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Abstract: Recent advances in the treatment of spinal muscular atrophy (SMA) have

dramatically altered prognosis. Rather than a rapidly lethal disease, SMA type 1, the most

severe form with the earliest onset of SMA, has become a disease in which long-term event-

free survival with the acquisition of important motor milestones is likely. Prognosis for

patients with SMA type 2 has shifted from slow and progressive deterioration to long-term

stability. Nevertheless, there is a large heterogeneity in terms of clinical response to currently

available treatments, ranging from absence of response to impressive improvement. The only

factor identified that is predictive of treatment success is the age of the patient at the

initiation of treatment, which is closely related to disease duration. The aim of this paper

is to review available evidence that support early intervention using currently available

treatment approaches.

Keywords: spinal muscular atrophy, nusinersen, zolgensma, risdiplam, branaplam, newborn
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Introduction
Spinal muscular atrophy (SMA) is an autosomal recessive, inherited genetic disease

characterized by degeneration of alpha motor neurons in the spinal cord.1 It is the

most common genetic cause of child mortality and has long been considered an

incurable disease. The incidence is approximately 1 in 10,000 live births.2,3 It is

linked to a homozygous deletion of the SMN1 gene. Humans have a variable

number of copies of a very closely related gene, SMN2; splicing of the SMN2

transcript usually results in an mRNA lacking exon 7.4 The severity of the SMA

depends largely on the number of copies of SMN2, a lower number of copies being

associated with a more severe phenotype,5 yet several exceptions and other genetic

modifiers have been reported.6

Patients first present with a loss of muscle strength that progresses to paralysis,

including paralysis of the respiratory muscles. Clinical phenotypes are grouped into

five forms depending on the severity of the disease and the age of onset. SMA type 0

occurs in the neonatal period and causes rapid death. SMA type I (SMA1), also known

as Werdnig–Hoffman disease, occurs during the first 6 months of life and is associated

with death before 2 years of age in most of the cases in absence of supportive care.

Spinal muscular atrophy type II (SMA2), also called “intermediate” SMA, occurs

slightly later than type I, between the ages of 6 and 18 months, and is characterized
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by the absence of acquisition of autonomous ambulation.

Type III (SMA3) or Kugelberg–Welander disease causes

symptoms after the age of 18 months, and these patients

acquire autonomous ambulation. SMA2 and SMA3 cause

severe disability in children and adults at significant social

lifelong costs, estimated at $US 8.4 and 6.4 million,

respectively.7 SMA2 and SMA3 progress more slowly than

SMA1 but are clearly progressive diseases, even in

adulthood.8,9 SMA type IV (SMA4), also known as the

adult form, occurs during the second or third decade of life,

and the ability to walk is preserved.

Several innovative drugs have recently been developed

that improve or ameliorate symptoms in many patients.10

Nusinersen (marketed as Spinraza, Biogen, Cambridge,

MA, USA) is an antisense oligonucleotide drug that is

injected intrathecally; it modulates splicing of SMN2 to

enhance the production of a functional SMN protein.11

Efficacy has recently been demonstrated in a double-blind,

placebo-controlled study in patients with SMA112 and in

non-ambulant SMA2 and SMA3 patients younger than 10

years.13 Nusinersen was approved by the FDA in December

2016 and by the EMA in June 2017. Nusinersen is the first

drug approved to treat pediatric and adult patients with SMA.

Open-label studies14–17 and real-world data18,19 have con-

firmed the safety and efficacy of the treatment in these patient

groups as well as in older SMA1 patients,20 a population not

covered by the Phase III study. An open-label study of

patients previously included in the Phase III trials and a

study in pre-symptomatic patients are currently ongoing

(NURTURE: NCT02386553; SHINE: NCT02594124).

Other treatments for SMA of certain types are

approved or under development. Zolgensma, previously

known as zolgensma (Onasemnogene abeparvovec-xioi,

Avxs-101, Avexis, Novartis, Bannockburn, IL, USA),21,22

is an AAV9-based gene therapy that was approved by the

FDA in May 2019 for the treatment of patients younger

than 2 years of age. Zolgensma is given as a one-time

intravenous administration. It delivers a copy of SMN in a

self-complementary adeno-associated viral serotype 9

(scAAV9).23 It is under review by the EMA. Large studies

are ongoing in SMA1 patients (STR1VE: NCT03306277;

STR1VE EU: NCT03461289), and in pre-symptomatic

patients (SPR1NT: NCT03505099), Phase I study evaluat-

ing an intrathecal approach in SMA2 patients younger than

6 years is also ongoing (STRONG: NCT03381729).

Risdiplam (F. Hoffmann-La Roche Ltd., Basel,

Switzerland) and branaplam (Novartis, Basel, Switzerland)

are two compounds given orally that modify SMN2 splicing

to enhance the production of SMN.24 Risdiplam is currently in

Phase III testing in SMA1 patients (FIREFISH:

NCT02913482) and in patients with SMA2 (SUNFISH:

NCT02908685) and a pre-symptomatic trial is starting

(Rainbowfish: NCT03779334). Phase II testing of Branaplam

is ongoing in SMA1 patients (NCT02268552).

Some groups of patients have not been covered by these

studies including SMA3 patients and adults with SMA2. In

these patients, intrathecal administration, the route used for

administration of nusinersen, can be challenging because of

scoliosis and/or spinal fusion. Thus, the questions of the

potential benefit of treatment, the ratio of benefit to risk,

and, importantly, the cost-effectiveness of the treatment

remains for several groups of patients. In animals, the impor-

tance of early treatment has been extensively demonstrated.25

In humans, the main a priori predictive factor of treatment

efficacy identified so far in the published studies is the age of

patients at treatment initiation, which is closely related to

disease duration since most patients for which data are avail-

able to have symptom onset between 0 and 18 months.

Recently, baseline patients' motor condition was also recog-

nized as a potential predictive factor in zolgensma26 and in

nusinersen.27 The aim of this paper is to review the available

evidence that early, pre-symptomatic, treatment of SMA is

optimal. Since the data discussed here were acquired in

different studies with different study designs with different

patient number and characteristics, we chose to present only

descriptive statistics but not to report on or to calculate

comparative statistics. The various studies and data used

are summarized in the following Table 1.

Evidence Supporting Early Treatment
With Nusinersen
Nusinersen In SMA1
In a double-blind, placebo-controlled, multicenter study

conducted in 121 patients with confirmed SMA1 aged

between 30 days and 262 days old, two-thirds (n=80) of

the children received nusinersen and one-third (n=41)

were sham treated.12 Of the patients who received nusi-

nersen, 39 had a disease duration of less than 13.1 weeks,

and 41 had a disease duration of over 13.1 weeks. Of the

39 patients treated early (ie, those with disease duration

less than 13.1 weeks), 30 (77%) were not on permanent-

assisted ventilation at the end of the trial, whereas only 19

of 41 (46%) in the latter group were not on permanent

ventilation. The difference between untreated and treated

patients for time to death or to permanent ventilation was
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statistically significant only in patients treated early (HR of

0.24). The patients treated early also presented with better

motor outcomes, since 27 of 29 (93%) of the patients

treated early who survived to the end of the study had an

increase in HINE-2 score at last visit compared to pre-

treatment levels. Only 13 of the 29 (45%) surviving

patients in the group that began treatment more than 13.1

weeks after the onset of symptoms had improvements in

motor skills.

The survivors were followed in an open-label study.28

The 22 children younger than 5.42 months of age at the

time of the first injection improved by an average of 19.4

their CHOP INTEND scores (14.8 to 23.9) at 1058 days

post the first treatment, whereas the 19 who were between

5.42 months and 7.96 months of age at the time of their

first injection improved by 13.8 points (9.2 to 18.4).

Similarly, an unsupported sitting position was attained

240 days after modified maintenance dosing regimen was

achieved in 18 of 30 (60%) of children treated before 5.42

years but in only 8 of 21 (38%) of those treated later.

Three of the 30 (10%) treated before 5.42 months were

able to walk with assistance, but none of those treated later

were able to walk with assistance.

As part of the Early Access Program (NCT02865109),

different teams have continued to observe the effectiveness

of nusinersen in a broad cohort of children with SMA1. Of

104 SMA1 patients treated over 6 months in Italy,19 seven

of the nine patients younger than 7 months at treatment

initiation presented with an improvement of more than 4

points (77%) on the CHOP INTEND motor evaluation

scale, whereas of the 95 patients over 7 months of age at

treatment initiation, only 37 (38.94%) had an improvement

of more than 4 points. Similar conclusions were drawn

from observation of 61 SMA1 patients treated with nusi-

nersen in Germany.18 The 17 patients younger than 7

months at treatment initiation had an average of 14.4 ±

9.2 points improvement in CHOP INTEND score com-

pared to 7.0 ± 6.6 points for the 44 in whom treatment was

initiated after the age of 7 months.

Nusinersen In SMA2
A double-blind, placebo-controlled study of nusinersen effec-

tiveness was conducted in 126 patients with SMA2. These

patients were aged 2 to 12 years at the time of treatment, had

symptoms that appeared after 6 months of age, were able to sit

without assistance, had no history of independent walking, and

had Hammersmith Functional Motor Scale-Expanded

(HFMSE) scores of 10 to 54.13 Among these patients, 100

completed the 15-month treatment regimen with 66 allocated

to the nusinersen arm and 34 to the sham-treatment arm.Of the

66 patients treated, seven were over 6 years of age and 59were

under 6 years. Only one patient (14%) older than 6 years of

age at baseline was considered as a responder based on

improvement by 3 points or more on the HFMSE, whereas

38 of the 59 patients (64%) under 6 years of age at treatment

initiation improved by 3 points or more.

The duration of the disease also significantly impacted

motor progress: in the group of children treated with nusi-

nersen who had disease duration of less than 25 months, 18

of 20 (90%) progressed by 3 points or more, whereas of the

26 first treated when disease duration was between 25 and

44 months only 16 (61%) had a score improvement of 3

points or more. Of the 20 treated after 44 months of disease,

only five (25%) were considered responders.

Patients in the nusinersen-treated cohort were included in

an open-label extension study.29 The youngest patients

(under 3.69 years of age at their first injection, n=39) had

an average HFMSE scale improvement of 8.6 ± 0.89 points

after 690 days of treatment, compared to an improvement of

3.0 ± 0.68 points for those aged 3.69 to 4.92 years of age at

first treatment (n=35). Those treated at over 4.92 years of age

(n=36) lost an average of 2.0 ± 0.71 points. The same pattern

of improvement according to age at treatment initiation was

observed when patients were evaluated based on the Revised

Upper Limb Module score, which is used to evaluate the

motor performance in the upper limbs for individuals with

SMA. Patients younger than 3.69 years had an average

improvement of 7.9 ± 0.78 points, those in the intermediate

group had an average improvement of 3.4 ± 0.54, and no

change (+0.6 ± 0.49) was observed for patients older than

4.92 years at treatment initiation.

Nusinersen In Pre-Symptomatic Patients
NURTURE is an open-label study designed to evaluate the

safety and efficacy of nusinersen administered to pre-

symptomatic patients. Twenty-five newborns with two

(n=15) or three (n=10) copies of SMN2 were included

and received the treatment before 6 weeks of age.30 At

the time of the interim analysis (May 2018), the median

(range) age at last visit was 26.0 (14.0–34.3) months. All

the children were alive, and none needed permanent ven-

tilation. All (100%) had reached the sitting position mile-

stone, 22 of 25 (88%) could walk with assistance, and 17

of 22 patients aged more than 18 months (77%) could

walk independently. This is an outcome dramatically dif-

ferent from patients treated post-symptomatically,28 in
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whom 60% of patients sit independently and 10% walk

with assistance in the group treated early (<5.5 months of

age at treatment onset) at 8 months after the modified

maintenance dosing regimen was initiated. An anecdotal

case of a pre-symptomatically treated patient climbing

stairs has also been reported.31

Data Supporting Early Treatment
With Zolgensma
During a Phase I/II study to evaluate the safety and effi-

cacy of zolgensma, 15 children with SMA1 received a

single intravenous injection of the gene therapy agent.26,32

All patients are alive at approximately 2 years after treat-

ment, and none required permanent mechanical ventila-

tion. The six patients who received treatment before the

age of 3 months reached a CHOP INTEND score of more

than 40 more rapidly (median of 11.9 months) than the six

patients who received treatment after the age of 3 months

(median of 22.2 months).21,22 Patients treated before the

age of 3 months acquired the sitting position (>5 s) at a

mean age of 9.4 months for those with a high motor

function baseline (n=3) and at 17 months (n=3) for those

with a low motor function at baseline. In contrast, patients

treated after the age of 3 months (n=6) reached an unas-

sisted sitting position at the median age of 22 months.26

SPR1NT33 is a Phase III study designed to assess the

safety and efficacy of zolgensma in pre-symptomatic SMA

patients treated before the age of 6 weeks. Eight patients with

two copies of SMN2, nine with three copies, and one with four

copies were included. In March 2019 (after follow-up ranging

from 0.8 to 9.1 months), all patients were alive, and none

required permanent ventilation. On the CHOP INTEND

scale, of the eight patients with two copies of SMN2, all had

obtained a score higher than 50 points, six had scores higher

than 60, and three had obtained the maximum score of 64.

Comparing the results of these two different studies – one still

ongoing – is challenging, but these results indicate that when

SMApatients are treated pre-symptomatically with zolgensma

the increase in CHOP INTEND score is more rapid than when

patients are treated after symptom onset and that in sympto-

matic patients treatment before 3 months is more beneficial

than treatment after the age of 3 months.

Data Supporting Early Treatment
With Risdiplam
Better efficacy when treatment is initiated early is also sug-

gested in the first results from the FIREFISH (NCT02913482),

an open-label two-part trial to evaluate the optimal dose, the

safety, and the efficacy of oral treatment of SMA1 patients

with risdiplam. In 17 patients with SMA1 treated with the

highest dose of risdiplam, six were younger than 5 months,

and 11 were older. Fourteen children survived through 8

months of follow-up. Four of the survivors had been included

before the age of 5 months and 10 after the age of 5 months. In

the earlier treatment group, three of four (75%) reached the

sitting position (independent and with support at hips), com-

pared to three of ten (30%) in those treated after 5 months.34 In

43 patients with SMA2 and SMA3 treated for 1 year with

risdiplam,35 the mean improvement on the MFM32 scale was

1.64 points in patients older than 11 years (n=19) and 3.47

points in patients aged 2–11 years (n=24). The proportion of

patients who improved by more than 3 points was 71% in the

younger patients and 42% in the older.

Data Supporting Early Treatment
With Branaplam
The first results of clinical evaluation of the oral therapy

branaplam (NCT02268552) in an open-label, multi-part

study in infants with SMA1 having two copies of SMN2

suggested a better improvement in patients included before

the age of 4 months than in those included after the age of

4 months.36 Twenty-five patients with onset of symptoms

before 6 months of age and less than 180 days of age at

screening were included in this study. As of April 10,

2019, with a median follow-up of 2.2 months (0.3–10

months), the mean CHOP INTEND increase in the eight

patients followed for at least 85 days of treatment was 6.0

in four patients younger than 4 months at inclusion and 3.5

in four patients older than 4 months.

Discussion
There is a concordant set of data from different trials in

SMA1 and SMA2 patients that indicate that efficacy of

treatment is enhanced when patients are treated soon after

or before symptom onset. Some of these data were

acquired during completed double-blind, randomized, pla-

cebo-controlled studies, others were collected during

open-label studies and very preliminary. Some of the

data reviewed here are published in peer-reviewed journals

and some have been publically presented and are available

only as abstracts. Thus, the strength of the data described

here is very heterogeneous. Nevertheless, all the data

suggest that efficacy is optimal when treatment is initiated

before or soon after the onset of symptoms. We chose to
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discuss here not only peer-reviewed, but also non-peer-

reviewed data since meeting presentations are mostly con-

fined to a very specialized audience, but decision-making

on newborn screening or treatment of patients does not

rely only on the limited circle of clinical trial investigators.

Our goal with this review is to ensure that policy makers

and physicians are aware of the body of evidence – which

is publically available although not necessarily peer-

reviewed – that indicates the value of early treatment of

SMA1 and SMA2 patients. The data presented here con-

sider early treatment as the time of instauration of a dis-

ease-modifying drug. Nevertheless, all data were acquired

in patients who were also treated with standard of care,

which was an inclusion criterion in all studies. Therefore,

early treatment should be also understood as early man-

agement, including multidisciplinary care follow-up.

Achieving a better treatment response is important not

only from the patient perspective but also from an economic

point of view. Although the costs of these treatments are

very high, so is the social cost of the disease. The cost of

treatment with nusinersen is $558,000 in the first year (six

doses) and $279,000 per year for maintenance treatment

(three doses).37 The announced price of zolgensma is

$2.125 million for the single injection.38 In comparison,

however, the estimated lifelong cost of medical support

for SMA2 and SMA3 patients has been estimated at $8.4

and $6.4 million, respectively.7

The cost of untreated SMA1 ($120,000 per year) is much

lower than that for medical support for SMA2 and SMA3

patients. Patients with SMA1 currently have a life expec-

tancy of only 2 years. By increasing the life expectancy of

these patients, the cost related to their disability will drama-

tically increase resulting in a negative cost-to-effectiveness

evaluation. For example, nusinersen treatment provides over-

all benefits in terms of adjusted survival and quality of life

per year, both for patients and their caregivers.39 However,

with additional costs in excess of $2.4 million,39 mainly

associated with maintenance treatment over the lifetime of

the patient, and frequent hospitalization for respiratory

events,40 this is not considered a cost-effective threshold,

even for a rare disease. Obtaining a much better efficacy

from the same drug by initiating the treatment earlier has

the potential to improve this ratio sufficiently to make treat-

ment worthwhile.

Pre-symptomatic studies conducted with zolgensma and

nusinersen indicate an efficacy far above than observed in

post-symptomatic patients.30,33 Although longer follow-up

is needed to confirm that this short-term efficacy translates

into a significant long-term benefit for the patient, it appears

that early diagnosis should be facilitated. A meta-analysis

published in 201541 showed that the time between symptom

onset to diagnosis was considerable: the weighted mean

ages of confirmed SMA genetic diagnoses were 6.3, 20.7,

and 50.3 months in SMA1, 2, and 3 patients, respectively. It

is likely that physician and caregiver awareness related to

media attention surrounding the innovative medications

now available to treat SMAwill decrease time to diagnosis.

Nevertheless, given the rapid evolution of the disease, espe-

cially in SMA1 patients, even reducing the diagnosis delay

by 50% will not allow treatment of more than 50% of

patients below the age of 3 months.

Neonatal screening would expedite diagnosis and

ensure early treatment. Two pilot programs in Taiwan42

and New York43 validated the feasibility of SMA newborn

screening (NBS). NBS for SMA is now performed in

Taiwan and is registered in the Recommended Uniform

Screening Panel (RUSP) in the USA. It is recommended in

many states in the USA but is not mandatory. Extended

pilot programs started in early 2018 in Germany and

Belgium44,45 and in early 2019 in Italy. Similar programs

are planned to start elsewhere in Europe in the coming

years.46

Conclusion
Innovative therapeutic approaches for the treatment of

spinal muscular atrophy have altered the prognosis for

patients with this generally fatal disease. Independently

of the mode of action, emerging data suggest that the

treatments discussed here have better efficacies when

patients are treated pre-symptomatically or soon after

symptoms are observed rather than months after symptom

onset. In the context of ultra-expensive medication and

burdensome disease leading to severe disability in patients

treated late, newborn screening is arguably the best solu-

tion to optimize the effect of the innovative therapies that

are changing the prognosis for patients with spinal mus-

cular atrophy.
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