been
obtained from real-world experiences reported from Australia.69

Safety Concerns for Onasemnogene Abeparvovec
Safety concerns include liver dysfunction, thrombocytopenia, thrombotic microangiopathy, and elevated troponin-I.70,71

Thrombotic microangiopathy is a rare, acute, and life-threatening condition, characterized by thrombocytopenia and
microangiopathic hemolytic anemia with thrombocytopenia as a key feature. On account of the risk for liver injury and
other immune mediated adverse events following AAV-based gene therapy, prophylactic systemic corticosteroids are
recommended before and after administration of onasemnogene abeparvovec.70 IV administration of onasemnogene
abeparvovec results in potential affection of a multitude of cell types, and adverse events in several cell types and organ
systems have been reported, including blood (thrombocytes), liver, kidneys, and heart.28,70,71 Common side effects
include vomiting and elevated liver enzymes.70,71 Although usually transient and of no clinical significance, it is
imperative to be aware of the risk of liver failure, speculated to be caused by hepatotoxicity secondary to
a hyperinflammatory reaction,72 and liver enzymes should be monitored for at least 3 months following onasemnogene
abeparvovec infusion.70,71 CNS-related adverse events have not been observed in humans, however dorsal root ganglion
toxicity has been observed with intrathecal administration in nonhuman primates, indicating the importance to monitor
this as a potential adverse event. This and other immune mediated adverse events may require post treatment hospitaliza-
tion and IV steroids and other immunosuppressants.

As onasemnogene abeparvovec contains a genetically modified organism, special precautions should be taken for
preparation, handling, accidental exposure, and disposal. Also, temporary onasemnogene abeparvovec shedding occurs
from the recipient after administration, primarily through bodily waste. For this reason, instructions for the proper
handling of patient stools should be in place.

Risdiplam
Mechanism of Action and Administration
Risdiplam (Evrysdi®, Roche) was developed in collaboration between Roche, PTC Therapeutics and the SMA
Foundation. It is the first orally administered drug developed to treat SMA. Risdiplam, which belongs to a group of
drugs called small molecules, is a pyridazine derivative that modifies splicing of pre-mRNA from the SMN2 gene,
promoting inclusion of exon 7. This increases the expression of full-length mRNA, resulting in higher levels of
functional SMN protein.73,74 Risdiplam is administered orally once daily and the dose is determined by the patients’
age and weight, to a maximal dose of 5 mg in patients ≥2 years and ≥20 kg.75 Risdiplam may be administered through
a feeding tube. Dosage studies have been conducted in both healthy adults as well as SMA patients.76 Risdiplam has been
shown to distribute to both CNS and peripheral tissues in study animals31 and steady state is reached in 7–14 days.

Results from Clinical Trials with Risdiplam on Symptomatic SMA
FIREFISH is an on-going, two-part, open-label multicenter Phase 2/3 trial in infants with SMA type 1 and 2 SMN2
copies. Part 1, which is completed, was an exploratory dose finding one in which primary outcomes were determination
of dosage, evaluation of safety, and pharmacokinetics and -dynamics.76 Twenty-one infants aged 1–7 months with an
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early onset disease (median 2 months) were enrolled. All had low baseline scores on CHOP INTEND and HINE-2, and
none were able to sit without support. All experienced AEs during the study period, most often coupled to compromised
respiratory function due to the underlying condition, rather than the study drug, ie, respiratory tract infections, acute
respiratory failure, and respiratory distress. Four participants died, all from complications related to SMA.
Pharmacokinetic data, confirming 2.1 times the baseline level of SMN protein in blood, 4 weeks after start in the high-
dose group, laid the basis for selecting 0.2 mg per kilogram as the treatment dose for the second part. Post hox
exploratory efficacy outcomes indicated a clinical treatment response to risdiplam. At 12 months, 41% (7/17) of the
participants could sit without support for ≥5 seconds.

Part 2 of FIREFISH, on risdiplam efficacy and safety, recruited 41 infants whose clinical baseline characteristics were
very similar to the ones in part 1. At 12 months, 29% (12/41) could sit without support for ≥5 seconds, a significant
difference compared to natural history studies (P < 0.001). Ninety percent (37/41) had a CHOP INTEND increase of ≥4
points from baseline, 78% (32/41) were classified as HINE-2 motor milestone responders, and 85% (35/41) were event-
free, ie, alive and without respiratory support for ≥16 hours per day. All three significant (P < 0.001) compared with
natural history in SMA type 1.77 Recent pooled 24-month data from parts 1 and 2 (N = 58) reveal that 84% are event-
free, 60% can sit without support for ≥5 seconds, and 40% for ≥30 seconds. Median change in CHOP INTEND score has
continued to improve, from +20 points at 12 months, to +27 points at 24 months. Furthermore, serious AEs have been
less frequent during the second 24 months, there have been no additional deaths in the study group, and the majority has
maintained their ability to swallow.78

SUNFISH is also a two-part trial, where part 1 (N = 51) was the dose-finding part, and the second part pertains to the
efficacy and safety of risdiplam in a broad population of individuals with SMA types 2 and 3. The parts had different patient
cohorts and part 2 is currently on-going. Part 1 exploratory outcomes demonstrated significant improvement in motor
function, compared to a natural history cohort. The part 2 study design is that of a Phase 3, randomized, double-blind, 12-
month placebo-controlled (2 risdiplam: 1 placebo) period, followed by further 12 months open-label where all participants
receive risdiplam. Thereafter, all will be eligible for a 3-year open-label extension.79 The second part recruited 180
participants (71% SMA type 2, 29% SMA type 3), aged 2–25 years, non-ambulant but with independent sitting for ≥5
seconds. Of note, there were no exclusion criteria related to scoliosis, contractures, or nutritional or respiratory support.

At 12 months, there was a significantly different change in MFM32 score (∆=1.55 points, P = 0.016) from baseline
between the treatment (+1.36 points, N = 115) and placebo (−0.19 points, N = 59).79 Younger patients experienced the
largest improvements, whereas in older patients risdiplam more seemed to lead to stabilization. A larger percentage of
individuals in the risdiplam group improved by ≥3 points between baseline and 12 months (P = 0.047), and a significant
treatment difference was observed between the groups in the change from baseline in RULM total score. Preliminary 24-
month data demonstrate that the increase in MFM32 total score has been maintained between months 12 and 24 in the
risdiplam treatment arm. Furthermore, MFM32 change from adjusted baseline was stable between months 12 and 24 in
participants from the initial placebo arm, who then switched to risdiplam.80

JEWELFISH is an on-going, open-label, multicenter trial in patients aged 6 months–60 years, previously treated with
other SMA disease modifying agents, including nusinersen and onasemnogene abeparvovec, some of which have
received more than one. It has recruited 174 participants. Nine percent have SMA type 1, 62% SMA type 2, and 29%
SMA type 3. Thirty-four percent are non-sitters, 57% sitters, and 9% are walkers. Recent interim exploratory data
indicate overall stabilization in motor function, a sustained increase in median SMN protein levels (in blood) irrespective
of previous treatment, as well as low discontinuation rate.81

Risdiplam was approved by the FDA in August, 2020, and by EMA in March, 2021. It is approved for patients with
SMA types 1, 2, and 3, aged 2 months and upwards.

Pre-Symptomatic Treatment with Risdiplam
RAINBOWFISH is an on-going, open-label, single-arm, multicenter study on efficacy, safety, pharmacokinetics, and
pharmacodynamics of risdiplam in 25 presymptomatic infants ≤6 weeks old.
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Real-World Data on Risdiplam Treatment
As of this writing, no real-world data on risdiplam have been published.

Safety Concerns for Risdiplam
As with nusinersen and onasemnogene abeparvovec, most AEs and serious AEs are seemingly associated with progres-
sion of or complications related to the underlying condition, rather than the drug itself. Consequently, serious AEs are
more common in SMA type 1 than types 2 or 3. The most reported risdiplam-related AEs in FIREFISH and SUNFISH
are fever, diarrhea, mouth and aphthous ulcers, arthralgia, urinary tract infection, constipation, and skin rash. Skin-related
events that may be related to the risdiplam, have resolved spontaneously.77,79

Early studies on risdiplam in cynomolgus monkeys (at high exposures) revealed retinal toxicity after 5–6 months of
treatment.73 Pooled data on 464 patients, treated for up to 46 months, has not revealed such findings in humans.82

Animal studies have also revealed potential embryonal toxicity as well as sperm degeneration and reduced numbers.
Concurrent use of contraceptive measures is recommended to female patients of reproductive age and potential effects on
fertility should be discussed prior to initiating treatment in males.73,75 In vitro, risdiplam and its main metabolite, M1,
significantly inhibit multidrug and toxin extrusion protein (MATE) 1 and MATE2-K. In vivo, this may translate to
increased plasma levels of drugs eliminated via MATE1 and MATE2-K, eg, metformin.83

Discussion
Nusinersen, onasemnogene abeparvovec, and risdiplam are disease modifying therapies that all have an established short-
term efficacy in SMA. Since the α–motor neuron loss in SMA is irreparable, focus must be on saving them. Current
evidence supports the notion that the best response to treatment is to be expected in patient who initiate treatment early in
their disease course and that it is best in the presymptomatic group.84,85 This is demonstrable for all three by comparing
outcome in symptomatic vs presymptomatic individuals treated with the same drug, ie, most infants who initiate
treatment in early presymptomatic period, seem to display a normal or near normal motor development. However, a non-
negligible proportion of infants treated even in the first 2–3 weeks of life do end up with significant neurological deficits,
including some who never walk independently. Altogether, the strong correlation between timing of intervention and
outcome highlights the importance of early intervention, and these findings have laid the foundation for including SMA
in newborn screening (NBS) programs in several countries.86 Diagnostic delay is also of relevance. In SMA type 1 there
is on average a substantial, and now prognostically relevant, diagnostic delay with 3.5 months between symptom debut
and confirmed diagnosis.87

Several important questions remain to be answered. Is any one of the presently available therapies superior? Most
effective? Has least side-effects? Which is most cost-effective? All are extremely costly.88 At which time is it too late to
initiate treatment, ie, at what point has an individual patient´s disease progressed to a point where hope of a clinically
meaningful response becomes nonexistent? Are all SMA types amenable to treatment? Can, or indeed should, treatments
be combined. If one fails, is initiating one of the others reasonable?

The first question is, in our opinion, presently not possible to answer, due firstly to differences in study designs and
populations, and secondly to the nonexistence of long-term data for any of the therapies. A recent review pointed out that
clinically important measures such as respiratory and nutritional support were poorly reported in published studies.89

Regarding combining two (or more) disease modifying therapies, publications are scarce.90 No yet published data present
evidence in support of combination therapy, and a recent consensus statement advises against it.91 Changing from
nusinersen to risdiplam or vice versa is a simpler issue. Likewise, changing from nusinersen or risdiplam to onasemno-
gene abeparvovec may be sensible when possible. On the other hand, continuing with nusinersen or risdiplam (or both)
after treatment with somatic gene therapy is in our opinion, presently only reasonable in the context of a treatment study.
Three actual studies are worth mentioning in this respect, DEVOTE (NTC04089566), ASCEND (NTC05067790), and
RESPOND (NTC04488133). The first two aim to evaluate the effect of high dose nusinersen, ASCEND in patients
previously treated with risdiplam. RESPOND is set to investigate clinical outcome following treatment with nusinersen
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in patients previously treated with onasemnogene abeparvovec. These as well as future studies will contribute to the
growing body of knowledge and help with decision-making in the coming years.

Defining treatment failure is difficult, the flip side of which is reasonable treatment goals. Not all participants in any
of the treatment groups in the published studies responded to treatment, and all displayed significant mortality.
Furthermore, an increase of 1 point on any motor scale, albeit perhaps being statistically significant and not compatible
with the natural progress in an untreated cohort, does not necessarily translate into meaningful, purposeful voluntary
motor function. On that note, the definition of response with respect to motor scales like HINE-2 and CHOP INTEND in
the context of SMA is selected not primarily to detect clinically meaningful responses to treatment, but rather deviations
from the expected trajectory of motor-function decline in respective phenotypes, established in natural-history studies.29

The mechanism of functional improvement observed in many study participants has not been wholly explained. It may
represent a) improved function of previously unwell remaining α-motor neurons, b) neuronal sprouting and re-
innervation, leading possibly to larger motor units, or c) improved neuromuscular transmission.36 It may indeed be
a combination of those factors. If motor unit enlargement plays a part, the risk of possible late complications analogous to
post-polio is a concern. The reasonable aim of treatment in symptomatic individuals, is long-term stabilization.
Standardizing patient evaluation will be crucial to long-term follow-up and to enable comparison between different
orphan treatments. Treatment trials in orphan diseases, such as SMA, usually are of relatively short duration and contain
a small sample size that may also be heavily selected. Subsequent drug approval can hence rest on relatively weak short-
term evidence, without any long-term data. The use of different motor scales in the many trials is a problem, with respect
to comparing study results and data. SMArtCARE recommendations for standardizing the evaluation of patients with
SMA are shown in Table 5.92 Biomarkers are a hot topic since there is great need for tools to objectively monitor disease
activity and progression as well as eventual treatment response. Two promising types of biomarkers in SMA are blood or
CSF neurofilament (NF) levels,93 and neurophysiological investigations, such as compound muscle action potential
(CMAP) and motor unit number estimation (MUNE).94,95 The latter are promising but less readily available, time-
consuming, require special investigator training and may not be a practical routine investigative method except in
a clinical trial setting. Determination of NF levels, on the other hand, is more readily available. NFs are intermediate
filaments particularly abundant in, and essential for growth and function of, axons.96 Neurofilaments have been shown to

Table 5 SMArtCARE Recommendations for Evaluation of SMA Patients

Baseline data including genetic test results

Current medical history and clinical examination
o including motor milestones in children < 12 years of age

Physiotherapeutic assessments:
CHOP INTEND
o All children < 2 years of age

o All patients > 2 years of age without ability to sit

HFMSE
o All patients > 2 years of age with ability to sit

o If CHOP INTEND score > 50: CHOP INTEND and HFMSE

o If CHOP INTEND score > 60: HFMSE instead of CHOP INTEND
RULM
o All patients > 2 years of age with ability to sit (in a wheelchair)

6MWT
o All ambulant patients > 3 years of age

ALS Functional Rating Scale (in adult patients)

Pulmonary functiona

Documentation of adverse events

Note: aIf the patient is sufficiently cooperative due to age.
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be nonspecific biomarkers for neuroaxonal injury within the CNS, reflecting ongoing axonal injury.97–100 Levels of
phosphorylated neurofilament heavy chain (pNFH) have been demonstrated to be a potential biomarker for disease
activity and, subsequently, treatment response in SMA in children.101 This held true in the ENDEAR study.101 Olsson
et al reported extremely high baseline CSF levels of NFL in 12 patients with SMA type 1 compared with healthy
controls, normalizing between the fourth and fifth doses of nusinersen.102 Further studies are needed to decide whether
this holds true in patients with long-standing disease.103

New disease altering treatment options can dramatically change the course of individual SMA phenotypes104

translating to a significant difference in outcomes. This holds true especially in countries where NBS has been
implemented. With later treatment, SMA type 1 may more resemble what is typical for SMA type 2 or SMA type 3,
either entirely or partially. Likewise, with treatment a young individual with SMA type 2 may adapt an SMA type 3
trajectory. For older individuals with semi-advanced SMA type 2 or SMA type 3, a reasonable long-term treatment goal
is stabilization. Owing to increased survival in symptomatic patients, new problems may arise, which previously have
been irrelevant, eg, cardiac defects,104 early development of spinal deformities,105 and possible overrepresentation of
cognitive impairment in SMA type 1.106

Since none of the treatments offers a cure for symptomatic individuals and as already vanished neurons cannot be
replaced, early diagnosis by NBS, followed by swift initiation of treatment is fundamental for the prognosis in SMA type
1, and we would argue, SMA type 2 as well. The same principle similarly applies to the milder phenotypes. Transforming
a fatal condition to a chronic one necessitates expanding relevant clinics and services to care for “new survivors”. We are
presently in the middle of a paradigm shift regarding the standards of care for SMA. The immense positive is that the
therapeutic landscape of SMA is radically changing. The yet unresolved medical and ethical issues will clarify in the
coming years.
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