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Spinal muscular atrophy (SMA) is a rare, progressive neuromuscular disorder that affects motor neurons and leads to muscle
weakness. Recent advances in treatment have resulted in several therapeutic options for SMA, including Nusinersen and
Risdiplam, as well as a promising investigational drug, Apitegromab, each of which has slightly different administration methods
and mechanisms of action in treating SMA. Nusinersen and Risdiplam have shown promise by stabilizing motor function and
improving outcomes in SMA patients. Although Apitegromab has not received regulatory approval, several clinical trials have
been completed with this drug, including emerging longer-duration trials thus far. However, there is limited long-term safety and
efficacy data for these drugs due to various factors, including limited patient sample sizes. This review compares the mechanisms,
efficacy, and safety of all these therapies while highlighting the need for more comprehensive real-world data and comparative
studies to fully understand their impact. Findings suggest that although Nusinersen and Risdiplam improve motor function
in treating SMA types 1-3, Risdiplam manifests continuous improvements, whereas Nusinersen plateaus in motor function
gains after 26 months. Overall, all three drugs demonstrate potential and underscore the significance of continued research and
long-term monitoring, and novel therapeutic approaches to further improve patient outcomes in SMA.
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Introduction

Spinal Muscular Atrophy (SMA) is a genetic recessive neu-
rodegenerative disorder that leads to progressive weakness and
worsening in certain muscles. SMA is caused by a mutation
in SMN1 gene (survival motor neuron 1) which encodes the
SMN proteins that play an essential role in maintaining motor
neurons controlling muscle voluntary movement1. 5q SMA is
the most common SMA, which represents SMN1 gene is lo-
cated on chromosome 5q13.22. Non-5q SMA, different from
the common 5q SMA, refers to mutations on other than SMN
gene. Muscular atrophy is a hallmark symptom of SMA that
is directly caused by the degeneration of alpha motor neurons
in the spinal cord resulting in proximal muscle weakness that
affects multiple body functions, limiting life expectancy3. SMA
is a common genetic disorder in children, with an estimated
incidence between 1 in 6000 and 11,0004. The symptoms of
SMA can vary among different people, but most experience res-
piratory infections, scoliosis, and joint contractures5,6. SMA is
classified in 5 types (type 0-4) based on their age of onset. The
onset of SMA ranges from prior to birth to adulthood, and the
severity of the disease decreases as the type number increases,
or SMA onset is delayed6.

SMA treatments are designed to preserve motor neurons,

extend lifespan, and improve motor functions, even though
there is no cure for SMA. Medications like Nusinersen and Ris-
diplam are characterized by targeting the SMN2 gene, a backup
gene for mutated SMN1 gene, to enhance its splicing. SMN2
and SMN1 are nearly identical, which indicates that SMN2
could temporarily compensate for the job of SMN1 when it
is not working. Although SMN2 and SMN1 both encode for
SMN protein, SMN2 produces less-stable and shortened SMN
protein, which is insufficient for preventing the muscular atro-
phy but can slow down its progression6. Among the 3 avail-
able medications—Nusinersen, Risdiplam, and Onasemnogene
abeparovec—only FDA-approved drugs for all SMA types are
Nusinersen and Risdiplam, excluding SMA 0. Nusinersen and
Risdiplam have similar mechanisms of action and are aimed at
increasing the production of SMN protein, while Onasemnogene
abeparovec is a gene therapy only approved for children under
the age of 2, making its clinical use highly limited in scope. The
administration methods of the three drugs vary drastically, as
Nusinersen requires lumbar puncture, Risdiplam is taken orally,
and Apitegromab is administered through intravenous infusion.
However, due to Onasemnogene abeparovec’s restricted target
population, the paper will not include it in the analysis. Instead,
it will compare Nusinersen and Risdiplam to another medication
that hasn’t been approved by the FDA– Apitgromab.
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This review aims to evaluate and compare the long-term ef-
ficacy and safety of Nusinersen, Risdiplam, and Apitegromab
in treating SMA, highlighting their strengths, limitations, and
future directions. Long-term data is crucial in understanding the
efficacy, safety, and durability of SMA treatments. SMA is a
lifelong, progressive disease, so the extended studies for their
drugs are essential in assessing how these therapies maintain
over a longer period. Any potential adverse effects of the drug
that might not be immediately observed in short-term studies
will be shown in the long-term studies. Additionally, compar-
isons between the long-term efficacy and safety of drugs could
also provide valuable clinical insights, and help evaluate the
optimal therapeutic strategy.

Fig. 1 Spinal Muscular Atrophy (SMA) progression: Mutation of the
SMN1 gene in motor neurons that reside in the spinal cord degenerate
to cause SMA. This leads to progressive muscle weakness in SMA
patients1,2.

Subtopic 1: SMA Types

SMA is classified into five types based on the different ages
the disease is diagnosed. Each type of SMA has distinct sever-
ity, life expectancy, and motor milestones leading to different
treatment approaches. SMA 0, the most severe and rare type,
starts at the prenatal period and is associated with an extremely
limited lifespan. Key characteristics of SMA type 0 include
reduced fetal movement, joint contractures, generalized weak-
ness, hypotonia, and severe respiratory, and feeding difficulties.
People haven’t found any effective approach to cure SMA type
0, but more emphasis is on providing supportive care. Prenatal
diagnosis and selective termination during pregnancy are the
conceivable prevention options for this disease7. Given the ef-
fectiveness of Nusinersen in treating SMA type 1 and the lack of
curative treatments for SMA type 0, some researchers reported
a case study that testifies its efficacy in SMA type 0 patients.

In the case report studying an infant patient of SMA type 0, re-
searchers tried to treat the patient after birth with Nusinersen and
found that children treated with Nusinersen have shown mild
improvements in motor functions but minimal improvement
in respiratory drive8. This attempt illustrates that Nusinersen
is considered to be a potential treatment for SMA 0, but the
clinical data for SMA 0 specifically is limited, and its efficacy
cannot be determined at present. Additionally, medicines like
Onasemnogene Abeparvovec, and Nusinersen are highly effec-
tive in treating SMA types 1 and 2, but their efficacy for treating
SMA 0 remains unclear, due to the lack of specific clinical
studies targeting SMA 0 at present9.

SMA 1 appears before the age of six months, and diagnosed
individuals typically have a lifespan of 8-10 months. It is also
known as Werdnig-Hoffman disease and is the most common
SMA type, as approximately 60% of patients are diagnosed with
this type of SMA10. Patients strive to achieve motor milestones
such as head control and sitting with support. They are never
able to sit independently, and their swallowing and breathing
function decreases over time due to the early onset of respiratory
system failure which requires invasive or non-invasive (NIV)
ventilatory support11. Nusinersen, Risdiplam, and Onasemno-
gene Abeparvovec are three medical treatments that have been
approved for patients with SMA 1. One indirect comparison
(MAIC) of children with SMA type I who received treatment
for at least 36 months shows a better effect on using Risdiplam
than treating with Nusinersen, suggesting Risdiplam may reduce
78% in mortaility and 81% reduction in the use of permanent
ventilation compared to Nusinersen. However, there is a lack
of head-to-head trial comparisons, and needs further confirma-
tion and validation12. Onasemnogene Abeparvovec was only
investigated in SMA type 1 patients, as it can only treat SMA
in children under 2 years old13. SMA type 0 and SMA type 1
can be seen as non-sitters, people who cannot sit independently
without support, typically have only 1-2 copies of SMN2.

SMA 2 onset occurs between 6-18 months of age with 70% of
SMA 2 patients surviving into their mid-20s and achieving the
ability to sit independently. The proximal muscles in their legs
usually atrophy more than in their arms, and they develop severe
scoliosis that worsens the lung’s capability and the respiratory
insufficiency commonly experienced by SMA patients. In SMA
type 2 patients, Nusinersen treatment experienced measurable
improvements in motor function as measured by the Hammer-
smith Functional Motor Scale-Expanded (HFMSE) and Revised
Upper Limb Module (RULM) which are widely used, validated
clinical assessment tools evaluating SMA patients’ functional
motor abilities14,15. Nusinersen may help slow the decline of
the respiratory system for patients with SMA 2, though further
research is needed to confirm the impact16. The SMA 2 and
non-ambulatory SMA 3 patients can be seen as the sitters, as
patients in these stages possess the ability to sit with or without
outside support, having 3-4 copies of SMN2w17–19. In SMA
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types 2 and 3, statistically significant improvements were found
in HFMSE and RULM in both Nusinersen treatments and Ris-
diplam treatments, compared to the baseline (p ≤ 0.001). 80.4%
of patients in the Risdiplam group and 80% of patients in Nusin-
ersen reached 3-point cutoffs after 6 months, with no significant
difference between the two groups (p=0.33)20.

SMA 3, commonly known as Kugelberg-Welander disease,
which begins after 18 months, is characterized by an ability to
ambulate independently and a normal lifespan, but the motor
function will also decrease along with the progression of the dis-
ease10. The disease course in this type of SMA is more stable,
with SMA 3 patients showing almost no disease progression in
a 12-month HFMSE SMA 3 patients have even shown slight
increases in motor functions in 48-month HFMSE evaluations17.
Given the relatively stable progression of SMA 3, treatment
focuses on maintaining motor function and preventing further
decline. Nusinersen is most commonly used to treat SMA type
2 and 3 patients, as it always shows a clinically meaningful
improvement in their motor function, shown by the increase of
medians compared to baseline in HFMSE and RULM. How-
ever, it still needs multicentric studies21. Risdiplam is another
common treatment and it also has a significant improvement in
patients’ motor function, and younger individuals show more
effect than elders22.

SMA 4 is the least severe category of SMA. As the onset of
muscle weakness occurs during adulthood, patients experience
milder symptoms; and typically have a near-normal lifespan and
motor function. Risdiplam and Nusinersen have been approved
for treating all SMA types, including SMA 419.

In general, both Nusinersen and Risdiplam have shown clin-
ically meaningful improvements in motor functions across all
SMA types, with similarly low rates of adverse events, though
slight variation might occur by type23. In contrast, Apitegromab
can only treat patients with type 2 and 3 SMA and still lacks
head-to-head trials with Nusinersen and Risdiplam for compar-
isons of efficacy and safety.

Subtopic 2: History and mechanism of action of
current SMA treatments

2.1 Nusinersen

Nusinersen is a therapeutic agent designed to increase the expres-
sion of SMN protein, which is reduced in SMA patients. Nusin-
ersen does this by modulating pre-mRNA splicing of SMN2
through the 859G¿C which is a genetic variant, a milder allele
of SMN2, that acts to produce more full-length SMN transcript
by creating a new exonic splicing enhancer (ESE) or disrupt-
ing an exonic splicing silencer (ESS)24. A patient’s amount of
full-length SMN protein directly correlates with disease severity,
meaning that greater protein levels result in a milder phenotype.
As this medicine has been used widely by all SMA patients

around the world, more than 14000 individuals have been treated
with Nusinersen worldwide25.

Fig. 2 Mechanism of Action of Nusinersen: hnRNP is an
RNA-binding splicing repressors involved in pre-mRNA processing.
In Spinal Muscular Atrophy, exon 7 of the SMN2 gene is often being
skipped during transcription, leading to reduced production of
full-length, functional SMN protein. Nusinersen ,an antisense
oligonucleotide (ASO), characterised as blocking hnRNP from binding
to intron 7 of SMN2 and prevent exon 7 skipping, thereby increasing
the production of functional SMN protein. It restores motor neuron
function and slow disease progression in SMA patients23,24

Nusinersen, sold under the brand name Spinraza, is an anti-
sense oligonucleotide (ASO) drug that targets the SMN2 gene
to increase the full-length SMN protein levels23,26. Its mech-
anism of action is SMN2 pre-mRNA splicing and facilitating
the inclusion of exon 7, correcting the common skipping of
exon 7 in SMN2. Nusinersen blocks the splicing repressor (het-
erogeneous nuclear ribonucleoproteins) hnRNP A1/A2 from
binding to its target site in intron 7, restoring the recognition of
exon 7, this makes SMN2 function more like the SMN1 gene,
thereby increasing the number of SMN2-produced functional
SMN protein production27–29. Nusinersen has been shown to
improve motor function across all SMA types30. The drug is
administered directly into the central nervous system (CNS)
through intrathecal injections in a process called lumbar punc-
ture because ASOs cannot penetrate the blood brain barrier so
it has to be injected intrathecally31. The first three injections
are given every 14 days, and the following are given every four
months32. The efficacy of Nusinersen is commonly assessed
using functional outcome measures such as the HFMSE and
the Hammersmith Infant Neurological Examination Section 2
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(HINE-2)33. Additionally, biomarkers found in cerebrospinal
fluid (CSF) and plasma work as indicators for monitoring the
treatment response. While Nusinersen has been associated with
significant clinical improvements in SMA, its benefits have been
particularly pronounced in ambulatory patients, as measured
by RULM and HFMSE scores at 24 months following the first
dose34. The efficacy of Nusinersen is various in different types
of disease, including increased survival without the need for
permanent respiratory support in SMA type 1 patients, and en-
hanced motor development slightly in types 1-335.

Before clinical trials, the mechanisms of Nusinersen were
tested in in vivo assays. Researchers intrathecally injected Nusin-
ersen into Taiwanese SMA mice and saw that Nusinersen ef-
fectively corrected the exclusion of exon 7 during splicing and
significantly alleviated SMA symptoms by increasing the ex-
pression of SMA proteins. This finding testified the therapeutic
potential of Nusinersen. In preclinical research using cynomol-
gus monkeys, ASO was distributed in the spinal cord without
any adverse events, establishing the safeguard for entering future
clinical trials29,36.

Nusinersen was the first FDA-approved treatment for SMA,
receiving FDA-approval on December 23, 2016 and EMA-
approval on May 30, 2017. Due to the rarity of SMA, Nusin-
ersen was granted the ”orphan drug” designation in both the U.S.
and the E.U. The ENDEAR and CHERISH trials are phase 3
randomized, placebo-controlled trials including infantile-onset
SMA type 1 patients and later-onset SMA type 2 and 3 patients.
They were dosed every 4 months over 13 months, and dosed on
days 1, 29, 85, and 274 over the span of 15 months. The trial re-
sults demonstrated that Nusinersen significantly improves motor
function and survival in infants compared to placebo32. These
clinical trials assessed Nusinersen’s efficacy through almost all
types of SMA. In the ENDEAR trial that lasted for 13 months,
51% of patients treated with Nusinersen achieved a motor mile-
stone, while none in the control group did. The risk of death or
the need for permanent assisted ventilation was 47% lower in
the Nusinersen-treated group compared to the baseline group.
However, because the trial terminated earlier due to its positive
outcomes, the results lack credibility in assessing Nusinersen’s
long-term efficacy37. In the CHERISH trial, 57% of the children
with Nusinersen treatment had a considerable improvement in
motor functions from baseline to month 15 shown by HFMSE
scores compared with 26% in the control group. Because of
the different dosage schedule and the exclusion of patients with
more advanced disease features, it limits the generalizability
to the broader SMA types. Also, this trial only has 15 months,
which restricts Nusinersen’s long-term efficacy38.

Despite its benefits, Nusinersen treatment poses challenges
beyond its high cost. The administration of intrathecal injec-
tions can be technically difficult, especially in patients with
severe scoliosis or spinal deformities, especially 6-15 year old
individuals who are most vulnerable to the complication39. Fur-

thermore, Nusinersen has been associated with several adverse
events (AEs) that include post-lumbar puncture syndrome, idio-
pathic intracranial hypertension, procedural pain, hypokalemia,
and transient hearing loss31,40.

2.2 Risdiplam

Risdiplam, a small-molecule drug that modifies SMN2 pre-
messenger RNA splicing, is sold under the brand name Evrysdi.
It works similarly to Nusinersen, as both treatments target the
SMN2 gene trying to enhance the production of viable SMN
protein by altering mRNA splicing to integrate exon 7 into the
gene39. The FDA approved Risdiplam for general usage on
August 7, 2020, and EMA approved it on March 30, 2021.
Initially, Risdiplam was only addressed to treat SMA patients
over two months, however, the FDA expanded the range to
include patients younger than two months old in 202241.

Several preclinical studies helped establish mechanisms and
proof-of-concept data for Risdiplam in SMA treatment. In vitro
studies confirmed Risdiplam’s mechanisms as an SMN2 pre-
mRNA splicing modifier, increasing SMN protein expression by
including exon 7. In in vivo studies, SMA mouse models treated
with Risdiplam exhibited increased SMN protein expression in
CNS and peripheral tissues. SMN protein increased by 23%,
31% from baseline in muscle and heart by oral dosing, with sim-
ilar increases in brain and spinal cord. Similarly, the SUNFISH
trial’s clinical data showed dose-dependent, functional SMN
protein increases found in the CNS42.

The FIREFISH and SUNFISH are clinical trials that assess
the safety, tolerability, pharmacokinetics, pharmacodynamics
and efficacy of Risdiplam among all types of SMA patients.
The SUNFISH is specifically focused on safety and efficacy of
Risdiplam in patients with SMA Types 2 and 3. The results
showed no significant differences in safety between varying
doses. The trial followed patients for at least 12 weeks with
escalating doses, demonstrating an increase in SMN protein
levels and stabilization of motor function over 24 months. Al-
though the Risdiplam group reported a higher number of AEs
than the placebo group, these were mostly moderate, with no se-
rious AEs across all dose levels22. In contrast to the significant
decline observed in a natural history cohort, the treated group
showed improvements in scores from baseline on the HFMSE,
MFM32, RULM, and Spinal Muscular Atrophy Independence
Scale-Upper Limb Module (SMAIS-ULM) assessments41. The
long-term efficacy of Risdiplam will be discussed further in later
sections of this paper.

On the other hand, the FIREFISH study is 2 parts, open-
labeled, and focused on infants between1-7 months with SMA
Type 1. The treatment result demonstrates that oral Risdiplam
increased functional SMN protein expression in the blood39.
The results indicate that 41% of treated patients were able to sit
without support after 24 months of treatment. Although none of
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the participants could stand or walk independently, significant
motor improvements compared to the natural history patients43.

While Risdiplam’s mechanism of action is similar to that of
Nusinersen, it offers some distinct advantages. It is the first
oral medicine approved for SMA administered in a liquid form
providing a more accessible and convenient treatment option
compared to Nusinersen, as patients can take it at home instead
of doing lumbar punctures39,40. Oral administration is a sig-
nificant advantage of Risdiplam, as it allows the drug to reach
systemic tissues involved in the multisystem pathogenesis of
SMA and express more well-tolerated than Nusinersen. Fur-
thermore, it showed a higher opportunity to prolong survival
and improve motor function for patients, making it a potentially
superior alternative to Nusinersen44,45. Risdiplam is certainly
not a perfect solution, it has multiple restrictions for patients on
their personal medical conditions, and the sample sizes are too
small that might result in some unknown severe AEs46. While
Risdiplam has demonstrated efficacy in increasing SMN protein
levels and improving motor function, its long-term outcomes
remain uncertain13. The most commonly reported AEs asso-
ciated with Risdiplam across all SMA types include coughing,
fever, headache, diarrhea, vomiting, upper respiratory tract in-
fections, pneumonia, and nasopharyngitis22,43. The severer AEs
are caused by SMA, including pneumonia, nasopharyngitis, and
upper respiratory tract infections, and other AEs are drug-related
that are caused by normal side effects of drugs in many clinical
trials.

2.3 Apitegromab

Apitegromab (SRK-015) is a monoclonal antibody constructed
to block the activation of myostatin, a protein that regulates
skeletal muscle growth. Apitegromab aims to preserve muscle
mass by binding with inactive forms of myostatin, allowing the
muscles to grow47. The purpose of the Apitegromab contrasts
with Nusinersen and Risdiplam, as it emphasizes improving
muscle function rather than increasing SMN protein levels. In-
stead of directly targeting the mature forms of myostatin, Apite-
gromab binds to promyostatin and latent myostatin, to inhibit
their activation48,49. Myostatin usually signals through the Ac-
tRIIB receptor to suppress the number of protein in muscles,
but this receptor also interacts with other proteins that regu-
lates muscle growth50. Hence, Apitegromab circumvents these
challenges by selectively binding to inactive myostatin forms to
minimize unintended effects on related proteins50–52. Because
of Apitegromab’s effective function in targeting muscle atrophy,
myostatin has been explored as a potential therapeutic target
for preventing and reversing muscle atrophy diseases53. Due to
these findings, Apitegromab has received Fast Track, Orphan
Drug, and Rare Pediatric Disease designations from the FDA
and Orphan Medicinal Product designations from the EMA for
being a possible treatment of SMA. However, the drug has not

yet been approved for use in patients50.
Toxicology data in cynomolgus monkeys and rats demonstrate

Apitegromab’s selectivity and safety by highlighting how it
effectively inhibits promyostatin with no adverse impact on
neurodevelopment, motor function, and reproduction. Based on
the high sequence homology of myostatin prodomains between
human and rats (94.5%), and human and monkey (95.7%), these
preclinical studies support its safety when used in adult and
pediatric patients with SMA52. The results of a randomized,
phase 1 safety, pharmacokinetics, and pharmacodynamics study
demonstrated that in both single and multiple increasing doses of
Apitegromab, Apitegromab is safe and well-tolerated in healthy
individuals, even at doses as high as 30 mg/kg48. These results
support the accessibility of continually investigating patients
with type 2 and 3 SMA, and generally align with the drug’s
safety profile in TOPAZ and SAPPHIRE trials.

The TOPAZ trial was a Phase 2 proof-of-concept, open-label
study that evaluated the safety and efficacy of Apitegromab in
patients with SMA Types 2 and 3. Participants were grouped
into three cohorts based on their age and motor achievements.
They were treated with Apitegromab infusions and combination
with Nusinersen every four weeks for 12 months. For assessing
their motor function, the HFMSE, RULM, and (Revised Ham-
mersmith Scale) RHS have been used. HFMSE is employed to
test non-ambulatory individuals and RHS is used for ambulatory
individuals. At the 6-month interim analysis, mean increases
were found in all cohorts, and a substantial proportion of pa-
tients were found to have a significant increase in HFMSE (≥3
points)54. As the 12-month TOPAZ study indicates an improved
motor function and a favorable safety condition in both types,
it has been extended to test the efficacy and safety for only the
non-ambulatory group to 36 months. RULM, specified to assess
upper-limb function, WHO motor milestones, and PEDI-CAT
are used in this study to testify the efficacy51. All of them dis-
played sustained improvement from baseline over 36 months,
with satisfactory safety profiles50,54. The SAPPHIRE trial was
a Phase 3, randomized, double blind, placebo-controlled study
designed to assess the safety and efficacy of Apitegromab in
nonambulatory patients with SMA Types 2 and 3 all of whom
have been treated with either Nusinersen or Risdiplam before.
188 patients from age 2 to 21 were enrolled in this trial and were
assigned evenly in three groups to receive either Apitegromab
10 mg/kg, 20 mg/kg, or placebo through IV every four weeks to
12 months55. These promising results are limited by their small
sample size, and the TOPAZ trial is only in phase 2, suggesting
sustained efficacy and safety, but require pending confirmation
in larger Phase 3 studies like SAPPHIRE.

The FDA granted Fast Track designation to Apitegromab
in May 2021, noticing its potential to address in treating SMA.
This decision was influenced by promising data from the Phase 2
TOPAZ trial, which was first reported in April 2021 and demon-
strated significant improvements in motor function among SMA
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patients receiving Apitegromab. In October 2024, the Phase
3 SAPPHIRE trial further reinforced Apitegromab’s efficacy,
by reaching its primary endpoint with statistically significant
improvements (mean HFMSE change: 1.8, p = 0.0192) in mo-
tor function compared to the placebo group. Based on the
TOPAZ and SAPPHIRE clinical trials’ exciting data demon-
strating meaningful improvement in motor function, most of the
patients who participated in Phase 3 SAPPHIRE were enrolled
in the ongoing ONYX trial. ONYX is another open-label phase
3 study evaluating efficacy and safety after non-ambulatory pa-
tients who finished the TOPAZ and SAPPHIRE trials. Although
the FDA will not make a final decision on its approval until
mid-2025, the development of Apitegromab has represented a
milestone in finding effective treatments for SMA49,56.

Although Apitegromab has shown promising motor improve-
ment in non-ambulatory patients, limitations still remain. The
primary limitation of this drug is that it is not disease-modifying,
which leads to the requirement of combinations with other drugs
like Nusinersen and Risdiplam. Secondly, the majority of the
clinical trials are targeting non-ambulatory patients, which lim-
its the generalizability of a broader SMA population. Lastly,
this investigational drug still needs more clinical data and more
regulatory approval to enhance its credibility, as the result of the
ONYX trial is pending.

Subtopic 3: Long-term efficacy and safety of cur-
rent SMA treatments

Long-term efficacy refers to the sustained effectiveness of a
medical treatment over time. It is important to testify the drugs’
long-term manifestation because the disease is progressive, and
patients’ muscle weakness will worsen over time increasing
the risk to patients, and it helps identify the ways to improve
their effectiveness59. There are 3 existing drugs that have been
approved for use in therapies, Nusinersen (Spinraza), Onasemno-
gene Abeparvovec (Zolgensma), and Risdiplam (Evrysdi). The
studies of these three drugs mostly focus on their advantages and
setbacks, neglecting their long-term benefits and safety. Real-
world data and case studies are essential for this rare disease to
comprehensively explore and contrast their actual effects60. As
for Apitegromab, it is a new medicine that has only been used
in clinical trials but has not yet been approved for a widespread
usage. Therefore, Apitegromab’s long-term experiments are
extremely limited and its efficacy and safety still remains un-
clear48.

3.1 Nusinersen

Nusinersen, the most commonly used treatment for SMA, has
demonstrated continued motor function benefits. Nusinersen
stabilizes motor function in children with SMA types 1 to 3

maintaining up to 2-3 years, but still varies among individu-
als61–63. In a study that targets SMA type 2 and 3 patients
treated with Nusinersen at least over 2 years, improvements
were more pronounced in HFMSE than in RULM scores, with
the most significant gains occurring at 12 months in SMA type
2 (mean HFMSE change: +1.6, p = 0.009) and at 24 months
in both type 2 and 3 (mean change: +1.9, p = 0.019; +1.5, p =
0.017)57.

The efficacy of Nusinersen tends to plateau after a certain
point rather than improving continuously. In a long-term ob-
servation of adult patients treated with Nusinersen for up to 30
months, the Medical Research Council strength scale (MRC
median increase 1.85 points per year) exhibited improvement
from baseline to 14 months but stabilized afterward (p ≤ 0.03).
Similarly, the RHS increased up to 6 months (p = 0.02), but no
significant changes were observed afterward, and there was no
notable improvement in respiratory function64. In another Euro-
pean multinational observational study, Nusinersen’s efficacy in
adults with 5q-SMA for up to 16 months was confirmed, but the
long-term outcomes were left in uncertainty. A 38-month study,
the longest Nusinersen study, showed initial motor function
gains peaking at 14 months (HFMSE mean difference +1.72,
95% CI: 1.19-2.25; RULM mean difference +0.75, 95% CI:
0.43-1.07), declining at 26 months (HFMSE +1.20, 95% CI:
0.48-1.91; RULM +0.65, 95% CI: 0.27-1.03), and slightly re-
bounding at 38 months (HFMSE +1.52, 95% CI: 0.74-2.30;
RULM +0.72, 95% CI: 0.25-1.18). The statistical significance
of these changes decreased over time, with p-values of 0.032 at
14 months, 0.169 at 26 months, and 0.289 at 38 months. This
suggests that motor function improvement was most pronounced
at 14 months, followed by a plateau or a decline over time58.
The improved motor function was observed in 72%, and stabi-
lization in another 18% over 38 months65. While some patients
experience improvement and stabilization, others experience a
decline after peaking in 26 months, indicating the efficacy of
Nusinersen and the need for further long-term58.

The result reported that 77% of patients were observed with at
least one adverse reaction but some lacked detailed information,
confirming Nusinersen’s long-term safety. The most common
adverse reactions were post-lumbar puncture syndrome such
as vomiting in 72 hours after lumbar puncture, headache, back
pain, constipation, and infections58,66. There were no studies
of the ENDEAR and EMBRACE trials interrupted because of
Nusinersen’s AEs, the discontinuation due to AEs happens more
frequently in control groups. This evidence guarantees the safety
of Nusinersen67.

Overall, Nusinersen exposes notable benefits in stabilizing
motor function and improving muscle strength, especially within
the first half of the whole reported timeline64. However, its
effects have leveled off over time rather than improved continu-
ously. The SHINE trial and the long-term observational study
confirm its initial gains in motor level but highlight the decline
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Table 1: Overview of medication option of SMA12,22,50,51,57,58

after reaching the climax in 26 months58. The safeness of Nusin-
ersen is generally well-tolerated as it reveals no relevant organ
toxicity, platelet declines, or coagulopathies that were universal
in ASO drugs65,68.

3.2 Risdiplam

In contrast to the long-term efficacy and safety of Nusinersen,
Risdiplam demonstrates a clearly lower mortality rate and the
need for permanent assisted ventilation compared to other SMA
treatments, even after several years. Additionally, studies indi-
cate ongoing improvements in motor function over time with
Risdiplam treatment69. The FIREFISH trial is used to assess
the efficacy of Risdiplam in patients with infantile-onset SMA
type 1.

In a comparative study, researchers conducted a difference
between Risdiplam and Nusinersen in children with type 1 SMA
who received treatment for 24 months. The study involves a
SHINE trial, ENDEAR trial, and FIREFISH trial to evaluate
the long-term safety and efficacy of Nusinersen across SMA
types 1 to 3. Remarkably, the result found that the Risdiplam
group showed a 78% reduction in mortality (MAIC HR for
overall survival 0.22, 95% CI: 0.04-0.47), an 81% reduction in
permanent ventilation rates (MAIC HR for event-free survival
0.19, 95% CI: 0.07-0.35), a 45% higher possibility of achieving
a HINE-2 motor milestone responses (MAIC HR 1.45, 95%
CI: 1.21-1.80), and 57% reduction in the rate of severe adverse
events in comparison with Nusinersen (MAIC HR 0.43, 95% CI:
0.30-0.59). Risdiplam-treated children had a lower death rate, a
lower rate of permanent ventilation, a higher rate of achieving

motor function responses, and a lower rate of having severe
adverse events (SAEs) compared to patients treated with Nusin-
ersen, suggesting that patients experience better treatment safety
and tolerability over time. These findings, based on indirect
MAIC comparison, suggest the conclusion that Risdiplam may
be a superior alternative to Nusinersen in treating type 1 SMA
over a long term, but head-to-head trials are needed to confirm
these results due to its limitations12.

The SUNFISH trial on the other hand evaluates the efficacy
of Risdiplam in patients with later-onset SMA types 2 and 3. In
a SUNFISH trial, Risdiplam led to significant improvement in
both the 32-Motor Function Measure (MFM32) and RULM with
later onset SMA type 2 and 3, though no significant change was
observed in HFMSE. The Risdiplam group also had a higher per-
centage of patients achieving the Minimal Clinically Important
Difference (MCID). By 12 months, Risdiplam-treated patients
met the primary endpoint by showing a significant increase
in the score of MFM32 compared to placebo. However, after
24 months, motor function stabilization was achieved in 58%
of Risdiplam-treated patients (a change of ≥0), and 32% was
achieved motor function improvement (a change of ≥3). Both
improvement and stabilization are shown in the total scores of
HFMSE (95% CI, mean change: +2.2 vs. +0.0), RULM (95%
CI, +2.8 vs. +0.9), and MFM32 (95% CI, +1.4 vs. +0.3) relative
to the comparator, but younger patients usually experience a
greater improvement22. Overall, Risdiplam led to significant
improvement in motor function for patients with type 2 or non-
ambulant type 3 SMA, with motor function remaining stable
after 12 months of treatment. Unlike Nusinersen, the safety
profile of Risdiplam after 24 months remained consistent with
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that observed at 12 months, and over 24 months, corroborating
the benefit of long-term treatment. No significant changes were
observed in respiratory or nutritional outcomes over the long-
term treatment, and also the quality of life (QoL), as measured
by caregiver-reported SMAIS-ULM that reported independence,
between the Risdiplam and placebo groups41,66. The limitations
of the SUNFISH Part 2 study were that it excluded ambulatory
patients and only represented a small age group, so its general-
izability to the patient population is unclear70.

As for the safety of Risdiplam, both the Risdiplam and
placebo groups experienced frequent AEs and SAEs, but only a
few were considered treatment-related. The most common AEs
are infections and infestations22,71.

While Risdiplam has demonstrated efficacy and safety in clin-
ical trials, there is currently limited long-term data compared
to Nusinersen, as a 24-month observation period may not be
sufficient to fully assess its long-term effects. Further studies are
needed to confirm its sustained effectiveness and safety in the
longer term, and more samples are required to be studied72. Ris-
diplam demonstrated significant benefits in reducing mortality
and improving motor function in patients with SMA, providing
a strong support for its long-term efficacy.

3.3 Apitegromab

Apitegromab is a medicine that is used to treat SMA disease
but it has not yet been licensed so it is currently only available
in clinical trials. Therefore, its long-term efficacy data remains
limited. The primary source of long-term data for Apitegromab
is the TOPAZ study, which reports outcomes in nonambulatory
patients over a 36-month period. Efficacy was assessed using
multiple outcome measures, including the RULM, HFMSE, and
caregiver-reported assessments such as the Pediatric Evalua-
tion of Disability Inventory-Computer Adaptive Test and the
Patient-Reported Outcomes Measurement Information System.
Findings from the study indicate sustained improvement from
baseline prolonged to 36 months with mean changes in HFMSE
of +4.0 and +4.8 (95% CI), and in RULM of 2.4 and +2.8 (95%
CI), demonstrating a similar benefit compared to the 12-month
results—HFMSE: +3.6 and +4.6 (95% CI); RULM: +1.3 and
+1.2 (95% CI). No new safety concerns observed during the
extended follow-up50. As this study is just a phase 2 study with
limited sample sizes, its outcomes are referable but still need
later confirmation in the phase 3 SAPPHIRE trial.

Later in a longer 48-month TOPAZ study, results emphasized
a patient retention rate of over 90%, with no new safety concerns.
Initial 12-month results were reported in April 2021, followed
by subsequent data updates at 24, 36, and 48 months. These
long-term findings consistently demonstrated sustained benefits
in motor function, with no new safety concerns emerging. The
mean change in HFMSE scores from baseline was 5.3 points
(95% CI: 1.5-9.2) and 6.4 points (95% CI: 1.8-11.0) across

different age groups, while the mean change in RULM scores
was 3.6 (95% CI: 2.0-5.3) points and 4.5 points (95% CI: 2.7-
6.3), respectively. Notably, 31% of participants were excluded
from the four-year study due to undergoing scoliosis surgery
suggesting a common confounding factor in motor function
assessments50,73.

The safety of Apitegromab remains promising. In the 36-
month TOPAZ trial, over 90% of patients experienced at least
one treatment-emergent adverse event (TEAE). However, all
were mild or moderate in severity, as minor amount of TEAE
and death were reported. The most common TEAEs included
pyrexia, nasopharyngitis, headache, vomiting, COVID-19 in-
fection, and upper respiratory tract infections. No deaths, un-
expected SAEs, or hypersensitivity reactions to Apitegromab
were reported, and no patients tested positive for Apitegromab
antibodies50,51.

In conclusion, the long-term efficacy and safety of Apite-
gromab remain uncertain due to limited experimental data. Its
effectiveness and safety have not been fully established, empha-
sizing the necessity of further research and clinical trials.

Discussion

SMA has seen significant advancements in treatment options
with the introduction of therapies such as Nusinersen, Risdiplam,
and Apitegromab. However, these treatments still have several
limitations and long-term safety and efficacy have yet to be
determined. A critical limitation in the current SMA treatment
landscape is the lack of extensive comparative studies, a bigger
sample size, and a statistically robust. More studies comparing
these treatments with SOCs or other FDA approved therapies
could be useful. Also, many clinical trials have small sample
sizes due to the disease rarity and controlled environments that
may not fully represent the diverse SMA population. For in-
stance, the FIREFISH trial evaluating Risdiplam included only
62 participants, and the TOPAZ trial only involved 58 partici-
pants74. Moreover, while clinical trials provide valuable data,
they often have strict inclusion criteria that may exclude patients
with comorbidities or those at advanced disease stages. This ex-
clusion limits our understanding of how these therapies perform
in the broader SMA community. Real-world evidence, beyond
clinical trials, has evaluated nusinersen’s adherence in patients
with SMA Types 1–3, demonstrating clinically significant motor
function improvements across all types. Younger patients with
Types 1 and 2 exhibited greater improvements, while older Type
3 patients primarily experienced stabilization75. Real-world
data is essential to assess the effectiveness and safety of treat-
ments in routine clinical practice, capturing a wider range of
patient experiences and outcomes.

In addition, future research should focus on long-term efficacy
and safety studies. Conducting extended follow-up studies to
monitor any potential late-emerging adverse events and checking
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the sustainability of the effect. Beyond Nusinersen, Risdiplam,
and Apitegromab, several other promising therapies could also
improve SMA treatments. Onasemnogene Abeparvovec (Zol-
gensma) is one drug that has already been approved by the FDA
to treat this disease. It is a one-time gene therapy that has shown
significant improvements in motor function in infants with SMA
type 1, but not other SMA types. Aside from pharmaceutical
interventions, physical therapy could also aid in maintaining
muscle function, improving mobility, and preventing compli-
cations. Ventilation assistance could also help patients with
breathing difficulties, who may require non-invasive ventilation
to prevent sleep apnea.

While clinical trials suggest that both Nusinersen and Ris-
diplam improve motor functions in patients with SMA Types
1–3, their comparative efficacy remains unclear due to the ab-
sence of direct head-to-head trials. Although Nusinersen reveals
long-term benefits in SMA Types 1 and 2, its effects may plateau
after 24–30 months. Also, there are no current experiments test-
ing the efficacy of Nusinersen beyond 5 years, making it unclear
whether its use is worth the risks that come with its invasive
administration, which include infections, headaches, or spinal
cord injury58,61. On the other hand, the long-term efficacy of
Risdiplam is still being evaluated, exhibiting sustained efficacy
for up to 2 years, with reports of fewer severe adverse events and
better accessibility due to its oral administration. Clinical trials
hint that Risdiplam may offer advantages over Nusinersen in
SMA Type 1 due to its lower mortality rates and its respiratory
conditions. This conclusion should be considered cautiously, be-
cause there are no randomized controlled trials directly compare
the two. Apitegromab, an investigational drug demonstrating
favorable research outcomes but still lacks extensive long-term
data, real-world validation. Its current outcomes focused on
non-ambulatory patients, and typically used with other SMN-
enhancing therapies, limit its population and complicates its
independent efficacy. Onasemnogene abeparovec has shown
remarkable long-term results in infants, but as a one-time treat-
ment, its lifelong effects on motor skills are still understudied76.
Onasemnogene abeparovec is a gene therapy only for children
less than 2 years old, because it is indicated for replacing pa-
tients’ SMN 1 gene with a healthy one in motor neurons, which
ensures the therapy is given before the disease causes irreversible
consequences6. While SMA research has greatly advanced in
recent years, the sample sizes of clinical research are still not
wide enough, ascribed to the small sample size for a rare dis-
ease. Head-to-head trials comparing Nusinersen, Risdiplam,
and Apitegromab are highly limited, restricting the ability to
directly compare their efficacy and safety across different pa-
tient subgroups; therefore, comparative effectiveness studies are
needed to evaluate the long-term efficacy for each treatment.

Although current SMA treatments have improved patient
outcomes, addressing the limitations of existing studies and
expanding research into new therapeutic avenues are crucial. A

comprehensive approach that includes comparative effectiveness
research, long-term safety monitoring, and exploration of novel
therapies will be essential to improve its treatment.

Methods

A systematic literature search was performed in PubMed and
ClinicalTrials.gov to identify relevant studies on mechanism,
long-term efficacy, and safety of Nusinersen, Risdiplam and
Apitegromab in the treatment of 5q-SMA. The search included
combinations of MeSH terms and free text keywords such as

“Nusinersen,” “Risdiplam,” “Apitegromab,” “Spinal muscular
atrophy,” and “Long-term effect.” For subtopics 1 and 2, which
cover the pathology of SMA and mechanisms of the three drugs,
the search included peer-reviewed preclinical and clinical stud-
ies, as well as narratives and systematic reviews that provided
detailed insight. No publication date restriction was applied here.
For subtopic 3, which provides a long-term efficacy and safety
analysis, peer-reviewed completed clinical trials and observa-
tional studies from the last 10 years were included. In PubMed,
filters were applied to limit results to clinical trials and reviews,
while on ClinicalTrial.gov, filters were applied to include only
interventional and observational study types, with a minimum
follow-up duration of 12 months. Studies were screened based
on titles and abstracts, followed by full-text review. Inclusion
criteria contained studies involving 5q-SMA patients treated
with the specified drugs, showing clinical efficacy or safety out-
comes. Exclusion criteria contained non-peer-reviewed articles,
case reports, and trials with insufficient follow-up. Scientific
and clinical data with a focus on long-term efficacy and safety
of different drugs across different SMA types was primarily
included in the review.
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43 R. Masson, M. Mazurkiewicz-Bełdzińska, K. Rose, L. Servais, H. Xiong,
E. Zanoteli, G. Baranello, C. Bruno, J. Day, N. Deconinck, A. Klein,
E. Mercuri, D. Vlodavets, Y. Wang, A. Dodman, M. El-Khairi, K. Gorni,
B. Jaber, H. Kletzl, E. Gaki, P. Fontoura, B. Darras, J. Volpe, J. Posner,
U. Kellner, R. Quinlivan, M. Gerber, O. Khwaja, R. Scalco, T. Seabrook,
A. Koch, I. Balikova, I. Joniau, G. Accou, V. Tahon, S. Wittevrongel,
E. Vos, R. Holanda Mendonça, C. Matsui, A. Darcie, C. Machado, M. Oya-
mada, J. Martini, G. Polido, J. Iannicelli, J. Oliveira Achili Ferreira, C. Hu,
X. Zhu, C. Qian, L. Shen, H. Li, Y. Shi, S. Zhou, Y. Xiao, Z. Zhou,
S. Wang, T. Sang, C. Wei, H. Dong, Y. Cao, Z. Wen, W. Li, L. Qin,
N. Barisic, I. Celovec, M. Delic, P. Ivkic, N. Vukojevic, I. Kern, B. Na-
jdanovic, M. Skugor, J. Tomas, O. Boespflug-Tanguy, S. Lucia, A. Sefe-
rian, E. Barreau, N. Mnafek, H. Peche, A. Grange, D. Nguyen, D. Mi-
lascevic, S. Tachibana, E. Pagliano, S. Marzoli, D. Santarsiero, M. Sierra,
G. Tremolada, M. Arnoldi, M. Vigano, C. Dosi, R. Zanin, V. Schembri,
N. Brolatti, G. Rao, E. Tassara, S. Morando, P. Tacchetti, M. Pedemonte,
E. Priolo, L. Sposetti, G. Comi, A. Govoni, S. Osnaghi, V. Minorini, F. Ab-
bati, F. Fassini, M. Foa, A. Lopopolo, M. Pane, C. Palermo, M. Pera,
G. Amorelli, C. Barresi, G. D’Amico, L. Orazi, G. Corratti, D. Leone,
A. Laura, R. Sanctis, B. Berti, N. Kimura, Y. Takeshima, H. Shimo-
mura, T. Lee, F. Gomi, T. Morimatsu, T. Furukawa, U. Stodolska-Koberda,
A. Waskowska, J. Kolendo, A. Sobierajska-Rek, S. Modrzejewska, A. Lem-
ska, E. Melnik, S. Artemyeva, N. Leppenen, N. Yupatova, A. Monakhova,
Y. Papina, O. Shidlovsckaia, E. Litvinova, C. Enzmann, E. Galiart, K. Gu-
gleta, C. Haschke, H. Topaloglu, I. Oncel, N. Ertugrul, B. Konuskan, B. El-
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