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Abstract
Newborn screening for 5qSMA offers the potential for early, ideally pre-symptomatic, therapeutic intervention. However, 
limited data exist on the outcomes of individuals with 4 copies of SMN2, and there is no consensus within the SMA treatment 
community regarding early treatment initiation in this subgroup. To provide evidence-based insights into disease progression, 
we performed a retrospective analysis of 268 patients with 4 copies of SMN2 from the SMArtCARE registry in Germany, 
Austria and Switzerland. Inclusion criteria required comprehensive baseline data and diagnosis outside of newborn screen-
ing. Only data prior to initiation of disease-modifying treatment were included. The median age at disease onset was 3.0 
years, with a mean of 6.4 years. Significantly, 55% of patients experienced symptoms before the age of 36 months. 3% never 
learned to sit unaided, a further 13% never gained the ability to walk independently and 33% of ambulatory patients lost this 
ability during the course of the disease. 43% developed scoliosis, 6.3% required non-invasive ventilation and 1.1% required 
tube feeding. In conclusion, our study, in line with previous observations, highlights the substantial phenotypic heterogene-
ity in SMA. Importantly, this study provides novel insights: the median age of disease onset in patients with 4 SMN2 copies 
typically occurs before school age, and in half of the patients even before the age of three years. These findings support a 
proactive approach, particularly early treatment initiation, in this subset of SMA patients diagnosed pre-symptomatically. 
However, it is important to recognize that the register will not include asymptomatic individuals.

Keywords  Spinal muscular atrophy · SMA · SMN2 · Age of onset · Neonatal screening · Molecular therapies · Pre-
symptomatic treatment

Abbreviations
SMA	� Spinal muscular atrophy
SMN	� Survival motor neuron
6MWT	� Six-minute walk test
RULM	� Revised upper limb module
HFSME	� Hammersmith functional motor scale expanded
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Introduction

Spinal muscular atrophy (SMA) is a genetic disorder 
characterized by the degeneration of motor neurons in the 
spinal cord and brain stem, leading to muscle weakness 
and wasting. The disease is caused by a deficiency of the 
survival motor neuron (SMN) protein, which is crucial for 
the normal development and function of motor neurons [1, 
2]. SMA is the most common neurodegenerative disease 
in childhood and the second most common recessive dis-
ease after cystic fibrosis, with an incidence ranging from 
1:6000 to 1:11,000 [3].

A bi-allelic loss of the SMN1 gene, often due to a 
homozygous deletion, is responsible for the autosomal 
recessive disease in over 95% of cases, resulting in SMN 
protein deficiency [4]. Approximately 5% of cases are 
attributed to point mutations in one or both alleles [5]. The 
SMN1 gene is responsible for producing most of the func-
tional SMN protein. Humans also possess a gene called 
SMN2, which is paralogous to SMN1 but differs by only 
a few nucleotides. As a result, SMN2 primarily produces 
non-functional protein due to aberrant splicing during 
transcription. The severity of SMA, except in cases involv-
ing rarer, less understood genetic modifiers [6] is largely 
determined by the quantity of functional SMN protein 
generated by the SMN2 gene. This compensatory mecha-
nism partially mitigates the loss of SMN1 and modulates 
the SMA phenotype because a small proportion of SMN2 
transcripts undergo alternative splicing. This results in the 
production of approximately 5–10% of full-length func-
tional SMN protein, with the severity of SMA strongly 
influenced by individual variations in SMN2 copy number.

Three SMN-targeted medications have been approved 
in Europe and the US between 2016 and 2021: Nusin-
ersen (Spinraza®), onasemnogene abeparvovec xioi (Zol-
gensma®), and risdiplam (Evrysdi®). These medications 
either replace the deleted SMN1 gene using a viral vector 
or improve aberrant splicing of the SMN2 gene. All three 
of these active agents can provide the missing SMN pro-
tein [7–11]. However, the timing of treatment is crucial 
for its effectiveness, as damaged motor neurons poorly 
regenerate even when SMN protein is restored. Therefore, 
a substantial number of additional countries worldwide 
now have SMA included in newborn screening programs 
in pilot projects or for regular clinical use. It is currently 
being tested in other countries.

According to the literature, individuals with four copies 
of SMN2 typically exhibit a milder form of SMA compared 
to those with fewer copies [12, 13], and there are cases of 
individuals who remain mildly symptomatic or asympto-
matic into advanced age [14, 15]. However, in the litera-
ture, it has been more common to classify SMA by type 

rather than by copy number, and there is limited available 
data on populations exclusively composed of individuals 
with 4 copies of SMN2. Existing studies have reported sig-
nificant variability in the clinical presentation and disease 
progression of SMA in individuals with 4 SMN2 copies 
(16, 17). A recent study published in 2022, which origi-
nally focused on gender differences, reported a median age 
of onset for their 4-copy SMA cohort of 4.75 years (13), 
and another very recent study from Italy, which focused on 
disease progression and subgroup classification, revealed 
that 22% of their patients developed the disease before 
the age of 3 years [16]. In a recent study from the German 
SMA Newborn Screening Model Projects, we were able 
to demonstrate that a notable proportion of SMA patients 
with 4 SMN2 copies (5 of 7 patients, all subjects investi-
gated under the age of 5) developed the disease between 
1.5 and 4 years, with the majority experiencing very subtle 
symptoms [17], but some individuals suffering from sig-
nificant and irreversible motor regression.

Overall, there is no description of the natural history 
and no consensus on treatment indications for this sub-
set of SMA. This lack of agreement is also evident in the 
management following newborn screening, which has been 
introduced in several countries in recent years [18–21]. Fol-
lowing a positive newborn screening for SMA, a decision 
must be made concerning therapy. There is a clear consensus 
that individuals with 2 and 3 copies of SMN2 should receive 
immediate treatment, while there is uncertainty regarding 
treatment indications for those with 4 copies of SMN2 [22]. 
This disparity is reflected in the 2018 recommendations from 
the US expert group [23], which recommended a watchful 
waiting approach for individuals with 4 SMN2 copies after 
NBS, and their 2020 guideline revision [24], which sug-
gested early initiation of therapy.

Further research is required to enhance our compre-
hension of the natural history and clinical progression of 
SMA with 4 SMN2 copies, along with identifying factors 
that could potentially impact disease severity and progres-
sion in this patient group. In this manuscript, we present a 
standardized retrospective evaluation of natural history data 
drawn from the SMA registry “SMArtCARE” involving 268 
patients with 4 SMN2 copies.

Materials and methods

SMArtCARE, a disease-specific registry, currently encom-
passes 58 participating centres in Germany, Austria, and 
Switzerland. Its primary objective is to collect prospective, 
longitudinal data on SMA patients. Additionally, it retains 
retrospective data (medical history) acquired prior to inclu-
sion in the registry and before therapy initiation. As of July 
2023, the registry contains information on 1,648 patients of 
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varying ages, SMA types, and treatment modalities. To be 
eligible for inclusion in SMArtCARE, patients must meet 
two criteria: they must possess genetically confirmed 5q 
SMA and provide written informed consent, obtained either 
from the patient or their caregiver.

Since the implementation of SMArtCARE in 2018, data 
collection occurs prospectively during routine patient visits 
to capture real-world outcomes. To maintain consistency, 
standardized case report forms are utilized to document data 
rather than extracting information from medical records. 
These forms adhere to international consensus guidelines 
for SMA registries and encompass various aspects such as 
motor function, motor milestones, respiratory and orthopae-
dic symptoms, adverse events, and genetic test results. Treat-
ing physicians record genetic test results, including SMN2 
copy numbers, based on the patients' original genetic test 
results. Currently, 90.4% of all patients in the registry have 
undergone SMN2 copy number determination, with 23.2% 
possessing 4 SMN2 copies. It is important to note that SMN2 
copy numbers are not centrally assessed within the SMArt-
CARE registry, but are entered by the treating clinicians 
based on the results from the genetic laboratories.

For the analysis of the patient cohort, we exclusively con-
sidered patients registered with 4 SMN2 copies. Inclusion 
criteria comprised a minimum age of 18 months and either 
complete attainment of motor milestones (independent walk-
ing) before initiating drug therapy or, if independent walk-
ing had not been achieved, a minimum age of 5 years at the 
onset of drug therapy. Patients identified as presymptomatic 
through newborn screening were excluded from the analysis.

The following parameters were extracted from the regis-
try for statistical analysis: "year of birth," "age at milestones" 
(sitting unsupported, walking unsupported), "age at symp-
tom onset," "first symptoms or signs leading to suspicion of 
SMA (free text field)," "wheelchair use," "nutrition (use of 
feeding tube)," "presence and/or surgery of scoliosis," "need 
for mechanical ventilation," and the results of the motor tests 
"6MWT," "RULM," and "HFSME." These baseline charac-
teristics were obtained from the treatment centres through a 
patient/family medical history survey.

Statistical analyses were conducted using the "R" pro-
gramming language (Open-Source-Software) and Microsoft 
Excel 2016 (Microsoft Corporation, Redmond, Washing-
ton, USA). The results underwent manual verification for 
plausibility, and individual patient entries were reconciled. 
Implausible entries were either corrected if unequivocal or 
changed to 'unknown'. In the case of 20 patients, the entry 
"sitting independently was not achieved" was modified to 
"sitting independently achieved at an unknown age," as this 
was evidently an incorrect entry, given that all these patients 
were ambulatory at baseline, corroborated by the "walk test" 
results. The same correction applies to 18 entries regarding 
the acquisition of the milestone "walking unaided."

Results

A total of 303 patients met the criteria of being at least 
18 months of age and having 4 copies of SMN2. Thirty-
two patients, born between 2018 and 2021, were detected 
by newborn screening and were, therefore, excluded. Three 
patients, born between 2015 and 2018, initiated drug therapy 
before achieving independent sitting/walking, leading to 
their exclusion. Consequently, 268 patients were included. 
The years of birth ranged from 1948 to 2016, and the 
patients’ ages at baseline ranged from 3 to 75 years (median 
29.6, mean 27 years).

Age of symptom onset

Disease onset ranged from 1 month to 47 years of age 
(median 3.0 years, mean 6.4 years; information was avail-
able in all patients). 147 patients (55%) experienced disease 
onset within the first 36 months of age. The age at symptom 
onset is presented as a Kaplan–Meier curve in Fig. 1.

Type of first symptoms

The most common initial symptoms included gait insta-
bility, muscle weakness, delayed motor development, fre-
quent falls, decreased performance in sports compared to 
peers, muscle hypotonia in infancy, tremor, fatigue, and 

Fig. 1   Kaplan–Meier curve for age at disease onset: by the age of 
18  years, approximately 95% of patients with four copies of SMN2 
was affected by the disease
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difficulty running and/or climbing stairs. Table 1 provides 
an overview.

Motor milestones

The cohort learned to sit unaided at ages ranging from 5 
to 30 months (median 9.2 months; data were available in 
120 patients). Seventeen patients (6.3%) lost the ability to 
sit unaided at an age of 9 months to 67 years of age (mean 
15 years; data were available in 11 patients). Nine patients 
(3.3%) did not achieve independent sitting.

Independent walking was achieved at ages ranging from 
8 months 10.5 years (median 14 months; data were available 
in 125 patients). Forty-two patients (15.7%) did not attain 
the ability to walk without support.

Ambulation

Out of 226 patients who achieved independent walking, 75 
(33.1%) eventually lost this function at ages ranging from 
13 months to 57 years (median 21.2 years; information 
on age at walking loss was available in 62 patients). The 
age at which the ability to walk was lost is illustrated as a 
Kaplan–Meier curve in Fig. 2A. Thirty-nine patients (14.5%) 
used a wheelchair part-time, and full-time wheelchair use 

Table 1   Overview of patient characteristics related to quality of first 
symptoms, resulting from free text entries

Multiple responses were taken into account

Symptom Num-
ber of 
patients

Gait instability 67
Muscle weakness 89
Delayed motor development 34
Frequent falls 21
Muscle hypotonia in infancy 15
Decreased sports performance compared to peers 15
Tremor 14
Fatigue 8
Difficulty running and/or climbing stairs 7
Decline in motor development 7
Stagnation in motor development 6
Muscle pain in the legs 5
Coordination/balance problems 2
Muscle atrophy 1
Known SMA Patient in the Family 1
No speech development 1
Reduced fetal movements during pregnancy 1

Fig. 2   A Kaplan–Meier curve for loss of walking ability. By the age 
of 54, 32.5% of our cohort had lost their ability to walk without assis-
tance. Note: For 20% of patients in this study cohort who lost inde-
pendent ambulation, the exact age is unknown. Accordingly, 20% of 

the patients who were still able to walk were subtracted to create this 
curve. B Ambulation as a function of age for the entire cohort. Miss-
ing values were estimated from all known values
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was reported by 106 patients (39.5%). Figure 2B displays 
ambulation as a function of age for the entire cohort, con-
sidering those who did not achieve independent walking 
(upper, pale blue shading). The time between "age at symp-
tom onset" and "loss of ambulation" ranged from 24 months 
to 51 years, with a median of 17 years.

Motor scores

Baseline values for the motor scales "HFSME" (Ham-
mersmith Functional Motor Scale Extended), "RULM" 
(Revised Upper Limb Assessment), and "6MWT" (6-Minute 
Walk Test) were available for 230 patients (HFSME), 241 
patients (RULM), and 122 patients (6MWT). The results are 
depicted as scatter plots and box plots (the latter grouped in 
decades) in Fig. 3. It can be assumed that for both HFSME 
and RULM, that full scores are expected from the age of six 
onwards. Reference values for advanced age, where a physi-
ological decline in scores might be expected, do not exist. 
Reference values for the 6MWT, compiled from a study on 
healthy populations [25] are shaded in a grey area on the 
chart.

Scoliosis/scoliosis surgery

114 patients (42.8%; information available in 266 patients) 
had scoliosis. Scoliosis surgery had been performed on 28 
(10.4%; information available for all patients).

Correlation of scoliosis (surgery) and age 
of symptom onset

Patients who underwent scoliosis surgery experienced 
symptom onset between 1 month and 5.5 years (median 
12.5 months). The age at symptom onset for all scoliosis 
patients had a median of 1.6 years and a mean of 3.6 years. 
Among the 147 patients with symptom onset within the first 
36 months of age, 83 (57%) had scoliosis.

Tube feeding

Three of the patients (1.1%) utilized a gastric or nasal feed-
ing tube. The age at the initiation of tube feeding was 6.8, 
7.3, and 28.9 years, respectively.

Fig. 3   Results of the motor function tests in Baseline. The wide 
variability of the disease independent of age is evident, with patients 
ranging from severely to mildly affected in all age groups up to 

69  years. It can be assumed for both HFSME and RULM, that full 
scores are expected from the age of six onwards. Reference values for 
the 6MWT are shaded in a grey area on the chart
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Ventilation

Seventeen patients (6.3%) received non-invasive ventilation. 
The onset of ventilation ranged from 8 months to 49.8 years 
(median 19.8 years, mean 23.0 years).

Correlation between motor function and ventilator 
use

Among the 17 ventilated patients, five learned to walk inde-
pendently, but four of them subsequently lost this ability. 
Additionally, one of them also lost the ability to sit unaided. 
In contrast, among the 12 ventilated patients who never 
acquired the ability to walk independently, one also lost the 
ability to sit unaided. Conversely, among the 42 patients 
who never achieved independent walking, 30 did not require 
ventilation.

Discussion

The natural history of SMA in individuals with four cop-
ies of SMN2 remains less well understood than in other 
types of SMA. However, there is a widely accepted con-
sensus that emphasizes the paramount importance of early 
detection and treatment of SMA, regardless of SMN2 copy 
number, to improve overall outcomes. In Europe, treatment 
options for SMA patients with four SMN2 copies include 
SMN-targeted therapies such as nusinersen and risdiplam, 
both of which have been shown in clinical trials to increase 
SMN protein levels and improve motor function. However, 
there is a lack of consensus regarding the optimal timing 
for initiating drug therapy in pre-symptomatic patients with 
four copies of SMN2. In addition, there is an ongoing debate 
about the potential scenario in which SMA does not manifest 
until adulthood, potentially avoiding years of unnecessary 
treatment [22].

The study aims to address the existing ambiguities in 
determining treatment indications for individuals with higher 
SMN2 copy numbers, primarily due to the paucity of long-
term data in this context. To address this knowledge gap, we 
present a robust dataset derived from an extensive cohort of 
patients with SMA, specifically characterised by the pos-
session of four copies of the SMN2 gene. We performed 
a standardised query of the SMA Registry of the D-A-CH 
Region, which now includes more than 1600 patients. 268 
patients with 4 copies of SMN2 met the inclusion criteria 
and could be analysed.

Our findings not only support but also refine the prevail-
ing assumption that the phenotypic diversity among indi-
viduals with four copies of SMN2 is remarkably large. In 

particular, our assessment of motor function at different ages 
highlights the substantial individual heterogeneity observed 
in the motor abilities of these patients.

However, perhaps the most important finding of this study 
is the age of symptom onset (Fig. 1). In our large cohort 
of symptomatic patients, the median age of onset was only 
3 years. In more than half of the cohort, the first symptoms 
occurred before the age of 3 years. By the age of 18, about 
95% of patients with four copies of SMN2 were affected by 
the disease. Of course, this number must be treated with 
caution, as people with very little or no symptoms would 
not be included in the registry. Nevertheless, these data sup-
port the proposal of the Independent Expert Commission 
2020 [24] to discuss the timing of drug treatment after pre-
symptomatic diagnosis. Our data suggest that in the major-
ity of patients with 4 copies of SMN2, the amount of SMN 
protein is insufficient to prevent motor neuron damage in the 
long term. As SMN production is highest in early life [26], 
early initiation of therapy in infancy may be appropriate to 
prevent motor neuron death if the diagnosis is made at a 
pre-symptomatic stage [24].

This is supported by the fact that in terms of loss of 
ambulation, as shown in Fig. 2, almost a third of the cohort 
lost their previously achieved ability to walk independently. 
Looking at the age at which this loss of ambulation occurred, 
there was, as expected, a wide age range with a distribution 
that is relatively uniform. This observation largely confirms 
the findings documented in the comprehensive review by 
Wirth et al. in 2021 [27] and the recent study by Ricci et al., 
who found an overall risk of walking loss of 35% in their 
cohort of SMA types 3 and 4 [16]. The time between "age 
at symptom onset" and "loss of ambulation" also showed a 
large variation.

In terms of ventilatory support, the prevalence of patients 
requiring non-invasive ventilation among those with four 
SMN2 copies was relatively small. Of course, the absence 
of ventilation does not exclude respiratory muscle involve-
ment (data on vital capacity were not available at baseline), 
but this suggests that the disease course associated with four 
copies of SMN2 may have a comparatively milder effect 
on the respiratory musculature compared to patients with 
a lower copy number. However, an additional explanation 
for this "lower respiratory prevalence" could be due to the 
gradual progression of symptoms, with patients adapting 
their daily activities and not actively reporting respiratory 
problems. It may also be due to increased "medical aware-
ness" within the healthcare community, which is now more 
vigilant than in previous years in monitoring and treating 
any co-morbidities associated with SMA [28].

Scoliosis was present in 42% of our patients, whereas the 
prevalence of scoliosis in the otherwise healthy population 
is only about 2–4%. However, only one quarter of scoliosis 
patients required spinal surgery. As almost all patients with 
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SMA type 2 develop scoliosis in early childhood [29], we 
correlated the age of symptom onset in our patient cohort 
with the presence of scoliosis. Indeed, in patients who 
underwent scoliosis surgery, symptoms appeared between 
the ages of 1 month and 5.5 years. Looking at the age at 
symptom onset for all patients with scoliosis, the median/
mean is 1.6/3.6 years, which is significantly lower than in the 
overall cohort. It is therefore plausible that early onset SMA 
with 4 SMN2 copies is associated with an increased risk of 
severe scoliosis. To investigate this further, we looked at the 
subgroup with disease onset up to 36 months of age. Among 
them, 56% had scoliosis, which was higher than the overall 
rate of 43%, but not as high as in the type 2 population. In 
addition, the proportion of patients in our cohort who did not 
achieve independent walking exceeded the known range for 
SMA type 2 patients with 4 SMN2 copies [30]. It can there-
fore be concluded that the "old classification", which has 
gradually been abandoned and is now more often referred 
to as "sitter" or "walker", does not accurately represent the 
types of SMA and that there is a certain continuum between 
type 2 and type 3, even among 4 SMN2 copies.

Our clinical data reflect the severe consequences of SMN 
deficiency in SMA even with 4 SMN2 copies. The overall 
picture is one of an aggressive disease with an early onset 
and a high number of wheelchair-bound patients, with a very 
broad phenotypic spectrum. This broad spectrum, which 
is also known in SMA with 3 SMN2 copies, is still poorly 
understood. One reason may be that there is no guarantee 
that all the SMN2 copies found are able to produce SMN 
protein. Certainly, siblings with different SMA phenotypes 
and identical SMN2 copy number and markers have been 
described, suggesting that the genetic background around 
the SMA locus alone is not sufficient to explain the pheno-
typic variability [31, 32]. However, it is possible that one or 
more copies are defective [33]. Several SMN2 variants have 
been identified that are associated with milder phenotypes 
[34–37], but less is known about SMN2 variants that lead 
to more severe SMA phenotypes or whether certain SMN2 
variants are associated with a weaker response to mRNA 
treatment. Sequential analysis of individual SMN2 copies is 
not yet established in routine diagnostics and, unlike other 
potential genetic modifiers, has not been sufficiently studied 
to determine its validity.

However, individual patients with 4 copies of SMN2 who 
remained asymptomatic over a long period of life have been 
published. There has been no significant increase in simi-
lar reports over the years, suggesting that this phenomenon 
may be rare. Unfortunately, there are no known modifiers 
that can be routinely tested to predict progression, which 
makes counselling families with SMA and 4 SMN2 cop-
ies diagnosed through a newborn screening program very 
difficult. In general, the value of electrophysiology, such 
as EMG to detect denervation/re-innervation, or the Motor 

Unit Number Index MUNIX, which has been shown to be 
feasible in children after the age of 5 in proximal muscles in 
older children [38, 39], can be helpful in making treatment 
decisions. However, these are invasive procedures that are 
increasingly unavailable in paediatric treatment centres and 
are, therefore, more theoretical (also reflected in the fact that 
almost no electrophysiological data from our patient cohort 
are recorded in the registry). Of course, therapy indication 
must be weighed against the potential risks (e.g. long-term 
intrathecal therapy or the short observation period of oral 
small-molecule therapy). But given that once damaged, 
motor neurons do not regenerate and therefore any form of 
SMA should be treated strictly pre-symptomatically, the data 
from this study support a proactive approach, despite uncer-
tainty about the expected course of the disease.

Our data also support the value of detecting SMA with 
4 SMN2 copies in newborn screening. The goal of newborn 
screening is to diagnose patients at a pre-symptomatic stage, 
before the onset of motor neuron disease. Failure to report 
pathological findings in children with 4 copies puts patients 
at risk of developing severe forms of SMA. Therefore, the 
results of our studies call for surveillance programmes of 
asymptomatic gene carriers aimed at detecting early signs of 
disease, which may include neurochemical markers.

Limitations

There is a potential bias in the determination of the SMN2 
copy number, as we know that especially the older determi-
nations of the SMN2 copy number can be very inaccurate. 
It is therefore possible that not all patients have the cor-
rect copy number and that some patients with three copies 
may have been included, which was shown in the recent 
work by Ricci et al. to be 10% in their 4 SMN2 copy cohort 
[16]. However, the observation that only 6.3% are ventilator 
dependent suggests that the substantial subset of patients 
with early motor symptoms from infancy have not been inad-
vertently included due to an incorrect copy number.

Another limitation is to consider is that individuals with 
minimal or no symptoms may not have received a diagno-
sis, potentially resulting in their under-representation in the 
registry. However, this limitation is mitigated by the fact 
that the overall prevalence of 4 SMN2 copies in the registry 
is currently 23%, which is consistent with recent incidences 
reported in new-born screening projects that do not miss 
cases of homozygous SMN1 deletion [40].

In Fig. 2B, it has not been taken into account that the 
observation period varies from patient to patient. The young-
est patients are only seven years old, so some will lose their 
ability to walk in the future—this is not reflected in the 
graph.
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Conclusion

The early onset of symptoms in our cohort, coupled with 
the expected wide clinical variability, strongly supports the 
characterization of SMA in individuals with four SMN2 cop-
ies as primarily a childhood disease. In particular, more than 
half of our cohort had their first symptoms before the age of 
36 months and almost 95% of patients were affected by the 
disease by the age of 18 years. These findings must be taken 
into account when considering the feasibility of a watchful 
waiting approach to SMA therapy. Our data strongly support 
a proactive stance involving early initiation of treatment in 
this subset of SMA patients, particularly if a pre-sympto-
matic diagnosis is made.
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