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Abstract. Spinal Muscular Atrophy (SMA) is caused by autosomal recessive mutations in SMN1 and results in the loss of
motor neurons and progressive muscle weakness. The spectrum of disease severity ranges from early onset with respiratory
failure during the first months of life to a mild, adult-onset type with slow rate of progression. Over the past decade, new
treatment options such as splicing modulation of SMN2 and SMN1 gene replacement by gene therapy have been developed.
First drugs have been approved for treatment of patients with SMA and if initiated early they can significantly modify the
natural course of the disease. As a consequence, newborn screening for SMA is explored and implemented in an increasing
number of countries. However, available evidence for these new treatments is often limited to a small spectrum of patients
concerning age and disease stage. In this review we provide an overview of available and emerging therapies for spinal
muscular atrophy and we discuss new phenotypes and associated challenges in clinical care. Collection of real-world data
with standardized outcome measures will be essential to improve both the understanding of treatment effects in patients of
all SMA subtypes and the basis for clinical decision-making in SMA.
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INTRODUCTION

The SMA landscape has changed considerably
since the first reports more than a century ago of
patients with spinal muscular atrophy (SMA) by
Werdnig and Hofmann in 1891 [1] and 1893 [2].
Decoding the disease’s genetic background, first in
linkage analyses [3, 4] and later by identifying muta-
tions in SMN1 as disease-causing [5], paved the
way for targeted medical approaches. In this review
we provide an overview of both the latest thera-
peutic options and emerging therapies for SMA.
We also discuss new topics and challenges arising
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with the availability of drug treatments that alter the
known trajectories of disease. These include chang-
ing phenotypes, new medical decisions, and newborn
screening for SMA.

BACKGROUND

SMA is one of the most frequent monogenic neu-
rodegenerative diseases with an incidence estimated
to be around 1 : 6,000 to 1 : 10,000 in newborns
[6–9]. SMA encompasses a wide clinical contin-
uum of disease severity and has been classified into
subtypes according to age at onset and the motor
milestones achieved [10]. More than half of patients
have the severe phenotype of SMA type 1 with
onset of symptoms within the first 6 months of age.
A ‘floppy infant’ presentation, reduced spontaneous
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movements and a paradoxical breathing pattern
are characteristic; these infants fail to achieve the
free-sitting milestone. Without drug treatment and
ventilator support, SMA type 1 is the leading genetic
cause of death in early infancy with a life expectancy
of under 2 years [11, 12]. SMA type 2 is characterized
by a milder course with onset of symptoms between
the ages of 6 and 18 months. Per definition, these
patients do manage free sitting, but not independent
walking. The latter is achieved (at least temporarily)
in patients with SMA type 3, whose symptoms’ onset
is during infancy or adolescence. In addition, some
classifications define SMA type 0 and SMA type 4
with prenatal onset or a very mild phenotype entailing
an adult onset of symptoms, respectively. The dis-
ease’s hallmark is the degeneration of anterior horn
cells in the spinal cord, leading to the characteristic
symptom of progressive, proximal weakness involv-
ing varying degrees of muscle atrophy. Whereas all
types of SMA are progressive, the rate of progres-
sion differs: SMA type 1 typically follows a rapidly
progressing course, while type 3 progresses slowly
[13].

Molecular genetics: About 95% of SMA cases
are caused by homozygous deletions and less fre-
quently point mutations in the SMN1 gene (survival
of motor neuron 1) on the long arm of chromo-
some 5 (5q-SMA) [5, 14], whereas SMA mutations
in other genes can also be causative (non-5q-SMA)
[15]. Disease-causing mutations in SMN1 inhibit the
production of functional SMN protein from this gene.

SMA’s highly variable phenotypic spectrum is mainly
attributable to variable copy numbers of the neigh-
boring SMN2 gene [16, 17]. This gene is almost
homologous to SMN1 except for few nucleotides [18,
19] and is of no relevance in healthy individuals. A
single nucleotide transition of SMN2 causes predomi-
nant exon 7 skipping and mainly results in an unstable
protein (SMN�7). In patients with SMA on the other
side, small amounts of full-length and fully func-
tional SMN-protein can be produced by SMN2 [20],
thus higher numbers of SMN2-copies are associated
with milder phenotypes [21, 22]. Figure 1 summa-
rizes SMA subtypes and displays typically associated
SMN2 copy numbers.

THERAPEUTIC APPROACHES –
SYMPTOMATIC TREATMENT

While being a monogenetic neuromuscular dis-
ease, the resulting phenotypic spectrum is complex
and SMA is generally perceived as a systemic dis-
ease [23]. Accordingly, caring for patients with SMA
requires the interdisciplinary management of respira-
tory, nutritional and gastroenterological, orthopedic,
and psychosocial issues. General treatment recom-
mendations were published in 2007 in the first
consensus statement on standards of care in SMA
[24]. Nevertheless, the implementation of standards
of care is highly variable and is influenced by
cultural perspectives, socioeconomic factors, and
the availability of regional resources [25]. Due to

Fig. 1. Clinical classification of SMA subtypes according to onset, milestones achieved, and clinical presentation. Typically associated
SMN2 copy numbers are displayed.
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advances and improvements in care over the last
decade, an updated version of recommendations on
diagnosing SMA and patient care was published only
recently [26, 27].

THERAPEUTIC APPROACHES – DRUG
TREATMENT

Several different compounds have been investi-
gated in randomized controlled trials in the last
few decades, including approaches to increase mus-
cle strength and function by (1) hyperacetylating
agents such as valproic acid [28–30] or phenylbu-
tyrate [31], (2) anabolic agents such as albuterol
[32], thyreotropin-releasing hormone [33] or growth-
hormone [34] and (3) neuroprotective agents such as
gabapentin [35, 36], riluzol [37] and olesoxime [38].
Despite negative results regarding primary endpoints,
those investigations validated outcome measures and
yielded key information about trial designs and the
feasibility of patient recruitment.

Actual therapeutic developments can be subdi-
vided into therapies aiming to modify the splicing

of SMN2, replacing the SMN1 gene, or upregulating
muscle growth. Figure 2 summarizes the therapeutic
approaches discussed in the following sections and
illustrates the respective molecular mechanisms of
action; Table 1 illustrates the current status of devel-
opment of specific drugs.

Splicing modification of SMN2

The first drug approved for SMA treatment was
nusinersen (former IONIS-SMNRX), an antisense-
oligonucleotide (ASO) that enhances the inclusion
of exon 7 in mRNA transcripts of SMN2. Nusinersen
binds to an intronic splice-silencing-site in intron 7
of SMN2 and thereby suppresses the binding of other
splice-factors [39]. This results in an increased pro-
portion of SMN2-mRNA with included exon 7 and
consecutively more functional full-length SMN2 pro-
tein [40, 41]. After promising results for nusinersen
in phase I and phase II studies with children with
SMA type 2 and 3 [42, 43], three phase III studies
were initiated subsequently: In the ENDEAR study,
121 infants with SMA type 1 and younger than 7

Fig. 2. Illustration of therapeutic approaches in SMA involving molecular mechanisms of action (modified illustration based on Farrar et al.
2017 [101] and Pechmann et al. 2017 [102]). FSTA = Fast Troponin Activator.
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Table 1
Synopsis of selected ongoing and recently finished clinical trials of medical treatments in spinal muscular atrophy (SMA). AAV-9 = Associated
Adenovirus 9; 6MWT = six minute walking test; FSTA = Fast Skeletal Muscle Troponin Activator; IT = intrathecal; PO = oral intake;

IV = intravenous application

Drug Sponsor Mechanism Route of Phase FDA Comment
of action application I II III Approval

Splicing modification of SMN2:
Nusinersen Biogen-Ionis Antisense-

oligonucleotide
IT x x x x Approval by FDA (Dec.

2016) and EMA (Jul.
2017) for all subtypes
of SMA

RG7916 (Risdiplam) Roche Small
molecule/splicing
modifier

PO x x (x) SMA type 1: After 15
months of treatment
inde-pendent sitting in
33%

LMI070 (Branaplam) Novartis Small
molecule/splicing
modifier

PO x x Recruitment temporarily
halted (safety
concerns), now
completed

Replacement of SMN1-gene
AVXS-101 (Zolgensma) Avexis/Novartis AAV-9-Vector IV x x x x FDA approval for SMA

patients <2 years of age
(May 2019)

AVXS-101 (Zolgensma) Avexis/Novartis AAV-9-Vector IT x Study in children <6 years
of age with 3
SMN2-copies

Upregulation of muscle growth
CK-2127107 (Reldesemtiv) Cytokinetics FSTA PO x x Mild improvement in

6MWT after 4–8 weeks
of treatment in SMA 2
and 3

SRK-015 Scholar Rock Myostatin
Inhibotor

IV x x Positive results in animal
models

Neuroprotection
Olesoxime Hoffmann-La Roche Apoptosis-

inhibitor
PO x x Development stopped in

2018

months of age underwent either repeated intrathe-
cal injections of nusinersen or a sham-intervention
entailing no drug application. Those receiving nusin-
ersen demonstrated a prolonged time to death or
need for permanent ventilation compared to the
sham-control group [44]. The criteria for being a
“motor-milestone-responder” (achievement of motor
milestones in HINE-2 scale; Hammersmith Infant
Neurological Examination) were fulfilled by 51%
in the verum group but by 0% in the sham-control
group. Although the verum group’s motor devel-
opment differed strongly from the disease’s natural
history, only a minority of patients (6/73) achieved
independent sitting during the nusinersen treatment
period lasting about one year [44]. In the CHER-
ISH study, the effects of nusinersen were studied
in 126 older children (median age 4 years) with
SMA type 2 and onset of symptoms after the age
of 6 months. Again, the nusinersen group exhib-
ited a gain in motor functions (mean + 4.0 points

in HFMSE scale; Hammersmith Functional Motor
Scale Expanded version), whereas the sham control
group deteriorated slightly (–1.9 points in HFMSE
scale) [45]. Both studies were terminated prematurely
after these results became apparent in interim analy-
sis and all participants were switched to the treatment
group. The effects of pre-symptomatic nusinersen
treatment were studied in the NURTURE study in
25 infants under 6 weeks of age with 2 (n = 15) or
3 (n = 10) SMN2 copies. All 25 patients acquired the
ability to sit independently and 22/25 achieved inde-
pendent walking [46, 47]. Nusinersen was approved
by the Federal Drug Agency (FDA) in December
2016 and by the European Medicines Agency (EMA)
in May 2017. The first patients with SMA type 1 had
been treated beforehand within an Expanded Access
Program (EAP) in some countries.

An approach to altering the splicing of SMN2
and thus increasing the amount of functional SMN-
protein is also taken by small molecules such as
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RG7916 (risdiplam) and LMI070 (branaplam). These
compounds are taken orally, cross the blood-brain
barrier, and have been shown to increase the amount
of full length SMN-protein [48]. The most advanced
compound is the pyridazine derivative RG7916 now
being investigated in several trials: In the open-
label FIREFISH-study, 21 infants with SMA type
1 between 1 to 7 months of age received low-dose
risdiplam (Part 1, n = 4) with the primary objec-
tive of safety-assessment, or a high dose (following
Part 2, n = 17) with the primary objective of assess-
ing efficacy (independent sitting after 12 months of
treatment). Interim results were presented recently
[49]: After a medium treatment duration of 14.8
months, the primary endpoint of independent sitting
was attained by 33% of all infants (n = 7/21), and by
41% of those infants receiving the higher dose in Part
2 (n = 7/17). No treatment-related safety concerns
were reported. Part 2 of the study is ongoing. Older
patients with SMA type 2 and 3 received RG7916 in
the SUNFISH-study. Again, that study was divided
in Part 1 (dose-finding) and double-blind, placebo-
controlled Part 2 (confirmatory). Of the 43 patients
included in Part 1, 58% revealed an improvement in
at least 3 points in the Motor Function Measure-32
(MFM32) scale [49]. Further ongoing studies include
the JEWELFISH-study, including patients with all
types of SMA (age 6 months to 60 years) treated pre-
viously with SMN-targeting therapies, gene therapy,
or olesoxime, and the RAINBOWFISH-study for pre-
symptomatic babies with SMA. LMI070 is now being
investigated in a phase I/II study (that recently fin-
ished recruiting) with SMA type 1 patients after an
almost two-year halt because of safety concerns in
animal data.

Replacement of SMN1-gene

Gene therapy of SMA is the most advanced
medical approach that directly targets the dysfunc-
tional SMN1-gene in SMA. Studies employing an
Adeno-Associated Viral serotype 9 (AAV9) vec-
tor to deliver an intact copy of wild-type SMN in
murine models showed that these constructs cross
the brain-blood barrier and lead to prolonged sur-
vival of treated SMA-mice [50–52]. The first clinical
trial with zolgensma (AVXS-101) included 15 infants
with SMA type 1 with 2 SMN2 copies (<8 months of
age) [53]. All patients received a single intravenous
dose of the compound in either low (n = 3) or high-
dose (n = 12). Transient elevation of liver-enzymes
occurred in two patients, all patients received steroid

treatment. Marked improvement in CHOP INTEND
scores (Children’s Hospital of Philadelphia Infant
Test of Neuromuscular Disorders) was observed in
the high-dose cohort, with 11 patients attaining scores
>40 points – a cutoff not usually attained in the nat-
ural history of SMA 1. During the follow-up period,
9 of the 12 children receiving high-dose zolgensma
were able to sit without support for >30 seconds.
One patient in the low-dose cohort needed perma-
nent ventilation at age 29 months. Comparison to a
natural history cohort confirmed the improvement of
survival, motor function and milestones by AVXS-
101 treatment [54]. Safety and efficacy are now being
investigated in several ongoing studies: the phase-3
STR1VE study involves 20 patients with SMA type
1 under 6 months of age at the time of infusion
with the primary endpoint of achieving indepen-
dent sitting; similar studies for Europe and Asia are
ongoing or planned. The SPR1NT study will investi-
gate the pre-symptomatic treatment of SMA patients
of all subtypes (<6 weeks of age). Zolgensma was
approved by the FDA for intravenous application in
patients with SMA under 2 years of age in May
2019. While infants undergo the systemic intravenous
application of gene therapy, intrathecal application
might be necessary for older patients to achieve suf-
ficient transduction of motor neurons [55]. Initial
trials addressing intrathecal gene therapy in mice and
pigs have demonstrated improved gene expression
that was achieved with a lower dose of viral vec-
tors [56, 57]. The effects of intrathecal application of
zolgensma in children with SMA type 2 (<6 years of
age) are now being examined in the STRONG study.

Upregulation of muscle growth

Therapeutic approaches that do not directly target
the genetic cause of SMA include the improve-
ment of muscle mass and function. Two compounds
are the most advanced: Myostatin-inhibitors and
Fast Skeletal Muscle Troponin Activators (FSTA).
Myostatin is a member of the TGF� superfamily of
growth factors that inhibits muscle over-growth and
is primarily expressed in skeletal muscle. Myostatin-
deficient animals are known to have considerably
increased muscle mass and strength, and the use of the
myostatin-inhibitor SRK-015 in SMA-mice resulted
in improved muscle mass and function [58]. The
safety of SRK-015 is being studied in a phase II
trial whose first results are pending. FSTAs like CK-
2127107 (reldesemtiv), on the other hand, slow the
release of calcium leading to improved contractibility
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of muscle fibers and thus muscle function [59]. Its use
in SMA was studied in 70 patients with SMA type
2–4 with official results also pending. The interim
analyses reported a mild but statistically significant
improvement in the six minute walk test (6MWT)
after 4 and 8 weeks of treatment.

Therapeutic approaches in preclinical
development

A growing number of compounds are in preclin-
ical or early clinical development. Those comprise
small molecules aiming to stabilize the SMN-protein
and other types of ASOs targeting SMN2, but also
SMN-independent approaches. The latter include
myostatin-inhibition via Activin Receptor Type IIB-
antagonists [60] and stand-alone approaches like
inhibition of the p38MAPK pathway [61].

BIOMARKERS IN SMA

Apart from SMN2 copy numbers, a variety of
other possible biomarkers are currently discussed and
investigated [62]. Within the ENDEAR study pop-
ulation, symptomatic SMA type 1 patients showed
higher levels of plasma phosphorylated neurofila-
ment heavy chain (pNF-H) than healthy controls.
Furthermore, higher pNF-H levels correlated posi-
tively with earlier onset of symptoms and inversely
with motor function at start of nusinersen treat-
ment. Under treatment with nusinersen, these levels
decreased faster in the verum group than in sham
control group. This decrease was more pronounced
the earlier the therapy was started [63]. In CSF of
an adult SMA cohort, levels of pNF-H in CSF were
below detection limit, but levels of NSE and pTAU-
protein showed a significant decrease under treatment
[64]. Electrophysiological biomarkers include the
examination of the compound muscle action poten-
tial (CMAP) and the motor unit number estimation
(MUNE), which have already been used in clinical tri-
als [42]. Availability of validated biomarkers would
ideally allow predicting the clinical course of dis-
ease and the response to any drug treatment. This
would improve clinical decision-making and signifi-
cantly reduce the time and resources for clinical drug
development.

EMERGING NEWBORN SCREENING

A consistent finding across clinical trials for both
SMN2 splicing modification and gene therapy is the

fact that the effect size depends on the age at treat-
ment initiation: the earlier treatment is started, the
greater the clinical benefit is. The most impressive
results have been observed when treatment is initiated
before the first clinical symptoms become apparent.
As we know that denervation progresses rapidly dur-
ing the first 6 months of life [65], the ‘rescue’ of these
motoneurons before clinical deterioration appears to
be essential. Nevertheless, the mean age of diagno-
sis in SMA type 1 is around 6 months of age [66].
Newborn screening (NBS) thus enables us to iden-
tify these patients at a pre-symptomatic stage. Four
pilot projects of NBS programs in SMA have been
conducted and published so far, all using quantitative
polymerase chain reaction (qPCR) assays detecting
homozygous deletions in either exon 7 [67–69] or
intron 7 [70] of SMN1 via dried blood spot analysis.
Only one of these assays was validated as also detect-
ing heterozygous carrier deletions [67], and none of
the assays was able to detect point mutations or quan-
tify SMN2 copy numbers. In the NBS pilot studies
in Taiwan, New York State and Germany, verifica-
tion of NBS results by sequencing yielded a positive
predictive value of 100% [67, 69, 70]. To lower the
costs of analysis, different PCR-based assays have
been developed that allow simultaneous screening
for SMA (with or without SMN2 copy number quan-
tification) and severe combined immunodeficiency
(SCID) [71, 72]. SMA was added to the Recom-
mended Uniform Screening Panel (RUSP) in July
2018; NBS for SMA is being implemented in a few
US states and southern Belgium, and pilot screening
projects are ongoing in other states and countries.
Nevertheless, the issue regarding who should be
treated is highly controversial [73]. The correlation
between SMN2 copy numbers and disease severity
was recently examined in a larger Spanish cohort of
625 patients with SMA of all subtypes [17]. Two
SMN2 copies were associated with SMA type1 in
almost 90% of patients. In patients presenting three
and more copies, the individual age of onset and
severity are more difficult to predict, but those factors
still correlate with the copy number. An algorithm for
treatment decisions for children diagnosed with SMA
by NBS has been proposed by the SMA NBS Multidis-
ciplinary Working Group, supported by CureSMA.
There was consensus among the experts participat-
ing in this delphi-technique-based process, namely
that treatment should be initiated immediately in truly
asymptomatic infants with one SMN2 copy and in
infants with two or three copies with or without symp-
toms, while those with four or more copies should
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be closely monitored and only treated after the onset
of signs or symptoms [74]. However, this pragmatic
proposition does not incorporate the presence of pos-
sible genetic modifiers in SMA other than the number
of SMN2 copies that can mitigate or exacerbate the
clinical course [75]. This is also reflected in the obser-
vation that disease severity can differ even in siblings
possessing the same SMA genotype. The fact that
parents of an apparently healthy baby are confronted
by a severe diagnosis and difficult treatment decisions
furthers adds to the complexity of NBS programs. To
address these problems, greater awareness for SMA
in the public and the availability of qualified genetic
counseling are necessary to help parents make an
informed decision [76, 77].

NEW PHENOTYPES, NEW CHALLENGES

Since the introduction of new drug treatments for
SMA, we have observed disease trajectories that dif-
fer significantly from the known natural history of the
disease. These new phenotypes now also cross the tra-
ditional subtypes of SMA. For example, patients with
onset before six months of age (typical for SMA type
1) might achieve independent sitting (SMA type 2
by definition) if treatment is initiated early. It is now
more appropriate to rely on a combination of age of
onset, number of SMN2 copies, and age at start of
drug treatment rather than the traditional subtypes to
define a clinical phenotype of SMA.

These new disease trajectories also mean we must
modify and adapt the clinical approach taken. For
example, longer survival without ventilatory support
following the initiation of drug treatment needs to be
considered when counseling the parents of patients
with early-onset types of SMA. On the one end of
the spectrum, namely in very severe cases entail-
ing a prenatal onset (SMA type 0), drug treatment
is not likely to lead to any relevant improvement in
motor function, nor will it prevent the need for per-
manent ventilation; it might therefore be inadvisable.
On the other end, initiating treatment in a presymp-
tomatic patient might result in almost normal motor
development.

Additional organ involvement, including occur-
rence of cardiac defects [78], autonomic dysregula-
tion [79] or abnormal fatty acid metabolism [80, 81]
has been reported in SMA. SMN protein is known
to be highly expressed prenatally in most organs, so
that a significant role in organogenesis has been dis-
cussed [82]. Further research is needed to understand

if systemic treatment of SMN deficiency is of clinical
benefit compared to restricted treatment of the central
nervous system.

Clinical trials and real world data

In the context of rare diseases, it is almost
inevitable that drug approval will be based on weaker
evidence than is the case with drugs for common
diseases. This issue concerns the disease spectrums
investigated in clinical trials, patient numbers, and
observation periods. For example, nusinersen was
approved for all types and disease stages of SMA
despite the fact that the two randomized controlled
trials covered only a small proportion of the total
SMA population, namely infants and young children
presenting a relatively early disease stage. Several
centers published their experiences with nusinsersen
treatment of SMA type 1 patients of different age
groups in the early-access program (EAP) and deliv-
ered similar results [83–88]: Age at the beginning of
treatment is the most important factor that determines
motor response to treatment. Interestingly, no marked
difference in motor response between patients with
2 or 3 copies of SMN2 was observed [84, 87]. In
contrast to the clinical trials, patient cohorts were het-
erogeneous regarding ventilation-dependency, need
for nutritional support and age; data on patients
up to 19 years of age were analyzed in the Italian
cohort [85]. More conflicting than the data on motor
response are the findings regarding ventilation and
nutritional support: In both the German and French
cohorts, a significant proportion of patients exhibiting
motor improvement had started permanent ventila-
tion or underwent tracheostomy or the placement of
a feeding tube. It is unclear whether this reflects a
poor treatment effect on respiratory and bulbar func-
tion, or a more proactive approach in the participating
centers to provide ventilator support or tube feeding.

A mild improvement in the 6MWT was seen in an
adult cohort undergoing nusinersen treatment [64].
Overall, there is very little data available extending
beyond the cohort of SMA type 1 patients, and it
remains difficult for us to predict ‘which effect can
be expected in which subtype and at which stage of
the disease’ and ‘how long treatment-effects persist’.
Furthermore, there are serious logistical and ethical
factors that make additional placebo-controlled tri-
als difficult if not impossible to carry out, now that
effective treatment options are available.

Considering the limited evidence on the long-term
efficacy and safety of novel drug treatments for SMA
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and their high costs, it is necessary to systemati-
cally collect real-world data to improve the basis
for clinical decision-making and reimbursement for
patients with SMA. Various international initiatives,
including the International SMA Consortium Spinal
Muscular Atrophy Patient Registry (iSMAC), the
SMArtCARE project and the TREAT-NMD network
have now established disease-specific registries or are
aiming to collect data from different national reg-
istries. These projects share standardized data sets
for the longitudinal assessment of SMA patients with
or without drug treatment [89–91]. Ideally, these
initiatives should involve patient representatives in
the governance and follow the IRDiRC-recognized
“FAIR Guiding Principles” in order to make the col-
lected data Findable, Accessible, Interoperable and
Reusable and thus maximise their utility for research
[92].

Need for standardized outcome measures

The application of standardized outcome measures
is crucial to harmonize real-world data from differ-
ent registries and to enable the comparison of results.
The ideal group of assessments covers and reflects all
SMA subgroups, so that selecting the most suitable
outcome measures relies on both the functional lev-
els and age of SMA patients. Requirements should
accommodate the developmental state of patients:
whereas the CHOP INTEND might be best suited
for documenting the functional status of severely
affected SMA type 1 patients, some items are inap-
propriate for adolescent or adult patients. Another
important issue is the problem of ceiling effects in cer-
tain assessments: children exhibiting improved motor
function may attain the maximum score in the CHOP
INTEND before the age of 2 years, but the HFMSE
requires a certain degree of cooperation and has only
been validated for application in children above 2
years of age. The motor domains of the Bayley Scales
III might be an option to close this gap. As an exam-
ple, the current SMArtCARE recommendations for
standardized evaluation according to age and disease
stage are shown in Table 2.

Challenges in clinical care

The conventional disease trajectories of the pre-
treatment-era are now often modified by new drug
treatments. This involves unprecedented challenges
and issues regarding motor and non-motor symptoms.
In many aspects, this requires that we reconsider ear-

Table 2
Recommendations for the evaluation of patients with SMA by
the SMArtCARE-project. RULM: revised-upper-limb-module;

6-MWT: six-minute-walking-test

Baseline data (First visit only)

Current medical history and clinical examination
• including WHO motor milestones

Physiotherapeutic assessments:
CHOP INTEND

• All children <2 years of age
• All patients >2 years of age without ability to sit

Bayley-III Scale (motor part)
• Only for children <2 years of age with CHOP INTEND
score >50

HFMSE
• All patients >2 years of age with ability to sit
• If CHOP INTEND score >50: CHOP INTEND and
HFMSE∗∗
• If CHOP INTEND score >60: HFMSE instead of CHOP
INTEND

RULM
• All patients >2 years of age with ability to sit (in a
wheelchair)

6-MWT
• All ambulant patients >3 years of age

ALS Functional Rating Scale (in adult patients)
Pulmonary function
Documentation of drug treatment and adverse events

lier blueprints to enable individualized and the most
appropriate decision-making.

Despite the improved survival and motor develop-
ment of symptomatic patients with early onset SMA,
these children also exhibit a higher rate of scoliosis
during the first years of live. Greater awareness of
this risk, and close monitoring of spinal deformities
appear crucial to react early and enable the spine to
be stabilized via medical orthoses. As many braces
interfere with breathing in the more severely affected
patients, choosing the ideal device can be difficult.
Surgical interventions entailing ‘growing rod’ sys-
tems have been reported to be feasible in children
with SMA type 1 as young as 4 to 6 years of age
and might be an option for younger children with
severe scoliosis [93, 94]. However, further experience
in this field is needed to balance the risks and benefits
of these interventions. Certain orthopedic devices –
such as standing frames – have not been used in most
SMA type 1 patients, but they appear promising for
the prophylaxis of joint contractures and to allow
age-appropriate positioning even in more severely
affected patients.

Intrathecal application of drugs like nusinersen can
be difficult in patients with severe scoliosis [95, 96].
Fluoroscopy may be necessary for lumbar access in
these patients, but that involves high cumulative radi-
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ation exposure in potentially lifelong therapy in case
of nusinersen [97]. Lumbar puncture is especially
challenging in patients who have already undergone
spinal fusion; some surgeons suggest creating artifi-
cial bone gaps during spinal surgery for later lumbar
puncture, but we are still waiting for their long-
term data [98]. Alternative routes of application, via
intrathecal catheter systems [99] or even via cervical
puncture [100] have been suggested, despite the fact
that nusinersen has only been approved for applica-
tion via lumbar puncture.

PERSPECTIVE

For the first time in the history of SMA, new treat-
ments like splicing modification and gene therapy are
allowing the clinical course to be substantially modi-
fied. Additional therapeutic approaches are currently
being taken at advanced stages of clinical develop-
ment and are likely to expand the spectrum of drug
treatment options for SMA. This will add to the com-
plexity of care for patients with SMA. To achieve
maximum treatment effects, a timely diagnosis and
treatment initiation are particularly important. Stan-
dard newborn screening seems to be an appropriate
tool to attain this goal, although it remains unclear
when treatment should be initiated in patients pre-
senting high numbers of SMN2 copies.

When medications for rare diseases come up
for approval, there is often only limited evidence
available on its long-term effects and safety, and con-
ducting randomized investigations to deliver such
evidence is often impossible. Therefore, the only way
to generate additional evidence is to collect and ana-
lyze real-world data via high-quality, well-monitored
patient registries that attempt to avoid bias, so that
they provide meaningful results.

Keeping in mind the recent success of drug
treatment in SMA, it is important that we do not
disregard individual interdisciplinary clinical man-
agement, which remains the backbone of SMA
treatment, since many patients are left with a sig-
nificant disease burden despite drug treatment.
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[11] Zerres K, Rudnik-Schöneborn S. Natural history in prox-
imal spinal muscular atrophy. Clinical analysis of 445
patients and suggestions for a modification of existing
classifications. Arch Neurol 1995;52:518–23.

[12] Farrar MA, Vucic S, Johnston HM, du Sart D, Kiernan MC.
Pathophysiological insights derived by natural history
and motor function of spinal muscular atrophy. J Pediatr
2013;162:155–9. doi:10.1016/j.jpeds.2012.05.067.
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