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General introduction

1consisted of a set of mandatory and highly recommended items (e.g. personal data, 
genetic test results, clinical diagnosis, motor milestones, wheelchair use, scoliosis 
surgery, use of feeding tube, participations in clinical trials).
 In 2010 the Dutch SMA Registry was established. To ensure a systematic approach 
in data collection in our registry, we used the TREAT-NMD format and additionally 
used the NINDS CDE guidelines (http://www.commondataelements.ninds.nih.gov) 
for obtaining data on present clinical situation, age at achieving or losing motor 
milestones, medical history and family history. We performed a neurological 
examination in all patients and performed the Medical Research Council (MRC) 
scores to document muscle strength of 34 muscle groups in patients aged five years 
and older, and the Children’s Hospital of Philadelphia Infant Test of Neuromuscular 
Disorders (CHOP-INTEND) or Hammersmith Functional Motor Scale Expanded 
(HFMSE) to assess motor function. We enrolled the first patient on April 28th 2010. 
The subsequent enrolment from 2010-2017 is summarized in Figure 1. 

Figure 1. Patient enrolment at the Dutch SMA Registry. Time periods are represented per year and their 
semesters (1= January - June; 2= July - December). 

Clinical spectrum, phenotype and disease variety
The phenotype of the infantile form of SMA with the vivid facial expression, 
fasciculations of the tongue, paucity of limb movements, abnormal thorax and 
breathing pattern was first described at the start of the 20th century and is an iconic 
image in (child) neurology. The awareness that there is a broad range of severity in 
SMA emerged in the course of the following decades. In the 1960s, the existence 

The general aim of this thesis is to explore the clinical spectrum of hereditary proximal 
spinal muscular atrophy (SMA) in the Netherlands and find (epi)genetic modifiers for 
disease severity and progression that may provide new insights into disease modifying 
treatments, thereby improving patient care. 

In 1891 Guido Werdnig (1844-1919) published a report on two brothers with a striking 
combination of pronounced, proximal muscle weakness starting around the age of 10 
months, stalled motor development with an inability to stand or walk and premature 
death in early childhood.1,2 Autopsy revealed degeneration of the anterior horns of the 
spinal cord and this finding inspired the name of the disease that is still used today: 
spinal muscular atrophy (SMA). 
 Since that first report, the field of SMA including the definition of clinical 
phenotypes, the exploration of pathological characteristics and the knowledge of its 
genetic background has been explored continuously. 
 SMA proved to be a disorder with large variation in severity. Very severe and 
milder variants of SMA, nowadays classified as type 0 and 4 respectively, were first 
described in the second half of the 20th century.3,4 Descriptions of new symptoms and 
complications continued to appear in print in the 21st century. 
 The search for the genetic locus and later the gene associated with SMA took 
approximately one hundred years after the first clinical description. The group of Judith 
Melki in Paris discovered that SMA was caused by the homozygous loss of function 
of the survival motor neuron (SMN)1 gene on chromosome 5 and their report on this 
discovery was groundbreaking neuromuscular news in 1995.5 It would take 20 more 
years to develop the first treatment strategies that slow down and possibly partially 
reverse the devastating symptoms of SMA. 
 After decades of negative trials and studies that tested treatment strategies 
to alleviate or cure SMA,6,7 potential life-saving therapies based on anti-sense-
oligonucleotides affecting SMN2- splice sites, have entered clinical practice,8,9 and 
therapies using SMN1- gene introduction by viral vectors are underway.10-18 At the start 
of this project in 2010, these developments were hoped for but far from certain. My 
PhD project coincided with the start of the SMA patient registry in the Netherlands and 
the studies in this thesis are collateral to the endeavour of finding a cure for SMA.

The Dutch SMA registry
As of 2007 the European network TREAT-NMD encouraged the start of patient 
registries for SMA and Duchenne muscular dystrophy.19 TREAT-NMD provided 
advise and a toolkit for the start of registries that were thought to play multiple 
important roles including facilitating enrolment of patients in upcoming trials, 
informing patients of developments and facilitating academic research. Its format 
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1of infantile, intermediate and mild SMA was generally acknowledged. Before the 
discovery of the causative genetic defect, the similar histopathological characteristics 
of severe anterior horn degeneration suggested that all types belonged to the same 
entity.20 In the 1990s, the classification system, that formalized 3 SMA types based on 
age at onset and achieved motor milestones, was introduced and is still used today.21 
In 1995 and 1999, after discovery of the SMN1 gene, two disease types were added to 
the classification at both ends of the spectrum: a severe prenatal type 022 and a late-
onset type IV,3 where signs of first symptoms only appear in adulthood (Table 1).21,23 
Although the classification system has prognostic value, there are also limitations. 
For example, it does not fully appreciate differences in severity between patients 
within each type. This has led to suggestions for further splitting of SMA types, in 
particular of types 1 and 3, but this is not broadly used.24 
 In general, SMA is a disorder characterized by progressive muscle weakness of 
mostly proximal and axial muscles, progressing to distal weakness over time. It has 
become clear that not all muscles are equally vulnerable to the disease process.33-36 
The relative sparing of the diaphragm that underlies the striking ‘paradoxical’ 
breathing pattern of infants with SMA exemplifies this. 
 Scoliosis, contractures and respiratory problems will complicate disease course 
in the majority of patients. Without intervention or supportive treatments most 
SMA patients have a reduced life expectancy, especially those with early onset and 
the more severe types (Table 1).3,4,37,38 

Non-motor symptoms
In the last decade observational studies in animal models and patients have suggested 
that SMA may be further complicated by involvement of tissues and organs other 
than the spinal cord and its motor neurons. Defects or dysfunction of heart,39-42 liver, 
43,44 central nervous system45 and muscle may occur in more severe cases of SMA, 
although detailed studies are lacking. Structural heart defects in children with 
severe SMA39,40 and cardiac rhythm disorders in SMA type III patients,41,42 metabolic 
derangements including hypoglycaemia46 and, altered fatty acid metabolism43,44 are 
examples that may set SMA apart from other neuromuscular disorders.47,48 
 In the past decades, the survival of children with SMA has improved due to 
better care and supportive therapies,38 and has gradually shifted the focus from 
predominantly motor symptoms to other complications, which become more 
evident and more relevant in later disease stages. 
 Studies on the clinical phenotype of SMA have primarily focused on younger 
patients with the more severe phenotypes.30,33,34,49-51 Natural history studies that 
capture the full life cycle and severity spectrum of SMA, including adults and late-
onset types 3 and 4, are scarce.30,33,34,49-51
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General introduction

1Table 2. Incidence of SMA diagnosis

Country China76 Sweden81 USA69 South Africa26

Incidence 1:6973 1:11800 1:11000 African ancestry 1:3574
European ancestry: 1:1945

Genetics
SMA is caused by the loss of function of the survival motor neuron (SMN) 1 gene.52-

54 The autosomal recessive inheritance of SMA was already observed by authors in 
the first reports.1,55 The 5q13 locus was eventually mapped as the most likely locus to 
contain the causative gene.53,56-59 This region encompasses the survival motor neuron 
(SMN), NRL family apoptosis inhibitor protein (NAIP), Small EDRK-Rich Factor 
(SERF), General Transcription Factor IIH Subunit 2 (GTF2H2), and ocludin genes with 
flanking pseudogenes (Figure 2A).32,60,61 The region is characterized by the presence 
of multiple or single copies of homologous centromeric and telomeric genes 
(including SMN and NAIP), which made the initial analysis extremely complicated. 
Both NAIP and SMN genes were mentioned as the causative gene of SMA since they 
were absent in most of the investigated patients with SMA type 1.53,54 Even now, the 
molecular architecture of the locus has not been fully elucidated.2,32,60,61

 In 1995 it was finally established that loss of function of the SMN1 gene was the 
cause of SMA.5 The most common abnormality is a homozygous deletion of the 
SMN1-gene (95-99%). 1-5% of patients have a heterozygous deletion of SMN1 and 
a point mutation in the other allele resulting in loss of function of the remaining 
SMN1 allele and generally a similar clinical phenotype as homozygous deleted 
patients.25 The presence of a heterozygous deletion with a point mutation is more 
frequently present in patients with SMA type 3 (15% of the cases) than SMA types 1 
and 2 (4-6% of the cases).64 There have been rare reports of SMA caused by a point 
mutation in both SMN1 alleles.65-67

 The incidence of SMA and the carrier frequencies of omo deletion of SMN1 show 
geographical and ethnical variation which may in part be explained by founder 
effects or relatively high rates of consanguineous marriage (Table 2 and 3). The 
carrier-frequency ranges from 1:20 to 1:210.26,68-80
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Figure 2. Representation of the 5q locus including SMN1, SMN2 and adjacent genes. 
A) The 5q13 locus contains the SMN, NAIP, SERF and GTF2H2 genes as shown by the middle bar. 
The region is the result of many duplications and/or inversions. The exact structure of the locus is still 
unknown.2,32,60,61 SMN1 and SMN2 contain 9 exons (upper and lower bar respectively). These differ in 
5 nucleotides, i.e. in intron 6 (c.835-45) and 7 (c.888+100; c.888+214) and exon 7 (c.840; c.835+6) and 8 
(c.1123; c.888+236). The c.840C>T change in SMN2, compared to SMN1, results in the exclusion of exon 7 
and the inability of the SMN protein to self-oligeromerise.5,62,63
B) The SMN genes contain various important domains interacting within the SMN complex. Red= Gemin2 
binding region; orange= K (lysine)-rich domain; yellow = Tudor domain; dark green= proline-rich domain 
dark blue= P2 region; light blue= YG-box; light green= interacting zone with ZPR1 and Gemin3; purple= 
non-coding UTR. 
C) SMN1 gene and the location of disease-causing mutations found in SMN1. All mutations were pathogenic 
on a background of a heterogeneous deletion of SMN1. Effects of the mutations are missense, frameshift, 
nonsense, insertion, deletion or affecting splicing in an intronic region and are described in Appendix 1. 
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1SMN1 gene and its loss of function, the wide variation in clinical severity was now even 
more interesting with the discovery of patients covering a broad clinical spectrum, from 
SMA type 0 to 4, having the same alteration of SMN1. 
 An important consequence of the high frequency of duplications at the 5q locus 
is that there is variation in SMN2 gene copy number. The SMN2 copy number ranges 
from 0 to 630 and this is the most important modifying factor for clinical severity. Lower 
copy numbers are mostly present in more severe types of SMA and higher SMN2 copy 
numbers appear in patients with milder forms (Table 1). Lower copy numbers are 
mostly present in more severe types of SMA and higher SMN2 copy numbers appear 
in patients with milder forms (Table 1). It has been estimated that 55-80% of disease 
variability can be explained by SMN2 copy number variation. 37,71,81,85,86 
 Additional (epi)genetic modifiers probably also explain the disease variability. Prior 
et al87 identified a single mutation in SMN2, c.859G>C, which correlated with a milder 
phenotype than expected based on SMN2 copy number. This is probably explained 
by the creation of a new exonic splice-enhancer that up regulates (full length) SMN2 
transcripts. However, this mutation is rare (<5%).87,88 Outside the SMN locus, the X-linked 
plastine 3 (PLS3) gene was identified as a gender-specific modifier of severity.89 Females 
with a SMN1 deletion but high PLS3 expression levels in peripheral blood lacked or only 
showed a mild disease phenotype compared to their affected male siblings.89

SMN structure-function relationship 
The SMN gene contains various domains that are important for interaction with other 
proteins that constitute the SMN complex (Figure 2B), but their precise interactions 
and function are still unknown. Parts of exon 1 and 2a encode the Gemin 2 binding 
region,62,63,90 which allows binding of SMN protein to Gemin2 during the formation of 
the SMN-complex.91 This particular region also contains the K (lysine)-rich domain 
that is essential for nucleic acid binding.62,63,92 Exon 3 encodes for the Tudor domain, 
which determines the tertiary structure of the protein and contains the key amino 
acids for Sm protein binding.62,63,90,93 Exons 4 and 5 contain a proline-rich domain, 
which interacts with the profilin proteins that are involved in actin polymerisation 
and neuritogenesis.94 The calpain cleavage region is probably important for the 
regulation of cell adhesion.63 The P2 region at the start of exon 6 is a binding site 
for the spliceosomal Sm protein,90 whilst the other end of exon 6 and the start of 
exon 7 include the YG-box and encode for the C-terminus of the SMN protein, which 
are essential for self-association and self-oligomerisation of the SMN protein.62,63,90,95 
The same region also allows interaction with ZPR196 and Gemin3.91 Exon 8 is the non-
coding UTR of the SMN gene. Exons 1, 3 and 6 seem to harbour most of the disease-
causing mutations in a heterozygous SMN1 deleted background (Figure 2C).25,64,90,97 
Downstream effects of SMN

Table 3. Carrier frequency of homozygous SMN1 deletion

Country Incidence

USA68 African American 1:92
Caucasian 1:37

USA69 1:58
       Caucasian 1:45
       Azhkenazi Jewish 1:74
       Asian 1:64
       Hispanic 1:76
       Asian Indian 1:57
       African American 1:102

Australia70 1:49

Germany71 1:35

France73 1:48

Sweden73 1:56

Israel72,75 1:40-62

Sub-Saharan Africa74 Mali 1:210
Nigeria 1:60
Kenya 1:120

South Africa26 African ancestry 1:50
European ancestry 1:23

China76 1:42

Taiwan77 1:48

Korean78 1:50

South Korea79 1:47

Iran80 1:20

The SMN gene has been highly preserved.25 Although the duplication of approximately 
500 kb on chromosome 5q13.2 that includes SMN occurred late in evolution in primates, 
the development of two highly homologous SMN genes is human-specific.82 SMN1 is 
the telomeric copy (SMN or SMNt) and SMN2 the centromeric copy (SMN or SMNc). 
Ironically, this duplication is the ultimate cause of SMA, since the partial compensation 
of SMN1-loss by the presence of SMN2 reverses the lethality that is seen in experimental 
SMN knock-out animals. 
 The SMN1 and SMN2 genes differ by only 3 intronic and 2 exonic nucleotides 
(Figure 2). The crucial single C>T nucleotide substitution in SMN2 exon 7 is the cause 
of the relative dysfunction of the SMN2 gene by altering mRNA splicing. This results 
in the exclusion of exon 7 in an estimated 90% of SMN2 mRNA transcripts (commonly 
referred to as Δ7 SMN2)83,84 and the production of a shortened protein that does not 
self-oligomerise and is rapidly degraded. A small fraction of the SMN2 transcripts is 
spliced correctly and therefore encode a protein identical to SMN1.30 In the presence of 
a homozygous SMN1 deletion, the SMN2 gene is the only source of SMN protein. 
Although the primary genetic mystery of the disease was resolved with the discovery of 
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1salbutamol, thyrotropin releasing hormone).109,110 None of these studies has so far 
demonstrated efficacy and treatment in SMA is therefore purely supportive. 
 In parallel, standards of supportive care have been developed in the last 15 years. 
The first guideline for standards of care for children with SMA was published in 2007.47 
It included several topics, including respiratory and orthopaedic care. The introduction 
and optimisation of supportive (pro-active) care has dramatically changed the survival 
of children and adults with SMA types 1 and 2. 38 
 Implementation of these standards of care for patients may depend on the availability 
of resources and expertise and, therefore, differ between countries and regions.111 
Moreover, the guideline does not include recommendations for care strategies in adult 
patients with longstanding disease or with milder forms of SMA. 

Our knowledge of SMA has improved and expanded dramatically in the 20th century. 
Still, the full spectrum of the disease is not acknowledged and the discovery of non-motor 
and extra-neuronal symptoms suggests a much wider clinical phenotype than previously 
described. The genetic background of SMA cannot, as yet, fully explain the clinical 
variability. Other (epi)genetic factors need to be investigated for a better understanding of 
disease processes and progression. This is a condicio sine qua non for the development of 
efficient treatment and/or drugs against the disease.

Overview of this thesis
In this thesis, my aim is an interdisciplinary approach to many different aspects of 
SMA and its practical treatment. 
 The thesis is divided in four different parts that each describes a specific aspect 
of SMA.
 Part 1 focusses on clinical aspects of SMA. We explore the full clinical spectrum 
of SMA in children and adults. We conducted a national cohort study to deep-
phenotype the Dutch SMA population with a special interest in identifying 
prognostic features for SMA severity and prognosis (chapter 2.1), patterns of and 
progression in muscle weakness (chapter 2.2), presence and clinical implications 
of neuromuscular junction dysfunction (chapters 3.1 and 3.2) and appearance and 
cause of bulbar complications (chapters 4.1, 4.2 and 4.3).
 Part 2 concentrates on the complex genetics of SMA and its relation to the SMA 
phenotype, in search of predictors of clinical severity and disease progression. We do this 
by analysing the 5q locus to explore the predictive value of the SMN2 copy number 
and its adjacent genes on clinical phenotype, including diagnosis and prognosis, 
(chapter 5) and by studying potential disease modifying genes, e.g. PLS3, FUS, PFN2 
known for their negative effects in (other) motor neuron diseases (chapter 6).
 In Part 3, the knowledge obtained in Parts 1 & 2 is combined with the aim of exploring 

The discovery of the SMA-determining gene(s) initiated an extensive search for 
precise downstream pathways of the SMN genes and the effects of homozygous 
deletions or heterozygous mutations that is still ongoing. 
 SMN is ubiquitously expressed and is part of multiple protein complexes that 
have generic as well as tissue specific functions. SMN functions include a role as 
protector against superoxide dismutase 1 (SOD1) toxicity,98 biogenesis of sRNPs, 
RNA processing and splicing,99-101 ubiquitination homeostasis,62,102 macromolecular 
trafficking including axonal transport,103,104 cell signaling, endocytosis105,106 and 
cytoskeleton maintenance.62 The fundamental working mechanism and role of the 
SMN protein is unknown. Motor neurons are most vulnerable to SMN depletion, but 
observations of abnormalities in other organs and tissues in experimental models 
and patients suggest that the underlying cellbiological defect is generic rather than 
motor neuron specific. 
 The presence of multiple copies of SMN2 suggests a dose-effect relation between 
phenotype and the levels of SMN transcripts, protein level as well as copy number. 
Simic et al. have suggested that the amounts of full-length SMN protein are on 
average 9%, 14% and 18% of the normal levels in SMA types 1, 2 and 3, respectively.107 
Levels of around 23% are thought to be needed for normal functioning of downstream 
processes. Carriers with an estimated 45-55% of the normal level are, therefore, 
asymptomatic.107 To the best of my knowledge, these are mere estimates, since the 
original reports lack substantiated data. 

SMN as a biomarker 
The relatively slow pace of progression in SMA types 2 and 3 is a major challenge in 
the design of clinical trials. The SMN protein has been proposed as the ideal biomarker 
for clinical variability and disease progression. If the levels of SMN in tissues were 
found to correlate with disease severity and disease progression, they could also be 
used for monitoring the efficacy of disease modifying therapies. At the start of this 
project, studies on SMN protein levels in SMA patients were rare and limited to case 
reports.107,108

Care and cure
At the start of this century, drugs nor treatments were available that cured SMA or 
even slowed down disease progression.109,110 Various treatment strategies have been 
investigated in vitro, in vivo and in trials, including agents to facilitate neuroprotection 
(e.g. cardiotrophin-1, creatine, gabapentin, lamotrigin, riluzole), SMN2-inducing 
activity by histone deacetylase inhibitors (e.g. valproate, phenylbutyrate, 
hydroxyurea), improvement of muscle metabolism and strength (e.g. creatine) 
and other factors with mostly unknown workingmechanisms (e.g. somatotropin, 
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1the possibilities for new biomarkers. Subsequently, we investigate SMN protein 
levels and SMN mRNA levels in blood and fibroblasts, and explore their relation 
to disease severity and progression (chapter 7) in search of easily accessible and 
reliable biomarkers for use in trials to monitor disease progression. 
 Part 4 focuses on treatment strategies in SMA and their working mechanisms. By 
means of the validated Cochrane Review strategy, we systematically review previous 
treatments and therapies to slow down progression or cure disease in patients with 
SMA types 1, 2 and 3 (chapters 8.1 and 8.2). In chapter 8.3, we propose a protocol 
for a double-blind, placebo controlled, crossover trial to assess the efficacy of 
pyridostigmine in improving strength, endurance and fatigability in patients with 
SMA. 
 In chapter 9, the focus is on the psycological aspects and symptoms of having 
SMA. We investigate the quality of life of patients and try to identify factors most 
important for improving this.
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INTRODUCTION

Proximal hereditary spinal muscular atrophy (SMA) is caused by homozygous 
deletion of the survival motor neuron (SMN) 1 gene and has a wide range of severity.29 
Onset may occur prenatally or in the fourth decade of life, and motor deficits range 
from neonatal hypotonia to mild weakness in adulthood. The current classification 
of SMA distinguishes 5 SMA types (i.e. type 0-4) based on the combination of age 
at onset and two acquired gross motor milestones.3,29 Distinction of additional 
subtypes based on differences in the age at onset, first for SMA type 3 (i.e. 3a 
and 3b) and more recently for type 1 (i.e. 1a-1c), has been proposed. This may 
help to further clarify differences in prognosis within SMA types and to balance 
baseline characteristics in clinical trials. We aimed to gain further insight in the 
added predictive value of motor milestones for the occurrence of SMA outcome or 
common complications, i.e. death, respiratory insufficiency, scoliosis surgery and 
loss of ambulation. We included SMN2 gene copy number in our analysis, since this 
is the most important genetic biomarker of severity.112 

METHODS

Patients 
We enrolled patients with SMA types 1-4 between September 2010 and August 
2014. Patients were informed and recruited through the Dutch patient organisation 
for neuromuscular diseases (www.vsn.nl), (paediatric) neurologists, paediatricians, 
rehabilitation physicians, the five Dutch Centres for Chronic Respiratory Ventilation 
and through patient communities on the internet. Inclusion criteria were a clinical 
diagnosis of SMA type 0, 1, 2, 3 or 4. There was no age restriction for inclusion. 
Informed consent was obtained from each subject and/or their parents in children 
younger than 18 years of age. All patients who agreed to participate visited the 
outpatient clinic for (paediatric) neurology at the University Medical Center 
Utrecht, The Netherlands. The study protocol was approved by the Medical Ethical 
Committee of the University Medical Center Utrecht. This study was registered at 
the Dutch registry for clinical studies and trials  (http://www.ccmo-online.nl).
 We used age at onset and acquired motor skills to define SMA types according 
to the diagnostic criteria defined by the SMA Consortium.113 In case of discrepancy 
between age at onset and reached motor milestones, the latter determined the 
final diagnosis. SMA type 0/1a was defined by a prenatal onset of the disease with 
symptoms of hypotonia and respiratory insufficiency directly after birth with early 
neonatal death.22,29 SMA type 1 (abc) was defined by an onset before 6 months and 

ABSTRACT

Objectives To identify clinical and genetic correlates of variability in severity and 
outcome in SMA. 

Methods We performed a cross-sectional cohort study of 200 patients encompassing 
the full severity spectrum of SMA and studied associations of clinical phenotypes, 
occurrence of complications, survival and SMN2 copy number. 

Results The acquisition of motor skills that are currently not routinely used for SMA 
classification, i.e. head control, rolling and standing unsupported, were associated 
with relevant outcome measures, i.e. death in SMA type 1 and age at scoliosis 
surgery or respiratory insufficiency in SMA type 2. Higher SMN2 copy numbers (>2 
copies) were associated with prolonged survival in type 1 (p<0.01) and sustained 
motor function in type 3 (p<0.01). Age at time of scoliosis surgery correlated with 
both SMA type and SMN2 copy number (both chi2 p<0.01).

Conclusions Specific motor milestones predict differences in severity and prognosis 
within SMA types. Determining SMN2 copy numbers has additional prognostic 
value in specific SMA types. These results are helpful in predicting prognosis of 
individual patients and in stratifying patients in clinical trials.
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used SPSS (IBM SPSS Statistics version 21, Inc., Chicago, IL) and R64 (R 2.14.2 GUI 
1.50 Leopard build; R Foundation for Statistical Computing 2012) for analysis. 

RESULTS

The clinical diagnosis of SMA was genetically confirmed in 200 patients. SMN2 copy 
number varied from 1 to 5 and overlapped between SMA types. SMN2 copy number 
correlated inversely with SMA type (p<0.001; Table 1). Clinical characteristics are 
summarized in Table 1. 

Table 1. Patient characteristics

Severe SMA

Type 0/1a*
Very severe 
phenotype

(n=3)

Type 1b*
Classical 

phenotype
(n=16)

Type 1c*
Prolonged 

survival
(n=23)

Gender (F:M) 1:2 9:7 10:13

Mean age at onset in months (range) 0
(0)

2.1
(0.8-5.0)

4.8
(1.0-8.0)

Death (%) 3 (100) 15 (88)a 4 (17)

Mean age at death in months (range) 0.4
(0.1-0.5)

8.6
(3.5-19)

26.5
(14-39)

Respiratory support >16h per day n (%)b 3 (100) 1 (0) 5 (20)

Mean age in years at start of respiratory support >16h per day (range) 0 (0) 0.9 (0.9) 14.5 (1.8-38)

Median maximum age at follow-up (range)c NA 5m
(2.5m – 12yrs)

7.4yrs
(15m - 52yrs)

SMN2 copy number

1 3 0 0

2 0 15 1

3 0 0 21

4 0 0 1

Fasciculations of the tongue (%) 100 93 94

Motor milestones

Head control in prone position n (%) 0 0 18 (81)

Rolling n (%) 0 0 8 (23)

Mean age at acquiring milestone  (months)

Head control NA NA 3.5

Rolling NA NA 5.2

History of feeding difficulties n (%) 3 (100) 14 (88) 17 (74)

Need of (non)-invasive ventilation at any time during the day 3 (100) 2 (12) 10 (40)

Mean age at start of any (non)-invasive respiratory support in years (range) 0 (0) 0.8 (0.6-1.1) 11 (1.3-36)

Cardiovascular abnormalities n 1d 0 1d

the inability to sit independently at any time. Patients with type 0/1a shows signs 
in the neonatal period with no head control ever achieved. Type 1b show signs of 
hypotonia after the neonatal period and will never have head control or will ever be 
able to roll. Type 1c are patients who meet the criteria of type 1, and not type 2, but 
show a relative better performance in motor skills (e.g. head control, roll over) or 
pulmonary function (no pulmonary complications before the age of 2). Type 1c with 
survival into childhood or adulthood with or with respiratory support after the age 
of 24 months has been reported in previous publications.37,86,114

 Patients with SMA type 2 had onset between the age of 6 and 18 months and 
learned to sit or even stand (but not walk) for a brief period independently. Patients 
with SMA type 3 developed weakness after the age of 18 months and learned to 
walk independently. Patients with type 3 were further divided into SMA type 3a 
(disease onset before the age of 3) and type 3b (disease onset after the age of 3).3 
SMA type 4 was defined by an onset after the age of 30 in ambulatory patients.3,29

 We used a systematic questionnaire according to the NINDS CDE guidelines 
(http://www.commondataelements.ninds.nih.gov) about present clinical situation, 
age at acquiring or losing motor milestones (head control, lifting head in prone 
position, roll over, sit, stand, walk, run and/or walking stairs),115 medical and family 
history and performed neurological examination. 

Genetic analysis
All patients were tested for a homozygous deletion of exon 7 of the SMN1 gene 
or a hemizygous SMN1 deletion and a point mutation. The total number of SMN1 
and SMN2 gene copies was determined by Multiplex Ligation-dependent Probe 
Amplification (MLPA) analysis using SALSA MLPA kit P060 version B2, according 
to the manufacturer’s protocol (www.mlpa.com; www.mrcholland.com). SMN2 
copy number analysis was performed twice to confirm copy number by two 
certified laboratories at the Departments of Genetics (Utrecht and Groningen, the 
Netherlands). In case of a heterozygous deletion of SMN1, we searched for point 
mutations using Sanger sequencing (SMN1 reference sequence NM_000344.3) with 
customized primers. The pathogenic character of point mutations was confirmed 
using mRNA analysis. 

Statistical Analysis
Univariate and multivariate tests including dichotomous data were performed using 
(penalised-likelihood) logistic regression. We used Kruskal-Wallis or Chi-square/
Fisher Exact analysis to compare data between SMA types and survival curves and 
log rank tests to analyse differences in age at the time of loss of ambulation, scoliosis 
surgery or start of ventilation. P values of <0.05 were considered significant. We 
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Motor milestones defined SMA type 1-3 in case of discrepancies with age of 
onset. SMA classification was eventually changed in 18 patients (9%) because of 
acquisition of new motor milestones. 
 We included 42 patients with SMA type 1 (Table 1). Three patients had the 
most severe phenotype, type 0/1a, and 1 SMN2 copy. SMN2 copy number differed 
between SMA types 1a/b/c (p<0.05).  A relatively good prognosis was associated 
with acquired head control or ability to roll (type 1c) and 3 SMN2 copies. Ages at 
losing specific motor skills in SMA type 2 and 3 are shown in Figure 1. 
 Learning to roll and to sit was delayed (defined as >95th percentile of WHO 
Motor Development Study 2006) in 31 (36%) patients with SMA type 2. Sixteen 
(48%) of 33 patients with SMA type 3a were delayed in learning to stand and 
walk, whereas only one patient with SMA type 3b showed a delay in acquiring 
the ability to walk independently. 
 We observed differences between the groups of patients with SMA type 2 
who had learned to sit independently (i.e. who sat without support after being 
placed in sitting position; ‘type 2a’) (57%) and those who additionally had 
learned to stand (with or without support; ‘type 2b’) (43%) (Figure 1). Patients 
with type 2b less often needed respiratory support at night than those with type 
2a (p=0.01), were older at time of scoliosis surgery (p=0.03) and were able to 
maintain sitting position until adolescence. Mean age at onset and SMN2 copy 
number differed between patients with SMA type 2b and 3a (p=0.02; p=0.02). 
Mean age at loss of ambulation differed between patients with SMA types 3a 
and 3b (p<0.01) (Figure 1C). Frequencies of 3 or 4 SMN2 gene copies differed 
between SMA types 3a and 3b (p<0.01).
 Virtually all patients with SMA type 2 (90%) were over 10 years of age at time of 
scoliosis surgery.  Only nine of 33 (27%) patients with SMA type 3a and one patient 
(3%) with SMA type 3b underwent scoliosis surgery. Age at time of scoliosis 
surgery correlated with both SMA type and SMN2 copy number (both p<0.01).
 

DISCUSSION

We investigated the associations of age at onset, motor milestones and SMN2 
copy number in a relatively large SMA cohort that encompasses the complete 
spectrum of severity.3,86 Prognosis was associated with acquired motor 
milestones that are not routinely used in the current classification system (i.e. 
head lifting in prone position, rolling, standing or walking with help). SMN2 copy 
number has prognostic value in specific cases.

Intermediate & Mild SMA

Type 2a
(n=49)

Type 2b
(n=38)

Type 3a
(n=33)

Type 3b
(n=33)

Type 4
(n=5)

Gender (F:M) 28:21 25:13 18:15 15:18 4:1

Mean age at inclusion in years (range) 16.2
(1.5-42.3)

20
(2-66.7)

31.5
(2.4-65.7)

42.6
(42-77.5)

51.2
(41.0-68.8)

Mean age at onset in months (range) 9
(3.5-24)

14.5
(6-30)

20
(6-36)

120
(42-294)

444
(366-522)

Mean age at diagnosis in months 
(range)

17
(4.0-54)

44.8
(0.1-378)

88.3
(1-294)

222
(48-558)

485
(372-558)

Mean disease duration in years (range) 15.3
(0.3-40.4)

18.6
(1.2 -64.8)

29.7
(1.2-62.2)

32.8
(2.0-71.4)

13.6
(7.5-24.2)

Death n (%) 2 (4) 0 (0) 1 (3) 0 (0) 0 (0)

Mean age at death in years (range) 37.5
(28-47)

- 66
(66)

0 0

SMN2 copy number  (n)

1 0 0 0 0 0

2 1 1 0 1 0

3 43 32 15e 4 0

4 3 4 15 25 4

5 0 0 0 2 0

Fasciculations of the tongue n (%) 34 (76) 21 (64) 10 (32) 6 (20) 2 (40)

Polymyoclonus of the fingers n (%) 40 (89) 33 (97) 27 (87) 28 (93) 4 (80)

Distal hypermobility n (%)f 40 (100) 27 (100) 21 (84) 15 (65) 1 (33)

Respiratory support at night n (%)b 15 (31) 3 (8) 6 (19) 1 (3) 0 (0)

Mean age at start of respiratory support 
at night in years (range)

14
(2-38)

19
(2-66)

46
(15-61.5)

40
(39.6)

0 (0)

Respiratory support during daytime 
n (%)b

3 (6) 3 (5) 2 (6) 0 (0) 0 (0)

Respiratory support >16h per day n (%)b 2 (4) 1 (2) 2 (6) 0 (0) 0 (0)

Mean age at start of respiratory support 
>16h per day (range)

20
(16-24)

31
(31)

34
(20-47)

0 (0) 0 (0)

Scoliosis surgery n (%) 30 (61) 20 (54) 9 (26) 1 (4) 0 (0)

Mean age at scoliosis surgery (years) 8.6
(3.7-15.8)

12.9
(7.3-31.8)

25.1
(10.1-54.5)

15.8
(15.8)

0

Cardiovascular abnormalities n 0 0 0 0 0

Legend Table 1. F=female; M= male; SMN= survival motor neuron; NA= not applicable; NA= not 
applicable; head control= lifting head from surface in prone position; roll= to roll to one side from 
supine position
*= classification according to Dubowitz et al.22 and Mercuri et al.29 (See Supplementary File)
a= 14 children died and invasive respiratory support was started in one child at the age of 7 months
b= including non-invasive and invasive support
c= oldest age known at follow-up
d= including tetralogy of Fallot and ventricular septum defect
e= one patient with heterozygous deletion of SMN1 and a point mutation in exon 4 (c.542A>G) 
f= hypermobility of the distal and proximal interphalangeal joints was a very common finding (88% 
of all patients) and was not confined to patients with severe SMA (penalised log regression p=0.001)

Table 1. Continued
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The distinction of patients with relatively poor and good prognosis within the 
well-known SMA types may be important to refine the individual’s prognosis and 
to balance baseline characteristics in trials. Additions to the SMA classification 
system are based on age at onset whilst the value of other motor milestones 
has been less explored. Discrepancies between age at onset and acquired 
motor milestones are not uncommon (in this study: 20%). Acquisition of head 
control in prone position and/or the ability to roll in SMA type 1 was associated 
with longer survival. The ability to stand in addition to sit in SMA type 2 was 
associated with better motor function, older age at the time of scoliosis surgery 
and fewer respiratory complications. Age at onset in patients with SMA type 3 
correlated inversely with age at time of losing ambulation, as reported before.3

 SMN2 copy number may be additionally helpful to assess prognosis or the 
risk of complications, but only within the relevant clinical context. The overlap 
of SMN2 copy number between SMA types obviously precludes its use as a 
general prognostic biomarker. The presence of 1 SMN2 copy was associated 
with neonatal onset (SMA type 0). In contrast, 21 patients with SMA type 1 who 
could lift the head in prone position or roll over, or had a preserved respiratory 
function and consequently a longer survival, had 3 SMN2 copies. Previously 
observed long survival in case series of patients with infantile onset and 3 SMN2 
copies is also in line with prognostic value of SMN2 copy number in SMA type 
1.86,116 We also observed associations of SMN2 copy number with the need for 
scoliosis surgery, occurrence of respiratory failure and loss of ambulation in 
SMA types 2 and 3. 
 Strength of our study is the relatively large number of patients and the clinical 
and genetic detail. An inherent weakness of SMA cohort studies is the possibility 
of inclusion and selection bias due to the largely retrospective design of the 
study and voluntary enrolment. We attempted to reduce recall bias by using all 
available sources including family picture books and family care register data. 

ACKNOWLEDGEMENTS

We are grateful to the patients and families who participated in this study, and 
to the Dutch patient organisation for neuromuscular diseases (Spierziekten 
Nederland) that supported its initiation and execution. The authors wish to thank 
Mrs. Petra Grootscholten and Mrs. Esther de Jong of the Department of Genetics 
at the University Medical Center Groningen for excellent technical assistance in 
the measurement of SMN1 and SMN2 gene copy numbers. This study was made 

Figure 1ABCD. Kaplan-Meier curves of sitting, standing, walking and respiratory function 
Probability of the age at time of loss of the ability to sit (A), stand (B) or walk (C) in SMA types 2-4 and the 
age at time of start of respiratory support (D). SMA type 2a: patients who learned to sit independently, 
but never learned to stand or walk. SMA type 2b: patients who learned to sit independently, and have 
learned to stand or walk with support. Censored patients are patients who had not lost the motor 
ability or did not use respiratory support at time of inclusion. C. Loss of dependent ambulation differs 
per age group (log rank p<0.001). Seventy percent of patients with types 3a, 3b onset <12 years and 
3b onset >12 years had lost ambulation by the age of 8, 20 and >30 years, respectively. D. Age at start 
of respiratory support at night differed in patients with SMA types 2a, 2b or 3a (log rank p<0.01). Fifty 
percent of patients with SMA type 2a used respiratory support before the age of 20 years, whereas 
only 20% of patients with SMA types 2b and 3a needed respiratory support around the age of 25 and 
50 years, respectively. Three of five patients with SMA type 3a used non-invasive respiratory support 
because of obstructive sleep apnea. Two patients with type 3a needed invasive respiratory support 
after a severe pneumonia
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INTRODUCTION

Hereditary proximal spinal muscular atrophy (SMA) shows a striking variability in 
disease severity despite the fact that virtually all patients have the same genetic 
defect, i.e. a homozygous deletion of the SMN1 gene.5,29,117 
 Natural history studies that document the rate of progression of motor deficits in 
specific SMA types and age groups are an important source of information for the 
design of clinical trials to test efficacy of disease-modifying therapies.6,7,118-120 Recent 
studies have primarily focused on younger patients, in particular infants with SMA type 
1 and children and teenagers with types 2 and 3. Natural history studies that capture 
the full life cycle of SMA and its complete severity spectrum are scarce.33,49,50,85,121-131 
(Table 1) Information on disease progression later in life is important for gaining 
insight into care needs of older SMA patients and evaluating treatment efficacy of 
SMN protein augmenting therapies after childhood.

Table 1. Studies investigating muscle strength and motor performance prospectively in SMA

Study Mono- or 
Multicentre

Mean follow-
up in years

SMA types Patients (n) Age range in years Strength analysisa

Durmus et al33,122 Monocentre 2-20 3b 25 13-48 MRC

Febrer et al123 Multicentre 0.5-1 2 - 3 24 8-38 HD

Iannaccone et al49 Multicentre 0.1-0.2 2 - 3 21 2-17 GMFM, MRC

Kaufmann et al85,124 Multicentre 2 2.3 79 Unknown (mean 11.3) HD, HFMS(E), GMFM

Lewelt et al125 Monocentre 0.25 2-3 9 Unknown (mean 10) MVIC, MMT, EK, MHFSME

Mazzone et al134 Multicentre 1 3 38 3.40-49.3 6MWT, 6MWD

Mazzone et al126 Multicentre 1 2 - 3 (na) 49 2-28 HFMS, MFM-20

Mercuri et al128 Multicentre 0.25 2 – 3 (na) 66 2.2-12.8 HFMS

Seferian et al129 Multicentre 1 2 – 3 (na) 23 8.3-29.9
BS, MFM, Myogrip, 
MyoPinch, MoviPlate

Sivo et al130 Monocentre 1 2 – 3 (na) 74 3.5-29 HFMSE, ULM

Souchon et al50 Monocentre 2.5 2 - 3 63 0.6-36 MMT

Werlauff et al131 Monocentre 17 2 - 3 23 11-53 MMT, BS, EK

ABSTRACT

Objective To investigate muscle strength and motor function in patients with SMA 
types 2, 3 and 4, in order to gain insight of disease course in all stages of life. 

Methods We conducted a cross-sectional study to investigate muscle strength, 
Hammersmith Functional Motor Scale (Expanded) scores and the patterns of 
muscle weakness in relation to age and SMA type. . 

Results We included 180 patients with SMA types 1-4 in the age range 1-77.5 
years. With the exception of the early phases of disease in which children with 
SMA types 2 and 3 may achieve new motor skills and show a temporary increase 
in muscle strength, declining muscle strength and loss of motor skills over time 
are characteristic for all SMA types. Mean loss of strength is at least 1 point on the 
MRC and 0.5 point on the HFMS(E) scores per year. Deterioration of motor function 
and muscle strength starts in childhood and continues during adulthood. The age 
at loss of specific motor skills is associated with disease severity. Triceps, deltoid, 
iliopsoas and quadriceps are the weakest muscles in all patients. Hierarchical 
cluster analysis did not show a segmental distribution of muscle weakness as was 
suggested previously. 

Conclusions Progressive muscle weakness, and the loss motor function are 
characteristic of all SMA types and all ages. 

Legend Table 1. Inclusion criteria: 1) Genetic confirmation of homozygous deletion of SMN1 in majority of 
patients; 2) SMA type and clinical parameters documented; 3) Written in English. Exclusion criteria: 1) Meta-
analysis; 2) Clinical trials. Studies representing the same cohort are combined reflected by multiple references. 
aMethod of strength testing used in the original publication: 6MWD= six minute walking distance; 6MWT= 6 
minute walk test; BS= brooke score; EK= egen classification; GMFM= gross motor function measure; HD= 
handheld dynamometry; HFMS(E)= Hammersmith functional motor scale (expanded); MFM(-20)= motor 
function measure(-20); MMT= manual muscle testing; MHFMSE= Modified Hammersmith functional motor 
scale—extend; MRC= modified research council score; MVIC= maximum voluntary isometric contraction; 
ULM= upper limb module. na= non-ambulant
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All patients visited the outpatient clinic for (paediatric) neuromuscular disorders 
at the University Medical Center Utrecht. We used a systematic questionnaire 
including questions about their present clinical situation, age at acquiring or losing 
motor milestones, medical history and family history according to the NINDS CDE 
guidelines (http://www.commondataelements.ninds.nih.gov). Three physicians 
(RIW, MS and CAW) performed the neurological examination and motor score 
testing of all patients.  We used Medical Research Council (MRC) scores ranging 
from 1 to 5 (MRC 0 and MRC 1 were combined and given a score of 1) for 34 muscle 
groups in patients and calculated sum scores (range 34-170). We used Hammersmith 
Functional Motor Scale Expanded (HFMSE) in patients aged 3 years and older.132 In 
case children aged <3 years were able to perform the HFMS(E), they were included 
as well. 
 Informed consent was obtained from each participant and/or their parents in 
children under 18 years of age.
 The Medical Ethical Committee of the University Medical Center Utrecht 
approved the study protocol. This study was registered at the Dutch registry for 
clinical studies and trials (http://www.ccmo-online.nl).

Genetic analysis
We applied Multiplex Ligation-dependent Probe Amplification (MLPA) analysis 
using SALSA MLPA kit P060 version B2 (www.mlpa.com; www.mrcholland.com) 
to confirm the homozygous deletion of exon 7 of the SMN1 gene and SMN2 gene 
copy number. In case of a heterozygous deletion of SMN1, we searched for point 
mutations using Sanger sequencing (SMN1 reference sequence NM_000344.3) with 
customized primers. 

STATISTICS

Univariate tests including dichotomous data were performed with logistic 
regression. We used Kruskal-Wallis or Chi-square/Fisher Exact analysis to compare 
data between SMA types. We used survival curves and log rank tests to analyse 
differences in age at the time of loss of motor abilities. We used linear regression to 
analyse decline of muscle strength over time. Multivariate analysis was performed, 
including only factors that were significant in univariate analysis. 
 The pattern of muscle weakness was examined using hierarchical cluster 
analysis (HCA). HCA compresses the data hierarchically by reducing the number of 
dimensions, and can identify patterns expressing similarities and differences in data. 
Data are clustered into groups by the best fit of a predefined algorithm, with each 

Documenting disease progression in patients with longstanding, severe muscle 
weakness, or with milder forms of SMA with potentially very slow progression may 
be challenging.33,35 Nevertheless, more detailed insight into disease progression later 
in life has become highly relevant now that the high-cost antisense oligonucleotide 
nusinersen was approved for the use in adults with SMA, despite the lack of evidence 
for efficacy from phase 3 trials in this age group. 
 Prospective longitudinal studies over extended periods of time are logistically 
challenging. In order to better understand the disease course of SMA in older children 
and adults, we analysed data from our prospective nationwide cohort study on SMA 
in The Netherlands.117 Using a cross-sectional approach, we investigated patterns of 
muscle strength and motor scores in 180 children, adolescents and adult patients, 
encompassing the full spectrum of clinical phenotypes of older patients with SMA.  

METHODS

We performed a cross-sectional study on patients with SMA types 1-4 in The 
Netherlands, enrolled between September 2010 and August 2016. Inclusion criterion 
was a genetically confirmed diagnosis of SMA type 1-4. Patients were informed 
and recruited through the Dutch patient organisation for neuromuscular diseases 
(www.spierziekten.nl), (pediatric) neurologists, paediatricians, rehabilitation 
physicians, the four Dutch Centres for Chronic Respiratory Ventilation and via 
patient communities on the internet.
 We used age at onset and acquired motor milestones to define SMA type.29,117 
In case of discrepancy between age at onset and achieved motor milestones, the 
latter determined the final diagnosis. Infantile onset but relatively mild SMA type 
1 (i.e. type 1c) was defined as onset before the age of 6 months and not acquiring 
the ability to sit unsupported, although these patients acquired other motor skills, 
such as head control or rolling from supine to prone or at least to one side at any 
stage in life. Patients with type 1c have previously been reported as surviving into 
adulthood with or without respiratory support.37,86,114 Patients with SMA type 2 had 
a disease onset between the age of 6 and 18 months and learned to sit or even stand 
(but not walk) independently for a brief period. We made the further distinction of 
type 2a (sitting independently as best motor milestone) and type 2b (standing or 
walking supported in addition to sitting).117 Patients with SMA type 3 developed 
symptoms after the age of 18 months and learned to walk independently. We used 
the sub-classification of SMA type 3a (disease onset before the age of 3 years) and 
type 3b (disease onset after the age of 3 years).3 SMA type 4 was defined by an 
onset after 30 years of age in ambulatory patients.3,29
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years, respectively; p=0.03). Loss of the ability to walk without support in SMA type 
3 generally occurred in the second decade in patients with onset before 3 years 
(mean 11.5 years; range 2.5-35), the fourth decade in those with onset between 
3-12 years (mean 32 years; range 6.5-59) and after the fifth decade in case of onset 
after 12 years (mean 59 years; range 33-66). Two patients with SMA type 4 needed 
walking aids 15 years after disease onset, although they could still walk short 
distances unaided (Table 3). 
 MRC sum score and HFMS(E) score differed significantly between SMA types 
(p<0.01). HFMS(E) score correlated strongly with the MRC sum score, lower limb 
score and upper limb score (Spearman rho’s correlation coefficient= 0.91; p<0.001), 
although these correlations were not linear and the correlation between functional 
changes by HFSM(E) and muscle strength by MRC scores was present only at the 
higher end of both scores. We observed a ceiling effect of the HFMS in SMA type 3 
and a bottom effect of the HFMS(E) for SMA types 1c and 2 (Figure 2AB). 

data point clustered with the closest other data point. Clustering was performed 
with average method for linkage based on the average pairwise proximity among 
all pairs of points within the clusters. Distance between data points and clusters 
was calculated with the (squared) euclidean method.

P values of <0.05 were considered significant. 

We used SPSS (IBM SPSS Statistics version 23.0.0.2, Inc., Chicago, IL) and R64 (R 
2.14.2 GUI 1.50 Leopard build; R Foundation for Statistical Computing 2012) for 
statistical analysis. 

RESULTS

Patient characteristics
We included 180 patients with SMA types 1c-4, of whom 108 (60%) were ≥18 years 
old. Patient characteristics are presented in Table 2.
 
Decline of motor function and muscle strength
Muscle sum scores (Figure 1 AB) and HFMSE scores (Figure 1 E) were lower in 
older patients, irrespective of SMA type (p<0.05). We used linear regression to 
analyse annual decline in muscle strength and divided patients into age cohorts 
to estimate age-specific decline in muscle strength and motor function, stratifying 
both analyses for SMA type (Figure 1A). The estimated average decline in MRC 
sum scores was 1 point per year (Figure 1A). HFMSE scores declined by 0.5 points 
annually (Figure 1E). There were clear differences in trendline slopes between SMA 
types and between age cohorts with the same SMA type (p<0.05; Figure 1B-D). In 
general, muscle deterioration started in the lower limbs (Figure 1D), followed by 
progressive decline of strength in upper limbs (Figure 1C). Patterns of deterioration 
differed slightly among SMA types. In SMA type 2a we observed a steady decrease 
in muscle strength and motor function, whereas in SMA types 2b and 3 there was 
a relatively sTable phase of muscle strength followed by a decline in roughly the 
second decade in SMA type 2b, the third decade in type 3a and start of weakness 
progression in SMA type 3b after the age of 40 (Figure 1BCD). 
 SMA type was associated with the age at which patients lost specific motor skills 
(Table 3). The age at which patients lost the ability to sit without support differed 
between SMA types 2a, 2b and 3a (mean age 8.7, 16.5 and 19 years, respectively; 
p<0.01). Similarly, patients with SMA type 2b lost the ability to stand or walk with 
aids at a significantly younger age than those with type 3a (mean age 5.5 and 15 

SMA type SMA type 
1c

(n=18)

SMA type 
2a

(n=44)

SMA type 
2b

(n=36)

SMA type 
3a

(n=40)

SMA type 
3b

(n=36)

SMA 
type 4
(n=6)

Gender (F:M) 9:9 27:17 23:13 22:18 15:21 4:2

Median age at inclusion in years (range)
10.5

(1.4-49.7)
15.0

(1.8-42.3)
18.2

(2.8-66.8)
30.5

(1.3-65.7)
42

(14-77.5)
50.8

(41-68.8)

Median disease duration at time of inclusion 
in months (range)

118
(9.6 - 590)

171
(14-492)

206
(54 -790)

347
(18-758)

357
(12-738)

136
(91-291)

Median age at onset in months (range)
6

(1-9)
8

(3.5-24)
12

(6-36)
18

(6-54)
114

(24-294)
456

(366-522)

SMN2 copy number (n)

2 1 1 1 1 1 0

3 17 40 29 18 6 0

4 0 2 4 15 24 5

5 0 0 0 0 2 0

Scoliosis surgery (%) 11 (70) 31 (70) 21 (58) 11 (30) 2 (6) 0 (0)

Median age at time of scoliosis surgery in 
years (range)

7.9
(4.1-19.5)

7.9
(3.7-15.8)

9.8
(7.3-31.8)

14.1
(10.1-54.5)

15.0
(14-16)

NA

Median HFMS (range) 0 (0-2) 2 (0-25) 5 (0-35) 11 (0-40) 30 (2-40) 38 (36-40)

Median HFMSE (range) 0 (0-4) 2 (0-25) 6 (0-37) 10 (0-57) 32 (2-66) 53 (43-56)

Median MRC sum score (range)
62

(34-98)
71

(39-124)
93

(63-141)
105

(52-160)
150

(70-167)
155

(120-162)

Table 2. Baseline characteristics

Legend Table 2. F= Female; M=Male; SMN2=survival motor neuron 2; HFMS= Hammersmith Functional 
Motor Scale; HFSME= Hammersmith Functional Motor Scale Expanded; MRC= modified research 
council score.
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Stratification by SMN2 copy number was not informative, mainly because of the 
under-representation of patients with 2 and 4 SMN2 copies in our cohort.

Patterns of muscle weakness
Triceps, deltoid, iliopsoas and quadriceps were the weakest muscle groups in all 
patients. Strength of flexors and extensors of the hand and fingers, biceps and 
hamstrings was relatively preserved in the majority of patients. Twenty-one out of 
180 patients (12%) had biceps weakness MRC <3 and 33 out of 180 (18%) patients 
had a severely impaired hand function.

Figure 1ABCDE. Muscle weakness in relation to age in SMA types 1c-3b. 
Muscle strength deteriorates with an estimated mean of -1 MRC sum score point per year. A. Trend lines of 
MRC sum score representing muscle strength show a linear decline irrespective of age or SMA type. B, C 
and D. MRC scores of total strength (B), upper limbs (C) and lower limbs (D) respectively, represented per 
age group. Data suggest differences in the relation of deterioration of muscle weakness with age between 
SMA types. Analysis was underpowered to statistically confirm different phases of deterioration. E. HFMSE 
score declines over years in all SMA types. 
Error bars represent 95% CI.

Table 3. Motor milestones

Type 1c
(n=18)

Type 2a
(n=44)

Type 2b
(n=36)

Type 3a
(n=40)

Type 3b
(n=36)

Type 4
(n=6)

Best acquired motor skill

Head control in prone positiona n (%) 11 (61) 37 (84) 36 (100) 40 (100) 36 (100) 6 (100)

Age at acquiring head controlb 5
(1-15)

3
(0.5-8.5)

2.2
(1-2.5)

2.5
(2-3)

2.5
(2-3)

2.5
(2-3)

Rollingc n (%) 6 (33) 31 (72) 34 (94) 39 (98) 36 (100) 6 (100)

Age at acquiring ability to rollb 5
(2-6)

5.5
(2-18)

5
(2-18)

4
(3-8)

4
(2-6)

4
(4)

Sit independently n (%) 0 (0) 44 (100) 36 (100) 40 (100) 36 (100) 6 (100)

Age at acquiring ability to sit NA
1.2

(0.4-6.3)
0.7

(0.3-1.5)
0.7

(0.5-1.5)
0.6

(0.5-0.8)
0.5 (0.5)

Stand with support n (%) NA NA 36 (100) 40 (100) 36 (100) 6 (100)

Age at acquiring ability to stand with support NA
NA 1.3

(0.5-6.5)
1

(0.6-2)
0.9

(0.7-1)
0.7

(0.7)

Walk with support n (%) NA NA 26 (72) 40 (100) 36 (100) 6 (100)

Age at acquiring ability to walk with support NA NA 1.9 (0.8-6.5)
1.3

(0.8-2.5)
1

(0.9-1.6)
0.9 (0.9)

Walk without support n (%) NA NA NA 40 (95) 36 (100) 6 (100)

Age at acquiring ability to walk without support NA NA NA
2.2

(0.9-10.4)
1.3

(0.8-1.5)
0.9 (0.9)

Able to run n (%) NA NA NA 1 (3) 21 (66) 6 (100)

Loss of motor skill

Sit without support n (%) NA 16 (38) 3 (9) 7 (20) 0 (0) 0 (0)

Age at losing ability to sit NA
8.7

(0.7-29.1)
16.5

(13-16.5)
25

(15.5-40.5)
NA NA

Stand with support n (%) NA NA 31 (89) 20 (59) 8 (24) 0 (0)

Age at losing ability to stand with support NA NA
6.5

(1.1-46)
15.3

(3.5-49.5)
34.3

(6.5-60.5)
NA

Walk with support n (%) NA NA 21 (84) 22 (65) 10 (30) 0 (0)

Age at losing ability to walk with support NA NA
5.9

(0.8-14)
15

(3.5-45.5)
32.7

(6.5-58.5)
NA

Walk without support n (%) NA NA NA 23 (68) 16 (47) 0 (0)

Age at losing ability to walk without support NA NA NA
11.8

(2.5-34.5)
34.1

(6.5-65.7)
NA

Legend Table 3. Ages for head control and rolling are given in months, all other catergories are presented in 
years (mean with range in brackets). n= number of patients; %= percentage of patients with available data 
for analysis; - = not applicable; alifting the head (from the surface) in prone position with the ability to look 
forward; b age presented in months; crolling at least from supine to one side
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Hierarchical clustering of strength in individual muscles identified proximal and 
distal muscles as principal components (Figure 3). 
 Weakness was not segmentally distributed  (e.g. more pronounced in C5 or L1-3) as 
suggested previously 33. Patterns of weakness were similar in all SMA types.

DISCUSSION

Natural history of SMA has primarily been studied in infants and children. Recent 
studies have shown age-dependent differences in disease progression.127,133 In 
contrast, natural history in older patients with genetically confirmed SMA has not 
been studied in detail due to the rareness of the disease in combination with the 
slow rate of progression of weakness and motor impairment.33,134 The cross-sectional 
data from this cohort of 180 genetically confirmed patients, including children, 
adolescents and adults with SMA types 1c-4 in all disease stages of SMA throughout 
life, are a proxy for longitudinal natural history data. Progressive muscle weakness, 
motor function impairment and disability are characteristic of all SMA types and 
are not restricted to children or more severe phenotypes. The data indicate that the 
patterns of gradual progressive loss of motor function are comparable, but that the 
time at onset of decline may differ between SMA types.
 Muscle strength declines by an estimated 1 MRC point and 0.5 HFMS(E) point 
annually. This is in line with clinical observations in adult patients with SMA type 
3b.33 Similar and relatively small declines have also been described in children and 
young adults with SMA 2 and 3.33,85,129,130,135 The effects of cumulative yearly loss of 
only a few MRC or HFMS(E) points are not trivial and will eventually affect daily 
functioning, but this obviously depends on the patient’s functional abilities at 
baseline. This is, for example, reflected by the loss of commonly acquired motor 
milestones, i.e. sitting without or standing with support, that occurs at an earlier 
age in patients with SMA type 2 than type 3. More generally, the progression of 
muscle weakness after the age of 20 years indicates that SMN deficiency (and 
possibly its further decline with advancing age136) remain relevant in adulthood 
and that functional deterioration is not only secondary to growth in childhood and 
adolescence after stalled motor development.137 
 It has previously been shown that disease progression in children is age- and SMA 
type-specific.38,127 Our data points to the fact that different rates of progression may 
also be an SMA feature in adulthood. Although our study lacked statistical Power, 
disease progression may be more pronounced during specific periods of life, i.e. 
roughly the second, third and fifth decades in SMA types 2, 3 and 4, respectively. 
This would suggest that the impact of SMN augmenting therapies,118,119 which have 

Figure 2AB. Correlation between HFMS(E) and MRC sum score and their ceiling effects
Same patient cohorts are represented in A (HMFS versus MRC sum score) and B (HFSME versus MRC sum 
score). Maximum scores are 40 and 66 points in HMFS and HMFSE, respectively. Correlation between 
HFMS or HFMSE scores and MRC sum score is not linear, but shows an exponential difference at both ends 
of the scores. Dotted lines represent 95% confidence intervals. 

Figure 3.  Pattern of muscle weakness with hierarchical clustering of muscle strength in 180 

patients with SMA types 1c-4
Muscle strength in muscles from arms and legs is shown in the heatmap. Colours white through red 
correspond to MRC scores 1-5.  Each patient is represented by one column on the x-axis. Muscle groups are 
presented at the right y-axis. The left y-axis shows the dendrogram of clusters.  Two distinct clusters, i.e. of 
proximal (blue) and distal (green) muscle groups, were identified. There was no segmental distribution of 
weakness as suggested previously. 



4746

Muscle strength and motor function in SMA throughout life

2.2

ACKNOWLEDGEMENTS

We are grateful to the patients with SMA who participated in this study and the 
support of the Dutch patient organization for neuromuscular diseases (VSN). 
This study was made possible by the commitment of and referrals by the Dutch 
SMA study group (N. van Alfen, L. Bok, N. Cobben, I.F.M. de Coo, M. Dousma, B. 
G.M. van Engelen, J.M. Fock, I.J.M. de Groot, W.G.M. Janssen, M. J. Kampelmacher, 
R. Koers, I. Kortland, E.T. Kruitwagen, V.J. Langenhorst, P.W.A. Muitjens, J. Nicolai, 
J.M.F. Niermeijer, E.H. Niks, M. Nuysink, R.G. van Ommen-Koolmees, E.A.J. Peeters, 
L.T.L. Sie, I.N. Snoeck, M.W. van Steenbergen, M.J. van Tol-Jager, A.A.P.H. Vaessen-
Verberne, A.D. van Velzen, J.J.G.M. Verschuuren, M. Vugts, M.E.J. Wegdam-den 
Boer, P.J. Wijkstra, M. Wohlgemuth).

 
FUNDING

This study was supported by grants from the Prinses Beatrix Spierfonds (WAR08-24) 
and the Stichting Spieren voor Spieren. Prinses Beatrix Spierfonds and the Stichting 
Spieren voor Spieren had no role in study design, data collection, data analysis or 
interpretation, writing the report or decisions in submitting this paper.

so far not been tested in phase 3 trials in adults, may depend on timing of treatment 
in relation to age and SMA type. 
 A second observation is the presence of differences in muscle vulnerability in 
SMA. Weakness in patients with SMA is generalized but predominates in axial 
and specific proximal muscle groups, i.e. deltoid, triceps, and quadriceps muscles. 
This observation has not yet been explained. In mouse models of SMA, median 
motor neuron pools in the lumbar segments of the spinal cord are more vulnerable 
than their more laterally located counterparts due to an earlier loss of synaptic 
connectivity138 and similar differences in motor neuron vulnerability may exist in 
humans. We could not corroborate the previous suggestion that some segments of 
the cervical or lumbar spinal cord are more vulnerable than others.33 The differences 
in vulnerability of bulbar muscles innervated by the same trigeminal nucleus of 
the brainstem supports the concept that specific motor neuron pools are most 
vulnerable to SMN deficiency.45,139,140 An alternative, or possibly related, explanation 
might be that motor unit sizes of muscles determine their vulnerability, i.e. that 
muscles with on average larger but fewer motor units are weaker than those with 
smaller motor units.141 
 This study has several limitations. Although we think that a cross-sectional design 
is the most feasible way to study disease progression in the course of decades, 
longitudinal follow-up of patients is obviously superior and would allow a more 
detailed analysis of differences in disease progression. However, such results would 
require a sustained effort over a longer period of time, or a multicenter approach. 
Secondly, a cross-sectional approach may suffer from recall bias. We did our best 
to minimize bias, for example by using all available sources that would provide 
evidence of achieved motor milestones, including family picture books and data 
from files from general practicionars. Lastly, splitting patients in more than just 3 
SMA types (i.e. 1c, 2a, 2b, 3a, 3b, 4) results in subgroups with smaller numbers of 
patients and this clearly limits statistical Power, in particular in patients with late-
onset SMA. 
 The recent introduction of the first high-cost disease course-modifying drug for 
SMA underlines the need for methodology to monitor treatment efficacy.118,119 Our 
data suggest that timing of treatment in SMA types 2, 3 and 4 may also be crucial 
in adulthood.118  Additional tools to predict and determine treatment efficacy 
particularly in patients with SMA type 3 and 4 and adult patients of all types are 
urgently needed, if only to justify the burden to patients and high treatment costs. 
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INTRODUCTION

Spinal muscular atrophy (SMA) is an important genetic cause of infant mortality and 
significant morbidity in children and adults with later onset. The condition is caused by 
a homozygous deletion of the survival motor neuron (SMN)1 gene and is characterized 
by predominantly proximal muscle weakness.5 There is great variation in degree 
of severity among patients, and age at onset and achieved motor milestones are 
used to distinguish 4 SMA types (1–4).3,21,23 Current treatment strategies are purely 
supportive.47 Experimental treatments aim at slowing the rate of motor neuron 
degeneration, for example, by increasing residual SMN protein production by the 
SMN2 gene.142 
 SMN deficiency leads to degeneration of the alpha motor neurons in the spinal 
cord, which is the pathologic hallmark of SMA.143 More recent histopathologic 
studies have shown that sufficient levels of SMN protein are essential not only for the 
development and maturation of alpha motor neurons but also for the neuromuscular 
junction (NMJ).144 In SMN-deficient mice, both presynaptic (i.e., abnormal density 
and distribution of synaptic vesicles and abnormal accumulation of neurofilaments at 
the nerve terminal of the NMJ) and postsynaptic (i.e., shrinkage of motor endplates) 
additional abnormalities have been found.145-149 In patients with SMA type 1, abnormal 
aggregation of acetylcholine receptors at the muscle endplates has been reported.145 

It is not known whether these anatomic abnormalities of the NMJ also result in NMJ 
dysfunction and contribute to muscle weakness in patients with SMA. 
 We hypothesized that NMJ dysfunction might contribute to weakness and 
fatigability in SMA. Repetitive nerve stimulation (RNS) is a specific and relatively 
sensitive tool for detecting both presynaptic and postsynaptic dysfunction of the 
NMJ.150,151 Pathologic decrement during RNS, defined as a >10% amplitude reduction 
of the fifth compound muscle action potential (CMAP) compared with the first during 
a train of supramaximal nerve stimulations at 3 Hz, strongly suggests dysfunction 
of the NMJ. RNS is therefore used for the diagnosis of myasthenic syndromes.150-154 
We evaluated NMJ function in 35 patients with SMA types 2, 3, and 4, 20 healthy 
controls, and 5 controls with motor neuron disease (MND) by means of RNS using a 
case-control study design. 

ABSTRACT

Objective Spinal muscular atrophy (SMA) is pathologically characterized by 
degeneration of anterior horn cells. Recent observations in animal models of SMA 
and muscle tissue from patients with SMA suggest additional abnormalities in the 
development and maturation of the neuromuscular junction. We therefore evaluated 
neuromuscular junction function in SMA with repetitive nerve stimulation. 

Methods In this case-control study, repetitive nerve stimulation was performed in 
35 patients with SMA types 2, 3, and 4, 20 healthy controls, and 5 controls with 
motor neuron disease. 

Results Pathologic decremental responses (10%) during 3-Hz repetitive nerve 
stimulation were observed in 17 of 35 patients (49%) with SMA types 2 and 3, but 
not in healthy controls or controls with motor neuron disease. None of the patients 
or controls had an abnormal incremental response of 60%. The presence of an 
abnormal decremental response was not specific for the type of SMA, nor was it 
associated with compound muscle action potential amplitude, clinical scores, or 
disease duration. Two of 4 patients with SMA type 3 who tried pyridostigmine 
reported increased stamina. 

Conclusions These data suggest dysfunction of the neuromuscular junction in 
patients with SMA types 2 and 3. Therefore, drugs that facilitate neuromuscular 
transmission are candidate drugs for evaluation in carefully designed, placebo-
controlled, clinical trials. 
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arm was performed by one of the investigators (A.V.). We used Keypoint equipment 
(Dantec Keypoint; Medtronic Inc., Skovlunde, Denmark) in 58 participants and 
Viking equipment (Nicolet VikingSelect; VIASYS Healthcare Inc., Middleton, WI) in 
2 patients with SMA. The maximal CMAP amplitude obtained from supramaximal 
nerve stimulation was recorded from all 4 muscles. Next, a train of 10 supramaximal 
nerve stimulations was given at a frequency of 3 Hz and recordings were made 
from all 4 muscles. The relative decrease between the first and fifth CMAP 
amplitude in the 3-Hz train of 10 supramaximal nerve stimulations was defined as 
the “decremental response” (hereafter referred to as “decrement”). A decrement 
of >10% reflects NMJ dysfunction and is, for example, considered diagnostic for 
myasthenic syndromes.151,156

 We performed the postexercise test (Lambert test) to detect presynaptic NMJ 
dysfunction in the ADM. In short, after spreading the fingers for 60 seconds with 
maximal effort, a 3-Hz train of 10 supramaximal nerve stimulations was given while 
recording from the ADM. In a few patients with SMA, presynaptic NMJ function was 
also investigated using 50-Hz supramaximal nerve stimulation for the duration of 
1 second while recording from the ADM. An abnormal incremental response was 
defined as 60% increase in the amplitude of the fifth CMAP compared with the first 
CMAP.157

Genetic and laboratory tests
Multiplex ligation-dependent probe amplification was used to detect homo-zygous 
deletions of the SMN1 gene and to quantify SMN2 copy numbers in patients with 
SMA, as previously described.158 Serum samples obtained from all patients with 
SMA were tested for the presence of antibodies to the anti-acetylcholine receptor 
or muscle-specific kinase.159,160

Sample size
To show a true probability of 0.40 exposure of decrement among patients with SMA 
when the probability of exposure in healthy controls is indicated at 0.01, a sample 
size of 20 patients with SMA and 20 healthy controls was needed to reject the null 
hypothesis that the exposure rates are equal with probability β 0.8 and 1-sided type I 
error probability α 0.05 (SPS program version 3.0.43; Nashville, TN). 

Statistical analysis
We used x2 analysis to compare the frequencies of >10% decrement in patients 
with SMA and controls. Quantitative differences in decrement between patient 
groups and controls, and between early and late-onset patients, were tested with 
analysis of variance. 

METHODS

Participants
Patients aged 8 years and older with SMA types 2, 3, and 4, who were enrolled in the 
Dutch SMA register (www.treat-nmd.eu/patientregistries), were informed about 
the study. Inclusion criteria were a diagnosis of SMA according to the diagnostic 
criteria defined by the SMA Consortium and a homozygous deletion of the SMN1 
gene.3,21,155 We used age at onset and achieved motor milestones to define SMA 
types. In patients with SMA type 2, onset is between the ages of 6 and 18 months; 
children learn to sit but not to walk. Patients with SMA type 3 develop weakness 
after age 18 months, learn to stand and to walk, but they may later lose ambulatory 
capability. Finally, onset in patients with SMA type 4 occurs after age 30 years.3,21,23 
Patients with SMA were further classified as “early onset” (SMA types 2 and 3a, 
with disease onset before age 3 years) or “late onset” (SMA types 3b and 4, with 
disease onset after age 3 years).3,4 The control group consisted of 20 healthy adult 
subjects and 5 consecutive adults with MND (3 with amyotrophic lateral sclerosis 
(ALS), and 2 with progressive muscular atrophy). Exclusion criteria were a history 
of myasthenia gravis or any other neuromuscular disease or condition known to 
affect NMJ function. 

Standard protocol approvals, registrations, and patient consents
The Medical Ethical Committee of the University Medical Center Utrecht approved 
the research protocol. All patients and parents of patients younger than 18 years 
gave informed consent before inclusion. 
This study was registered at the Central Committee on Research Involving Human 
Subjects, the Dutch registry for clinical trials. 

Clinical scores
We used the Medical Research Council (MRC) score to document muscle strength 
of 38 muscle groups. Each muscle was given a score ranging from 1 to 5 (MRC 0 and 
MRC 1 were combined and given a score of 1); these were used to calculate a sum 
score. Thus, minimum MRC sum score per patient was 38 and maximum sum score 
per patient was 190. The Hammersmith Functional Motor Scale Expanded (HFMSE) 
was documented before RNS.132

Repetitive nerve stimulation
RNS of the facial nerve with recordings from the musculus (m.) nasalis and of the 
ulnar, median, and accessory nerves with recordings from the m. abductor digiti 
minimi (ADM), m. flexor carpi radialis (FCR), and m. trapezius of the most powerful 
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17 patients with SMA (49%), most frequently in the trapezius muscle (37%), 
followed by the ADM (20%) and the FCR (9%) (Figure 1, A and B). 

Decrement was never seen in the m. nasalis (Table 2). In one patient with SMA type 
3b, a decrement of >10% in the ADM was found only after the Lambert test. We did 
not find a decrement of >10% in healthy controls or controls with MND (p <0.01) 
nor abnormal incremental responses >60% in any of the patients or controls. 

Correlation of decrement with SMA subtype, clinical features, and 
CMAP amplitude. 
Abnormal decrement >10% was present in 60% of the patients with early- onset 
SMA compared with 33% of the patients with late-onset SMA (p= 0.12). Mean 
CMAP amplitude decreases during RNS were significantly greater in early- 
onset than late-onset patients for the m. trapezius (early- onset SMA 12.3%, 
late-onset SMA 2.6%, respectively; p= 0.007), but there was no significant 
difference in CMAP amplitude decrease in the other muscles (ADM p= 0.12; 
FCR p= 0.52). Decrement >10% did not correlate with gender, disease duration, 
disease onset, SMN2 copy numbers, muscle strength, or HFMSE scores. Lower 
CMAP amplitudes correlated with SMA severity and disease duration (p<0.01) 
as reported previously.161 CMAP amplitudes did not correlate with the presence 
of decrement in any of the investigated muscles (ADM p= 0.37; FCR p= 0.36; 
trapezius p= 0.36) or with the degree of decrement (ADM p= 0.39; FCR p= 0.95; 
trapezius p= 0.25) (Figure 2). 

Correlation analysis of the degree of decrement and CMAP amplitude, disease 
duration, total MRC sumscore, or HFMSE score was performed with the Spearman 
rank correlation test. P values of 0.05 were considered significant. We used SPSS 
for statistical analysis (IBM SPSS Statistics version 19; IBM Inc., Chicago, IL). 

RESULTS 

Characteristics of patients and controls are summarized in Table 1. Eleven patients 
with SMA and all controls were ambulant. All patients with SMA had a homozygous 
deletion of the SMN1 gene. SMN2 copy numbers were determined in 33 patients 
with SMA, and were either 3 or 4 (Table 1). 
 

Legend Table 1. MND= motor neuron disease; F= female; M= male; HFSME= Hammersmith Functional 

Motor Scale Expanded; MRC= modified research council score; ND= not done; NA= not applicable

Decrement of >10% is associated with SMA. 
We found decrement in ADM, FCR, and trapezius muscles of the arm but not in 
the m. nasalis. In 3 patients with SMA, contractures or atrophy precluded reliable 
recordings from the FCR, and in 5 patients from the m. trapezius. CMAP amplitudes 
are summarized in Table 2. Mean CMAP amplitudes of the ADM and trapezius of 
the MND controls were 4.9 mV (range 3.2–6.4 mV) and 5.1 mV (range 3.2–6.7 mV), 
respectively. We observed a decrement of >10% in at least 1 of the 4 muscles in 

Table 1. Clinical data of patients at time of repetitive nerve stimulation

Total SMA
(n= 35)

SMA 
type2

(n=12)

SMA 
type 3a
(n=8)

SMA 
type 3b 
(n=14)

SMA 
type 4
(n=1)

MND
Controls

(n=5)

Healthy 
Controls
(n=20)

Age in years 
mean (range)

39
(8-69)

26
(8-42)

49
(28-67)

42
(19-69)

54
66

(55-78)
35

(25-64)

Gender (F:M) 24:11 10:2 6:2 7:7 1:0 1:4 11:9

SMN2 copy number (number) 3 14 8 5 1 0 ND NA

4 19 3 2 13 1 ND NA

U 2 1 1 0 0 ND NA

Mean disease duration in years (range) 32
(6-66)

25
(7-48)

48
(26-66)

31
(7-63)

6
1

(0.5-1.5)
NA

Mean HFMSE 
(range 0-66)

18
(0-66)

5
(0-23)

8
(0-35)

32
(0-66)

48 ND
66

(66)

Mean MRC sum score (range 38-190) 126
(45-187)

100
(45-137)

104
(62-159)

157
(88-187)

182
183

(171-190)
190

(190)

Figure 1AB. Levels of decrement in the m. abductor digiti minimi (ADM) (A) and m. trapezius (B) 
Decrement observed during 3-Hz stimulation in (A) m. abductor digiti minimi and (B) m. trapezius. 
Levels of decrement in patients with SMA are more pronounced than in healthy controls or controls 
with motor neuron disease (MND) (p<0.05). Decrement in the m. trapezius in early-onset patients 
(SMA types 2 and 3a) is more pronounced than in late-onset SMA (p<0.01). 

*
*A

*
*B
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DISCUSSION

We demonstrate decrement suggesting dysfunction of the NMJ in a significant 
percentage (49%) of patients with SMA types 2 and 3. Decrement was detected 
in distal and proximal muscle groups of the arm, but was most often found in the 
trapezius muscle and never in the m. nasalis. This pattern corresponds with the 
predominant proximal weakness and the characteristic clinical sparing of facial 

Table 2. Repetitive nerve stimulation findings in patients with SMA

Early-onset SMA Late-onset SMA

SMA type 2
(n=12)

SMA type 3a
(n=8)

SMA type 3b
(n=14)

SMA type 4 
(n=1)

m. trapezius

Data available from n patients 8 6 14 1

Patients with decrement > 10%  
n (%)

6 (75) 3 (50) 2 (14) 0 (0)

Mean decrement
 (range)

-14.4%
(-23.8 to -3.2%)

-9.8%
(-32.4 to +1%)

-2.8%
(-16.6 to +6.1%)

0.3%

Mean CMAP amplitude
 mV (range)

1.11
(0.1-3.1)

1.75
(0.2-5.3)

5.34
(0.4-11.9)

4.6

m. abductor digiti 
minimi

Data available from n patients 12 8 14 1

Patients with decrement > 10%  
n (%)

3 (25) 3 (38) 2 (14) 0 (0)

Mean decrement
(%, range)

-6.8%
(-29.7 to +7.4%)

-4.1%
(-18.4 to +4.4%)

-1.9%
(-30.4 to +4.4%)

5.4%

Mean CMAP amplitude
 mV (range)

1.59
(0.2-4.5)

2.98
(0.4-8.5)

6.98
(1.1-10.5)

6.5

m. flexor carpi 
radialis

Data available from n patients 10 6 14 1

Patients with decrement > 10%  
n (%)

1 (10) 1 (17) 1 (7) 0 (0)

Mean decrement
 (%, range)

1.9%
(-13.5 to +12.9%)

-3.5%
(-11.8 to +1.9%)

-1.4%
(-11 to +16.1%)

3.9%

Mean CMAP amplitude
 mV (range)

1.85
(0.4-3.8)

1.5
(0.6-2.5)

3.83
(0.7-7.5)

5.4

m. nasalis

Data available from n patients 12 8 14 1

Patients with decrement > 10%  
n (%)

0 (0) 0 (0) 0 (0) 0 (0)

Mean decrement
 (%, range)

0.7%
(-2.8 to +7.8%)

0.2%
(-4.8 –to +4.4%)

0.1%
(-4.3 to +4.0%)

3.4%

Mean CMAP amplitude
 (mV, range)

1.8
(0.2-3.0)

2.2
(1.4-3.4)

2.5
(1.4-4.0)

1.9

Total Decrement > 10% 58% 63% 36% 0%

Legend Table 2. CMAP = Compound Muscle Action Potential (mV); Decrement = difference between 
amplitude of first and fifth CMAP in a train of 10 at 3Hz stimulation expressed as percentage (%)

CMAP amplitude ADM (mV)
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Figure 2ABC. Decrement and compound 
muscle action potential (CMAP) 
amplitude 
Levels of decrement do not correlate with 
CMAP amplitudes in patients with SMA 
(ADM p= 0.39, correlation coefficient 5 
0.15; FCR p= 0.95, correlation coefficient 
= 0.01; trapezius p= 0.25, correlation 
coefficient = 0.22). 
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actually been shown that NMJ dysfunction contributes to muscle weakness in SMA, 
it is our experience that patients often complain of fatigability when performing 
repetitive tasks. Four patients tried pyridostigmine in doses of 4 mg/kg for several 
days. Two patients with a disease duration of 46 and 53 years, respectively, reported 
increased stamina, whereas the other patients did not. 
 Drugs that facilitate neuromuscular transmission, such as pyridostigmine, are 
candidate drugs that could be tested in carefully designed, placebo-controlled, 
clinical trials. 
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muscles in SMA. The finding that NMJ function is impaired in patients with SMA 
may offer new opportunities for treatment. 
 Decrement during RNS is a very specific and fairly sensitive sign of abnormal 
NMJ function,150,152-154 but has also been reported secondary to processes of 
denervation and reinnervation, which may lead to the presence of immature NMJs 
with reduced safety factor in sprouting terminal axons.162-165 Decrement of >10% 
was, for example, previously reported during RNS of m. abductor pollicis brevis and 
the trapezius in patients with ALS and correlated with CMAP amplitude reduction, 
which reflects axonal loss. The reported incidence of decrement in patients with 
ALS differed among studies.166-170 We did not find decrement >10% in controls with 
MND, although we cannot exclude the possibility that this is explained by a lack 
of power or the fact that we investigated our patients in a relatively early stage 
of their disease. Nevertheless, concentric needle examinations showed clear signs 
of denervation and reinnervation in all controls with MND, and CMAP amplitudes 
were comparable to those found in patients with late- onset SMA. 
 In this study, we did not find an inverse correlation of CMAP amplitude and 
decrement in patients with SMA, despite the fact that many patients with SMA had 
reduced CMAP amplitudes.161 This suggests that decrement in patients with SMA 
is caused by different mechanisms than in ALS, such as disturbed development 
and maturation of NMJs. This view is supported by pathologic data from human 
and animal studies that have shown marked developmental abnormalities in the 
anatomy of the NMJ and only mild signs of denervation in SMA in the absence of 
axonal sprouting, whereas the latter predominates in ALS.163,171

 Characteristics besides CMAP amplitude that are associated with SMA severity 
such as SMA type or clinical scores were not associated with the presence or 
percentage of decrement either, although decrement was more frequently detected 
in patients with early-onset than in those with late-onset SMA. Our study may have 
been underpowered to detect relevant differences between early- and late-onset 
groups. We could speculate that SMN protein concentrations in early-onset patients 
more often decrease below the critical levels that might be necessary for normal 
development and maintenance of NMJs, but this needs to be explored further.83,144 
SMN2 copy numbers, which may determine SMN protein levels in patients with SMA, 
did not differ between early- and late-onset patients. 
 Our data seem to suggest that NMJ dysfunction in SMA is predominantly 
postsynaptic, because a decrement was common and an increment absent, an 
observation that is in agreement with findings of abnormal postsynaptic acetylcholine 
receptor clustering in myotubes from patients with SMA type 1.145,146 Pyridostigmine, 
3,4-diaminopyridine, and other drugs improve neuromuscular transmission by 
increasing synaptic levels and the half-life of acetylcholine.172 Although it has not 
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INTRODUCTION

Hereditary proximal spinal muscular atrophy (SMA), caused by the homozygous 
deletion of the survival motor neuron (SMN) 1 gene,5 is one of the most common 
hereditary neuromuscular diseases.69 Deficiency of the SMN protein primarily, but 
not exclusively,173,174 affects lower motor neurons and leads to muscle atrophy and 
weakness.3 SMA is characterized by considerable variability in severity, which is 
reflected in the SMA classification system that recognizes 4 or 5 types (i.e. SMA type 0 
or 1- 4) based on age at symptom onset and acquired motor milestones.3,21 Irrespective 
of SMA type, weakness of axial and proximal muscle groups predominates. In addition 
to weakness, patients with SMA often spontaneously mention a lack of stamina during 
the activities that they are able to perform. Observations during isometric muscle 
contraction endurance tests175 and the six-minute walk test (6MWT)176,177 also suggest 
that abnormal muscle fatigability (i.e. a decrease in performance over a given time or 
sustained measure of mechanical output)178 represents a relevant second dimension 
of attenuated motor function in SMA, in addition to weakness. Causes of fatigability in 
SMA are unknown and may be multiple, including altered muscle metabolism174,179 or 
abnormal anatomy and function of neuromuscular junction (NMJ).147,180,181 Composite 
motor scales that consist of hierarchically grouped motor functions of primarily 
axial and proximal muscle groups, such as the Hammersmith functional motor scale 
expanded (HFMSE) and the motor function measure (MFM), are used as outcome 
measures in natural history studies and clinical trials,182-184 but do not specifically 
measure muscle fatigability.  The assessment of fatigability using other clinical tests 
including the 6MWT has been inconsistent,134,176,185,186 underlining the fact that we 
need additional tools to determine the presence, extent and causes of fatigability. 
With the recent advances in the development and testing of SMN-enhancing 
treatment strategies, the need for relevant outcome measures has become more 
urgent.187 Tests that require repetitive muscle contractions may be the most sensitive 
for determining fatigability in conditions characterized by neuromuscular junction 
disorders, which may include SMA.181 We, therefore, investigated the repeated nine-
hole peg test (r9HPT) as a tool to determine fatigability in a repeated measure case-
control study design.

METHODS

Participants
Patients with SMA types 2, 3 and 4 were recruited from the Dutch SMA register 
(www.treat-nmd.eu/patientregistries) (i.e. symptom onset at age >6 months, 

ABSTRACT

Objective To determine the value of a continuous repetitive task to detect and 
quantify fatigability as additional dimension of impaired motor function in patients 
with hereditary proximal spinal muscular atrophy (SMA).

Methods 52 patients with SMA (23 SMA type 2, 11 type 3a and 18 type 3b/4 patients), 
17 healthy and 29 disease controls performed five consecutive rounds of the Nine-
Hole Peg test to determine the presence of fatigability. We analysed differences in 
test performance and associations with disease characteristics. 

Results Five patients with SMA type 2 (22%) and 1 disease control (3%) could not 
finish five rounds due to fatigue (p=0.01). Patients with SMA type 2 performed the 
test significantly more slowly than all other groups (p<0.005) and disease controls 
were slower than healthy controls (p<0.05). Patients with SMA type 2 performed 
round five 27% slower than round one, while healthy controls performed round 
five 14% faster than round one (p=0.005). There was no difference between SMA 
type 3a, type 3b/4 or disease controls and healthy controls (p>0.4). Time needed to 
complete each round during the five-round task increased in 15 patients with SMA 
type 2 (65%), 4 with type 3a (36%), 4 with type 3b/4 (22%), 9 disease controls (31%) 
and 1 healthy control (6%).  There was no effect of age at disease onset or disease 
duration in SMA type 2 (p=0.39). Test-retest reliability was high.

Interpretation Fatigability of remaining arm function is a feature of SMA type 2 
and can be determined with continuous repetitive tasks. 
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Data analysis
We used a random intercept, random slope linear mixed model (LMM) to assess 
r9HPT performance between groups while accounting for inter-subject variance. 
Age and gender were added to the model as covariates. Subsequently we used the 
LMM to calculate the effects of age at symptom onset and disease duration on test 
performance in patients with SMA type 2. To evaluate incomplete test performance 
due to fatigue, we performed a Kaplan Meyer survival analysis, using the log-rank 
test to compare survival curves between groups. We evaluated incidents that might 
have slowed down test performance (e.g. dropping a peg). If the round time in which 
the incident occurred was (equal to) the slowest test measurement, the value was 
removed and treated as missing. We calculated the slope of the linear regression 
line through the five data points (i.e. seconds to perform each round) for each 
participant to identify participant characteristics in relation to test performance.
 We assessed test reproducibility by computing two-way mixed intra-class 
correlation coefficients (ICC), type consistency, for each round and corresponding 
round of the first and second r9HPT trial. P values  <0.05 were significant. We used 
SPSS (IBM SPSS Statistics version 20;IBM Inc., Chicago, IL) and R (R version 3.2.0 
(Full of ingredients); R Foundation for statistical computing, Vienna, Austria) for 
statistical analysis.
 The sample size was not calculated prospectively, because of the exploratory 
nature of this study and unpredicTable effect size. Sample size was determined by 
the number of eligible patients willing to participate. 

RESULTS

Patients 
Ninety-eight participants performed the r9HPT, including fifty-two SMA patients 
(23 SMA type 2; 11 type 3a; 16 type 3b; 2 type 4), 17 healthy controls and 29 
disease controls (11 Duchenne muscular dystrophy; 6 hereditary motor and 
sensory neuropathy (HMSN); 5 limb girdle muscular dystrophy (LGMD); 2 Becker 
congenital myotonia; 1 Becker muscular dystrophy; 1 Bethlem myopathy; 1 chronic 
inflammatory demyelinating polyneuropathy (CIDP); 1 progressive muscular 
atrophy (PMA); 1 suspected muscular dystrophy). Patient characteristics are 
summarized in Table 1. 

<18 months; >18 months, <30 years; and >30 years, respectively and highest 
acquired motor milestones: the ability to sit for SMA type 2 and the ability to walk 
independently for SMA types 3 and 4).21 An additional subdivision was made: type 3a 
with symptom onset >18 months, but <3 years and type 3b with symptom onset >3 
years and <30 years.3 To minimize selection bias, all eligible patients enrolled in this 
register were offered the possibility to participate. All patients had a homozygous 
deletion of the SMN1 gene or a heterozygous SMN1 deletion in combination with a 
point mutation on the second SMN1 allele. 
 Disease controls were patients with other neuromuscular disorders who visited 
the pediatric and adult neuromuscular outpatient clinic of the University Medical 
Center Utrecht, the Netherlands. Healthy controls were recruited by participating 
SMA patients. All participants had to be over the age of 5 years. Additional exclusion 
criteria were a history of myasthenia gravis or other myasthenic syndromes or 
any other neuromuscular disorder known to affect NMJ function, or the use of 
pyridostigmine.

Standard protocol approvals, registration and patient consent
The study protocol was approved by the Medical Ethics Review Committee (MERC) 
of the University Medical Center Utrecht. All participants and parents of participants 
younger than 18 years gave written informed consent.

The repeated Nine-Hole Peg test (r9HPT)
Participants were asked to perform five rounds of the Nine-Hole Peg test 
(r9HPT)188-190 with the Rolyan® 9HPT (Patterson Medical, Homecraft Rolyan; Sutton-
in-Ashfield, United Kingdom). All patients were instructed to take 9 lightweight 
plastic pegs one by one from a container and place them in 9 holes on the board 
as fast as possible, then remove them one at a time and replace them in the 
container. They had to perform 5 consecutive rounds without a break, using the 
same, preferred hand. Participants were encouraged to complete the task as fast as 
possible. The time required to complete each round was recorded with a stopwatch. 
If participants dropped a peg, they continued with the task while we placed the peg 
back in the container. We also recorded all other events that might slow down test 
performance. The r9HPT was conducted at the outpatient clinic or at the patient’s 
home using a height-adjusted Table and chair, with both feet positioned on the floor, 
or on the Table attached to the patient’s wheelchair. The participant supported the 
test board, using the non-performing hand. The container on the board could be 
positioned at the side of the participant’s choice. The r9HPT was conducted twice 
to assess test reproducibility. If it was performed twice on the same day, there was 
a resting period of at least 15 minutes between trials.
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Repeated Nine-Hole Peg Test
Results are summarized in Figure 1. 

Figure 1. Results of the repeated 9HPT in patients with SMA and (disease) controls.
The time needed to complete the first round was set as 100%; subsequent rounds are expressed as 
percentages compared to baseline.

Figure 2. 
Mean time needed (seconds) to complete each round for each participant group and 95% confidence intervals.

Table 1. Baseline Characteristics

    All SMA 
types

(n= 52)

SMA
type 2

(n= 23)

SMA
type 3a
(n= 11)

SMA
type 3b/4

(n=18)

Healthy 
controls
(n= 17)

Disease 
controls
(n= 29)

Gender, male 17 (33%) 5 (22%) 3 (27%) 9 (50%) 3 (18%) 23 (79%)

Age (y) median (range)* 28 (7-72) 18 (6-70) 29 (9-52) 41 (14-72) 33 (6-73) 13 (8-76)

Age symptom onset (m)
median (range)

18
(4-456)

10
(4-30)

18
(8-24) 138

(42-456)

NA 21
(10-672)

Disease duration (y) 
median (range)*

22 (1-69) 17 (5-69) 29 (7-51) 24 (1-66) NA 8 (1-20)

Ambulant, N (%) 16 (31%) 0 3 (27%) 13 (72%) 17 (100%) 23 (79%)

SMN2 copy number 3 30 21 7 2 - -

4 20 1 3 16 - -

U 2 1 1 - - -

N of r9HPT completed 1x 9 5 2 2 1 3

2x 43 18 9 16 16 26

Time between 1st and 2nd round  
of r9HPT median (range)

97
(0-696)

158
(0-696)

69
(0-249)

69
(0-407)

0
(0-253)

254
(0-469)

Mean speed, s/round, (range)* 45.6
(20-156)

22.1
(17-41)

18.8
(18-35)

16.8
(14-26)

29.2
(18-113)

Legend Table 1: *values at first performed r9HPT. SMN=survival motor neuron; U=unknown; N= number; NA 
= not applicable; y= years; m= months;  d= days; s=seconds; r9HPT= repeated nine hole peg test.
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Six participants (2 patients with SMA type 3b, 1 healthy control and 3 disease 
controls) dropped a peg during one of the five rounds, which resulted in a slower 
time for that round. As described, these values were treated as missing in the 
analyses. Mean speed at which the test was performed (seconds per round (sec/
round)) was 45.6 sec/round (95% CI 37.5 – 53.7 sec/round) for SMA type 2 patients, 
22.1 sec/round (95% CI 10.4 – 33.7 sec/round) for SMA type 3a patients, 18.8 sec/
round (95% CI 9.6 – 28.0 sec/round) for SMA type 3b/4 patients, 29.2 sec/round 
(95% CI 21.7 – 35.6 sec/round) for disease controls and 16.8 sec/round (95% CI 7.4 - 
26.2 sec/round) for healthy controls.  Mean speed was significantly slower in SMA 
type 2 patients (p<0.001) and disease controls than in healthy controls (p<0.05). 
There was no difference in mean speed between healthy controls and SMA type 3a 
patients (p=0.3) or SMA type 3b/4 patients (p=0.6). Compared to disease controls, 
SMA type 2 patients were significantly slower (p<0.005) (Figure 2). 
 When looking at the interaction effect of participant groups and round number 
to evaluate test performance during 5 subsequent rounds, there was a significant 
difference between patients with SMA type 2 and healthy controls (p=0.005), but 
not between other patient groups (SMA type 3a, SMA type 3b/4, disease controls) 
and healthy controls (p>0.4): SMA type 2 patients performed round five (51.3 sec, 
95% CI: 40.3-62.2 sec) 27.4% slower than round one (40.2 sec, 95% CI: 34.6 – 45.8 
sec), SMA type 3a patients performed round five (21.7 sec, 95% CI: 6 – 37.5 sec) 2.8% 
faster than round one (22.4 sec, 95% CI: 14.4 – 30.3 sec), SMA type 3b/4 patients 
performed round five (17.7 sec, 95% CI: 5.3 – 30.1 sec) 11.6% faster than round one 
(19.8 sec, 95% CI: 13.4 – 26.2 sec), disease controls performed round five (29.9 sec, 
20.0 – 39.8 sec) 5.2% slower than round one (28.4 sec, 95% CI: 23.2 – 33.7 sec) and 
healthy controls performed round five (15.7 sec, 95% CI: 3.0 – 28.4 sec) 13.5% faster 
than round one (17.9 sec, 95% CI: 11.3 – 24.4 sec) (Figure 2). Neither age at disease 
onset nor disease duration influenced test performance in patients with SMA type 
2 (p=0.4 and p=0.7). Based on the slope of their individual linear regression lines, 
the time needed to complete each round during the five-round task increased in 
15 patients with SMA type 2 (65%), 4 patients with SMA type 3a (36%), 4 patients 
with SMA type 3b/4 (22%), 9 disease controls (31%) and 1 healthy control (6%). 
Characteristics of these participants are summarized in Table 2, sorted by the 
magnitude of the slope during five rounds. These include five patients with SMA 
type 2 (22%) and one disease control (3%) who could not complete the test due to 
fatigue (p=0.01) (Figure 3). 

Table 2. Characteristics of participants with an increase in time needed to complete one round 

during the 5-round task

Gender Age (y) Disease Disease duration (y) ambulation Slope*

Male 16.92 Duchenne 15.42 non-ambulant 34.5

Female 30.25 SMA type 2 29.50 non-ambulant 21.8

Male 23.75 SMA type 2 22.83 non-ambulant 21.6

Male 7.68 SMA type 2 7.39 non-ambulant 9.9

Female 7.69 SMA type 2 7.19 non-ambulant 6.0

Male 13.49 SMA type 2 12.66 non-ambulant 5.0

Female 70.28 SMA type 2 69.37 non-ambulant 3.2

Female 21.40 SMA type 2 21.06 non-ambulant 2.2

Male 9.54 SMA type 2 8.74 non-ambulant 1.6

Male 48.59 SMA type 3b/4 44.09 non-ambulant 1.5

Female 25.94 SMA type 2 25.52 non-ambulant 1.4

Female 38.77 SMA type 3a 37.61 non-ambulant 1.4

Female 24.41 SMA type 2 22.91 non-ambulant 1.2

Female 5.69 SMA type 2 4.61 non-ambulant 1.1

Male 75.70 PMA 19.70 ambulant 0.8

Male 9.56 Becker myotonia 8.14 ambulant 0.7

Female 37.98 SMA type 2 37.44 non-ambulant 0.6

Female 9.95 SMA type 3a 8.29 non-ambulant 0.6

Female 5.69 SMA type 2 4.69 non-ambulant 0.5

Female 29.51 Healthy control na ambulant 0.5

Male 38.00 SMA type 3b/4 13.50 ambulant 0.4

Male 13.33 Duchenne u non-ambulant 0.4

Female 13.64 SMA type 2 12.93 non-ambulant 0.4

Male 8.92 SMA type 3a 7.33 ambulant 0.2

Male 21.98 SMA type 3b/4 u ambulant 0.2

Female 12.08 SMA type 2 11.33 non-ambulant 0.2

Female 21.83 SMA type 3a 20.42 non-ambulant 0.2

Female 7.73 HMSN 6.40 ambulant 0.2

Male 13.34 Duchenne 11.84 non-ambulant 0.1

Male 34.86 SMA type 3b/4 31.36 ambulant 0.1

Male 8.41 Duchenne u ambulant 0.1

Male 14.62 Duchenne u ambulant 0.1

Female 15.25 HMSN 13.92 ambulant 0.1

Legend Table 2. *Slope: seconds increase per round. SMA=spinal muscular atrophy; HMSN=hereditary 
motor and sensory neuropathy; PMA=progressive muscular atrophy; y=years; u=unknown; na=not 
applicable
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patients with SMA. The nine-hole peg test, originally designed to assess finger 
dexterity,188-190 is cheap and severely affected SMA patients with minimal arm 
function can lift the lightweight pegs. We could reproduce the high inter-
rater and test-retest reliability of the 9HPT193 in patients with SMA. A possible 
disadvantage of the r9HPT is the clear ceiling effect that would limit its use 
to patients with SMA type 2, as reflected by the fact that most patients with 
SMA types 3 and 4 performed subsequent rounds at a similar or higher speed  
(Figure 2), with group results that were comparable to healthy controls. 
Nevertheless, patients with SMA type 3 often mention fatigability in connection with  
activities such as walking up/down stairs, and the results of this study provide proof 
of concept for the development of additional repetitive tests that could be tailored 
to the individual’s remaining motor function. It is likely that slight modification 
of existing tests that mimic arm and hand function in daily life activities, such as 
the Functional dexterity test194 or the Box and Block test,188 or of selected items of 
the Jebsen-Taylor hand function test, 195,196 Motor Function Measure (MFM)182 and 
Upper Limb Module197 would be sufficient to yield a series of repeated-measure 
tests. Outcome measures for upper limb function that already employ repetitive 
flexion/extension movements of wrist and fingers (MoviPlate) and that have been 
validated in patients with Duchenne and used preliminary in SMA patients,129,198 
could probably be adapted even more easily to measure fatigability. For ambulant 
SMA patients, existing tests, like the 6MWT,176,177 could be modified to make them 
more suiTable for fatigability measurement, for example by standardizing walking 
speed during the test.
 Fatigability in SMA type 2 may at least partially be secondary to muscle weakness. 
Since we did not document muscle strength of disease controls, we cannot exclude 
baseline differences between disease controls and patients with SMA type 2. 
There was, however, no effect of age at disease onset and disease duration, both 
surrogate markers for disease severity, on test performance in SMA type 2 patients. 
A previous study showed physiological fatigability in both healthy controls and 
patients with neuromuscular disorders during sustained maximal voluntary muscle 
contraction,199 which indicates that fatigability is not only secondary to weakness. 
Moreover, we did not observe slowing of 9HPT performance in the majority of 
patients with SMA type 3a, despite the fact that many had significantly reduced 
muscle strength. We do not consider it likely that fatigability in SMA type 2 is the 
result of a lack of motivation. All patients visibly performed to the maximum of their 
abilities. Nevertheless, we think that future studies should include questionnaires 
to determine motivation and pain during tests. Monitoring of heart rate and 
muscle recruitment by means of surface electromyography would be additional 
improvements to the current study protocol. 

Figure 3. Kaplan Meyer curves depicting round numbers at which subjects had to stop due to 

exhaustion.
ICCs showed a high degree of test-retest reliability. The single measure ICCs for rounds 1-5 were (95%CI) 
0.91 (0.86-0.94); 0.71 (0.58-0.73); 0.79 (0.68-0.86); 0.82 (0.72-0.88) and 0.88 (0.81-0.92), respectively.

DISCUSSION

We show that a simple continuous repetitive hand task provokes fatigability in 
patients with SMA type 2. Time needed to complete each of the five rounds after 
the first round of the r9HPT increased in patients with SMA type 2, indicating a 
reduced capacity to sustain a simple activity that mimics hand function in daily 
life. Our results indicate that fatigability may represent an important dimension of 
reduced motor function, in addition to weakness, and that outcome measures of 
repetitive tasks could be used to document its presence. 
 Assessment of maximal isometric muscle contraction has failed to detect 
fatigability in SMA.185 Repetitive muscle contraction may be more sensitive than 
sustained isometric muscle contraction in assessing fatigability in disorders 
characterized by neuromuscular junction dysfunction,191 including patients with 
SMA types 2 and 3.181 The presence of fatigability was previously suggested in a 
study that compared results of the first and sixth minute of the six-minute walk 
test (6MWT),177,186 but this was not reproduced in a second study.134 The 6MWT 
was originally designed to measure cardiovascular and pulmonary endurance192; 
in its present form it may be less sensitive for detecting fatigability in ambulant 
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Fatigability during activities of daily life may further incapacitate SMA patients 
who already experience disability due to muscle weakness. Developing tailored 
measures to quantify fatigability could be an important step towards improved 
quality of life. Simple tests of repetitive muscle contractions that mimic important 
functions of daily life are a promising addition to existing outcome measures. 
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INTRODUCTION

Hereditary proximal spinal muscular atrophy (SMA) is an important genetic cause 
of mortality in infants with early-onset SMA and leads to significant disability in 
children and adults with later onset of disease. SMA is caused by homozygous 
deletion of the survival motor neuron (SMN) 1 gene and is characterized by 
progressive predominantly proximal muscle weakness.5

 Degeneration of the alpha motor neurons in the spinal cord is the classic 
pathological hallmark of SMA. There is large variation in SMA severity, which is 
reflected by the distinction of SMA types 1-4.3,4,21,23,29 
 Involvement of the motor nuclei of the brainstem in SMA has been found in post-
mortem studies45,200,201 and is suggested by the frequent finding of fasciculations 
in the tongue, dysphagia and several other often reported complaints by 
patients.23,47,202,203 Feeding problems were mentioned by more than a third of the 
patients with SMA type 2 in one survey202 and additional problems with mouth 
opening, biting and chewing that may further complicate eating have also been 
documented.175,202-205 Dysphagia in SMA is probably caused by combined weakness 
of specific bulbar muscle groups and neck extensors.175,204 Limitations in mouth 
opening may represent a more straightforward model to study bulbar involvement 
in SMA. 
 We therefore investigated maximal mouth opening (MMO) in 145 patients with 
SMA types 1-4 and 119 healthy controls and visualized structural changes of bulbar 
muscle groups and TMJ morphology and dynamics in 12 patients with SMA types 
2-4 with magnetic resonance imaging (MRI). 

METHODS

Patients and clinical assessment
We performed a cross-sectional study between July 2010 and July 2013 in 145 patients 
with a genetically confirmed diagnosis of SMA. All patients visited the outpatient 
clinic of the University Medical Center Utrecht. The presence of homozygous SMN1 
deletion was confirmed in all patients using Multiplex Ligation-dependent Probe 
Amplification (MLPA) (SALSA MLPA kit P060 version B2; www.mlpa.com; www.
mrcholland.com).
 We documented medical history using NINDS CDE guidelines; (www.
commondataelements.ninds.nih.gov) and difficulties with eating, dysphagia 
or choking using a semi-structured systematic questionnaire from previous 
studies202,203 (Appendix e-1. Questionnaire for Feeding, chewing and swallowing 

ABSTRACT

Objective We performed a study in patients with proximal spinal muscular atrophy 
(SMA) to determine the prevalence of reduced maximal mouth opening (MMO) and 
its association with dysphagia as a reflection of bulbar dysfunction and visualized 
the underlying mechanisms using magnetic resonance imaging (MRI).

Methods We performed a cross-sectional study of MMO in 145 patients with SMA 
types 1-4 and 119 healthy controls and used magnetic resonance imaging (MRI) in 
12 patients to visualize mandibular condylar shape and sliding and the anatomy of 
muscle groups relevant for mouth opening and closing. We analyzed associations of 
reduced MMO with SMA severity and complaints of dysphagia.

Results Reduced MMO was defined as an interincisal distance ≤ 35 mm and was 
found in none of the healthy controls and in 100, 79, 50 and 7% of patients with 
SMA types 1, 2, 3a and 3b/4, respectively. MRI showed severe fatty degeneration of 
the lateral pterygoid muscles that mediate mouth opening by allowing mandibular 
condylar sliding but relatively mild involvement of the mouth closing muscles in 
patients with reduced MMO.  Reduced MMO was associated with SMA type, age, 
muscle weakness and dysphagia (p<0.05). 

Conclusions Reduced MMO is common in SMA types 1-3a and is mainly caused by 
fatty degeneration of specific mouth opening muscles. Reduced MMO is a sign of 
bulbar dysfunction in SMA. 
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closing (masseter muscle, temporalis muscle, medial pterygoid muscle) and the neck 
extensors in 12 adult patients with SMA types 2-4 and a 25-year old control subject. 
Patients were recruited from 47 eligible adults without exclusion criteria for MRI (i.e. 
signs of nocturnal hypoventilation, severe swallowing difficulties, >15% forced vital 
capacity postural change between sitting and supine, presence of MRI incompatible 
spinal rod fixation material) who were asked by letter if they were interested to 
participate. 
 T1-weighted (T1W) images and T2-weighted (T2W) images with a slice thickness 
of 3 mm were generated in the transverse and (oblique) sagittal planes. TMJ anatomy 
and dynamics, e.g. condylar shape and sliding of the mandibular condyle relative to 
the articular tubercle, were investigated in oblique sagittal images perpendicular to 
the long axis of the condyles for each joint in closed- and open mouth positions. The 
latter position was maintained by means of a perspex bite block between the incisors.
 A radiologist (ThW) and a dental specialist (MHS) who were blinded for 
patient characteristics independently scored the images (Cohen’s kappa between 
investigators= 0.8). Disagreement between scores was resolved by reaching 
consensus. Fatty muscle degeneration was graded on a four-point-scale (1= normal; 
2= mild atrophy or fatty infiltration; 3= severe atrophy or fatty infiltration; 4= 
complete atrophy or fatty infiltration).206 Condylar shape and condylar sliding were 
scored as normal or abnormal. Condylar sliding was assessed as abnormal when in 
the open mouth position the mandibular condyle did not protrude to or beyond the 
crest of the articular eminence. 

Standard protocol approvals, registrations, and patient consents
The Medical Ethical Committee of the University Medical Center Utrecht approved 
the research protocol. All patients and parents of patients younger than 18 years gave 
informed consent prior to inclusion. This study was registered at the Central Committee 
on Research involving Human Subjects, the Dutch registry for clinical trials. 

Statistics
We tested normality with the Kolmorogov-Smirnov and Shapiro-Wilk Test. 
Disease duration and the age at inclusion had a very high correlation (R2=0.94). 
Therefore, multivariate analyses were checked and corrected for co-linearity. P 
values of <0.05 were considered significant. Correlations were analyzed using 
Spearman’s rho. Comparisons of clinical characteristics (e.g. age, disease duration, 
MRC sum score, HFMSE, MMO, presence of dysphagia) between SMA types were 
performed using Kruskal-Wallis or Mann Whitney U test (continuous data) or Chi-
square/Fisher Exact analysis (dichotomous data). Univariate and multivariate 
tests including dichotomous data were performed using (binary or multinominal) 

difficulties in SMA. Available at neurology.org). We defined eating problems as 
frequent difficulties with biting, swallowing and/or chewing. Dysphagia was defined 
as frequently occurring problems with swallowing, i.e. problems to move food or 
fluids from the oral cavity to the throat or delayed passage of food or drinks through 
the esophagus. We defined choking as frequent blockage of the throat by food or 
drinks.
 We assessed MMO by measuring the interincisal distance between the upper and 
lower front teeth at the mesioincisal angles with a ruler in all 145 patients and in 119 
consecutive healthy controls recruited through Dutch primary and secondary schools 
and the College of Dental Sciences.204 Two of the investigators (RW and HB) instructed 
and verbally stimulated participants to open their mouth as far as possible without 
pain. 
 We used age at onset and achieved motor milestones to define SMA types according 
to the diagnostic criteria defined by the SMA Consortium.3,4,21 The definition of SMA type 
1 was an onset before the age of 6 months and inability to sit independently. Patients 
with SMA type 2 had onset between the ages of 6 and 18 months and had learned to 
sit or even shortly stand, but not to walk independently. Patients with SMA type 3 
developed weakness after the age of 18 months and had learned to walk independently 
at some stage in life. Patients with type 3 and an onset before 3 years were classified 
as ‘type 3a’ whereas an onset after the age of 3 was classified as ‘type 3b’.3 Finally, SMA 
type 4 was defined by an onset after the age of 30 in ambulatory patients.3 In case there 
was a discrepancy between age at onset and achieved motor milestones, the latter was 
used to define SMA type.
 One of the investigators (RW) assessed strength and motor function. We used the 
Medical Research Council (MRC) score to document muscle strength of neck flexors, 
neck extensors, deltoids, biceps, triceps, wrist flexors and extensors, finger flexors, 
extensors, and spreaders, illiopsoas, gluteus maximus and medius, hamstrings, 
quadriceps, adductors, tibialis anterior and plantar flexors of the feet in patients aged 
5 years and older. The muscle sum score ranged between 34 and 170 (MRC 0 and MRC 
1 were combined and given a score MRC 1). We used the Hammersmith Functional 
Motor Scale Expanded (HFMSE) to score motor function in all patients.132,184 The intra-
rater test-retest variability showed a mean difference of 0.4 points (SD 2.7; SE 0.9; 
95% CI -1.9-2.65).

Magnetic Resonance Imaging of the temporomandibular joint and 
associated muscles
MR images (3 Tesla, Philips, Best (Netherlands), 2010; Achieva 3T, Sense head 
8ch) were made of the TMJ and muscle groups involved in mouth opening (lateral 
pterygoid muscle, anterior belly of the digastric muscle, geniohyoid muscle), mouth 
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Table 1. Patient characteristics

All SMA 
types

(n=145)

SMA Type 
1*

(n=11)

SMA 
Type 2
(n=76)

SMA Type 
3a

(n=28)

SMA Type 
3b

(n=27)

SMA 
Type 4
(n=3)

Gender (F:M) 81:64 6:5 46:30 15:13 12:15 2:1

Mean age at inclusion in years (range) 25.3
(1.8-78)

20
(4.1-48.9)

18.4
(1.8-65.7)

30.5
(2.3-64.7)

38.8
(14-78)

48.0
(41.3-52.5)

Mean age at onset in months (range) 39.6
(1-510)

4.9
(1-8)

11.3
(3.5-30)

19.8
(6-54)

114.9
(42-294)

444
(366-510)

Mean disease duration in years (range) 21.8
(0.7-64.8)

20.5
(3.8-8.4)

17.2
(0.7-64.8)

28.8
(1.2-62.2)

32.2
(1.1-71.4)

10.9
(7.5-14.5)

Mean MRC sum score (range) 101
(34-167)

58
(34-82)

87
(39-140)

108
(54-160)

142
(87-167)

156
(147-162)

Mean HFMSE score (range) 15
(0-66)

0
(0-1)

8
(0-40)

20
(0-49)

34
(2-66)

48
(43-53)

Maximum mouth opening in mm (range) 31.4
(3-60)

10.5
(3-20)

26.7
(4-55)

35.6
(15-50)

46.6
(20-60)

50
(50)

Tongue fasciculations n (%) 82 (56) 11 (100) 54 (76) 10 (37) 5 (20) 2 (67)

Eating problems n (%) 27 (19) 7 (64) 15 (21) 4 (17) 1 (4) 0 (0)

Dysphagia n (%) 46 (32) 7 (64) 27 (36) 11 (39) 1 (4) 0 (0)

Choking n (%) 16 (11) 6 (55) 9 (12) 1 (4) 0 0 (0)

Legend Table 1. F=female; M=male;  MRC= Medical Research Council; HFMSE= Hammersmith Functional 
Motor Scale Expanded *All patients with SMA type 1 in this study survived infancy.

Figure 1. Correlation between 

age and MMO
MMO showed a correlation with age 
in patients with SMA types 1 and 
2 (spearman’s rho -0.25, p=0.02). 
The decline in patients with SMA 
type 3 with age was not significant 
(spearman’s rho -0.79, p=0.56). The 
dotted line represents the lower limit 
of normal of MMO (35 mm).

logistic regression. Multivariate analyses were performed with items that showed 
significant associations in univariate analysis. Receiver-operating characteristics 
(ROC) curves were generated to analyze the predictive value of clinical motor 
scores and MMO for the presence of dysphagia. We used SPSS (IBM SPSS Statistics 
version 19, Inc., Chicago, IL) for statistical analysis.

RESULTS

Patient characteristics
Patient characteristics are summarized in Table 1. Thirty-five percent of patients 
reported dysphagia or choking (Table 1). The majority of patients reported that they 
tried to prevent dysphagia and choking by changing the consistency of their food 
or posture during mealtimes.47,205 Sixteen patients (14%) out 115 patients with SMA 
types 1-3a had a history of recurrent choking. Six (4%) patients (3 type 1, 1 type 2, 1 
type 3a and 1 type 3b) used a nasal-gastro- feeding tube and 13 patients (9%) with 
SMA types 1 and 2 had a percutaneous endoscopic gastrostomy.

Mouth opening
All healthy controls had MMO of > 35 mm and reduced MMO was therefore 
defined as ≤ 35 mm (Table 2). MMO was reduced in 57% of all patients and 100%, 
79%, 50% and 7% of patients with SMA types 1, 2, 3a and 3b/4 respectively  
(Table 1). MMO differed between SMA types (p<0.01). These differences between 
SMA types were apparent from an early age on (Figure 1). MMO declined with age and 
disease duration in patients with SMA types 1 and 2 (age: correlation coefficient -0.25, 
p=0.02; disease duration: correlation coefficient -0.28, p=0.01) (Figure 1).

MRI of TMJ and associated muscles
MR imaging (Figure 2 and 3; Table 3) showed severe to complete atrophy and fatty 
infiltration of the lateral pterygoid muscle, which is the most important muscle for 
mouth opening by mediating sliding of the mandibular condyle, in all patients with 
SMA types 2 and 3a who had reduced MMO. 
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Legend Figure 2ABCD. MR Imaging of bulbar muscles in a patient with SMA and a healthy 

control
Representative T2 Weighted MR Imaging results of patient 3 (Table 3) with SMA type 2 (panels A-B) and 
subject 13, a healthy control (panels C-D). Left panels (A and C) show masseter  (closed arrow) and medial 
pterygoid muscles (dotted arrow); right panels (B and D) show lateral pterygoid muscles (arrow). Note 
the severe atrophy and fatty degeneration of lateral pterygoid muscles and mild abnormalities in medial 
pterygoid muscles and masseter in patient 3 compared to the normal aspect of all muscles in the control 
(subject 13).

Table 2. Characteristic of healthy controls

Healthy controls

All 
(n=119)

Children <10years 
(n=23)

Children 10-18 years 
(n=40)

Adults 
(n=56)

Gender F:M 58:16 11:12 18:22 28:28

Mean age years (range) 12 (5-41) 7 (5-9) 14 (10-17) 24 (18-41)

Mmo in mm (range) 51 (38-65) 48 (38-54) 50 (42-60) 53 (40-65)
Legend Table 2. F=female; M=male; MMO= Maximal mouth opening

Table 3. MR Imaging patient characteristics

Patients Control

1 2 3 4 5 6 7 8 9 10 11 12 13

SMA type 2 3 4 -

Disease duration (years) 55.7 16.8 36.7 23.6 29.4 33.6 45.3 25.5 18.7 28.7 26.3 10.8 NA

MMO (mm) 25 28 10 40 15 25 45 30 30 45 42 50 50

Neck muscle score 4 4 4 3 4 3 3 2 3 1 1 2 1

Lateral pterygoid score 2 3 4 2 4 3 2 2 3 1 2 1 1

Masseter score 2 2 3 2 3 3 1 1 2 1 1 1 1

Temporalis score 1 3 3 2 3 3 1 1 2 1 1 1 1

Geniohyoid score 1 2 2 1 3 2 2 1 2 1 1 1 1

Digastric score 2 2 2 1 2 2 2 1 2 1 1 1 1

Medial pterygoid score 1 2 2 1 2 1 1 1 2 1 1 1 1

TMJ Condylar sliding 2 2 2 1 2 2 1 1 2 1 1 1 1
Legend Table 3. MMO= Maximal mouth opening;  MRC= Medical Research Council; HFMSE= Hammersmith 
Functional Motor Scale Expanded; TMJ= temporomandibular joint; Scores used for fatty degeneration of 
bulbar muscles; 1= normal; 2= mild atrophy or fatty infiltration; 3= severe atrophy or fatty infiltration; 4= 
complete atrophy or fatty infiltration. Condylar sliding was assessed on a two point scale: 1= normal and 2= 
abnormal. *All patients with SMA type 1 survived infancy

A

D

B

C
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The anterior belly of the digastric muscles and geniohyoid muscles, involved in the 
first phase of swallowing and opening of the mouth by depressing the mandible, 
were moderately affected. In contrast, mouth-closing muscles, i.e. the masseter 
and temporalis were less affected and the medial pterygoid muscle was relatively 
spared in all patients (Table 3 and Figure 3). Fatty infiltration and severe atrophy 
of the neck extensors were present in patients with and without reduced MMO. 
Impaired condylar sliding occurred only in patients with mild-to-severe atrophy 
and/or fatty infiltration of lateral pterygoid muscles.
 In two out of 3 patients with SMA types 3b/4 and normal MMO, MRI assessment 
did not show any abnormality of the muscles involved in mouth opening or closing, 
whereas the MRI of the third patient showed mild fatty infiltration of the lateral 
pterygoid mucles (Figure 3).

Association of limited MMO with dysphagia, eating problems and 
choking
The presence of fasciculations in the tongue, dysphagia, eating problems or choking 
events and characteristics associated with disease severity, including SMA type, age 
at onset, MRC score of the neck flexors and extensors, HFMSE and MRC sum scores, 
correlated with MMO in univariate analysis  (all p<0.05). Dysphagia was associated 
with muscle weakness of the neck muscles (log regression p<0.001). Multivariate 
analyses showed that limited MMO (p=0.01) and lower MRC sum score (p=0.01) 
in SMA types 1 and 2 were determinants of dysphagia. ROC analysis showed fair 
predictive value (PV) of the presence of dysphagia for reduced MMO (AUC 0.71) or 
MRC sum score (AUC 0.77) and good PV for HFMSE (AUC 0.81) (Figure 4).

Figure 4. Prediction of presence of 

dysphagia
ROC curves of clinical scores (MRC 
score, HFMSE and MMO) reflecting 
their respective predictive values for the 
presence of dysphagia. HFMSE area under 
the curve (AUC) 0.81, MRC sum score AUC 
0.77 and MMO AUC 0.71. Cut-off value for 
reduced MMO was set at 35mm.

Figure 3 A-H. T2 Weighted MR Imaging results of patients with SMA types 2-4
Representative T2 Weighted MR Imaging results of patient 3 (Table 3) with SMA type 2 (panels A-B),
patient 6 with SMA type 3a (panels C-D), patient 11 with SMA type 3b (panels E-F) and patient 12 with SMA 
type 4 (panels G-H). Left panels (A, C, E, G) show masseter (closed arrow) and medial pterygoid muscles 
(dotted arrow); right panels (B, D, F, H) show lateral pterygoid muscles (arrow). Note the fatty degeneration 
of lateral pterygoid muscles and mild abnormalities in medial pterygoid muscles and masseter in patient 
3, the relatively mild abnormalities in the masseter and normal aspect of the medial pterygoid muscles in 
patients 6 and 11 and the normal aspect of all muscles in patient 12.
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and longer disease duration, but this should be established in longitudinal studies. 
 MRI is a useful technique to document specific patterns of fatty degeneration 
and atrophy in myopathies and other neuromuscular disorders and yields sufficient 
anatomical detail of the TMJ.211 In patients with reduced MMO, MRI showed normal 
condylar shape but impaired condylar sliding and marked fatty degeneration and 
atrophy of the lateral pterygoid muscles. Muscles that mediate mouth closing, i.e. 
the masseter, temporalis and medial pterygoid muscles and other muscle groups 
than the lateral pterygoid muscles that mediate mouth opening, i.e. the anterior 
digastric and geniohyoid muscles, were relatively spared. This pattern explains 
the reduction in mandibular protrusion, laterotrusion and maximum opening of 
the jaw that was previously reported in patients with SMA.175,204 Normal MMO is 
achieved through a combination of rotation, mediated by the submandibular 
muscles which allows the first 20-30 mm mouth opening and condylar sliding that 
in combination with further rotation allows for a mouth opening up to 50-60 mm 
in healthy individuals. The lateral pterygoid muscles mediate condylar sliding and 
thereby horizontal mandibular movements and counteract the retrusive forces 
of the geniohyoid and anterior digastric muscles during mouth opening, thus 
allowing mouth opening beyond 25-30 mm. Fatty degeneration and atrophy of the 
lateral pterygoid muscles will therefore lead to reduced or total absence of condylar 
sliding, causing severely reduced MMO. MMO of 20 mm or less is often associated with 
intra-articular pathology such as adhesions. This may occur secondary to significant 
degeneration of the lateral pterygoid muscle as suggested by the abnormal TMJ 
mobility in patients with SMA and severely reduced MMO (i.e. Table 3, patients 1-3, 5-6 
and 9). 
 Post-mortem studies showed degeneration of motor neurons in the brainstem of 
patients with SMA with a caudo-cranial gradient. The trigeminal motor nucleus was 
affected in patients with severe SMA, but less than lower cranial nerve nuclei.45 The 
high prevalence of reduced MMO in patients with SMA suggests that motor neuron 
loss in the trigeminal nucleus is probably more common than reported in previous 
pathological studies. We can only speculate what causes the specific pattern of bulbar 
muscle involvement. Differences in motor unit size might explain differences in muscle 
atrophy and degeneration. Alternatively, specific motor neuron pools or specific bulbar 
muscle groups may differ in vulnerability to SMN deficiency.
 A weakness of our study is the fact that we used a questionnaire, which has been 
used previously in SMA studies, rather than video-fluoroscopy swallowing (VFSS) to 
assess the presence and severity of swallowing difficulties. Longitudinal studies 
using both MRI and VFSS in a larger number of patients are needed to investigate 
the natural history of changes in bulbar muscle composition and function in relation 
to MMO and dysphagia. We did not include children with SMA and can therefore 

DISCUSSION

Reduced MMO is a common complication in patients with SMA, in particular those 
with SMA types 1 and 2. MRI of bulbar muscles in 12 patients showed that reduced 
MMO is caused by impaired condylar sliding due to severe fatty degeneration of 
the lateral pterygoid muscles with relative sparing of muscles that mediate mouth 
closing. Reduced MMO is associated with self-reported chewing difficulties, frequent 
choking and dysphagia suggesting that it may reflect a more general process of 
bulbar motor neuron degeneration in patients with SMA.
 Few studies have investigated the cause and impact of dysfunction of bulbar 
muscles in patients with SMA.45,200-203,205 Evidence for the involvement of bulbar 
motor neurons comes from clinical and pathological observations, e.g. the frequent 
finding of fasciculation in the tongue and post-mortem studies that showed 
degeneration of motor nuclei in the brainstem of severely affected patients. 45,200,201  
Several surveys furthermore reported a high frequency of feeding difficulties and 
dysphagia.202,203,205 The current view is that dysphagia is a multifactorial complication 
to which both weakness of bulbar and neck extensor muscles contribute. 201-205 
This is compatible with the pattern of fatty degeneration of the anterior digastric, 
geniohyoid and neck muscles on the MRI scans of our patients. Mouth opening and 
closing are mediated by a relatively limited number of muscle groups in comparison 
to swallowing and limitations in mouth opening may therefore more accurately 
reflect involvement of bulbar motor nuclei in SMA pathogenesis than dysphagia.
 Strengths of this study are the large number of patients of all ages encompassing 
nearly the full clinical spectrum of SMA, the large control group and the approach of 
MR imaging. It should be noted that patients with SMA type 1 included in this study 
were unusual in the sense that they all survived infancy and represent a subgroup 
of patients with long survival as reported previously3,37,86,114,207 We used a strict 
definition of reduced MMO (i.e. ≤ 35mm), based on the MMO range in 119 Dutch 
healthy individuals, which virtually precludes the possibility that we overestimated 
prevalence of reduced MMO. Similar definitions for healthy individuals, varying 
between 40 – 44 mm for men, 38 – 42 mm for women and 35 – 38 mm for children, 
were used in previous studies.208-210 Our prevalence figure of reduced MMO is 
nevertheless higher than reported in previous studies. Limitations in mouth 
opening were self-reported by only 30% of Italian patients with SMA type 2 and 
11% of Taiwanese patients with SMA types 2 and 3.202,203 Many Dutch patients were 
not aware that they had a significantly reduced MMO, which implies that previous 
self-reporting surveys may have led to underestimation of the true prevalence. This 
may be partially explained by gradual adaptation to slow progression. Progression of 
MMO limitations is suggested by the correlation of reduced MMO with advancing age 
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not conclude at which age muscle changes start to occur. Finally, we did not 
perform follow-up MRI to analyze the speed of progression of atrophy and fatty 
degeneration.205 
 Dysphagia or choking were reported by 35% of our patients with reduced 
MMO, figures slightly higher than in previous reports202,203, but nevertheless self-
reporting may not be sufficiently sensitive to detect early symptoms of dysphagia 
and swallowing problems. Reduced MMO may compromise eating and interfere 
with maintaining body weight, oral hygiene, and dental and medical care. One of 
our patients (39 years of age) with a MMO of 8 mm experienced that intubation 
prior to elective surgery had become impossible. This shows that reduced MMO 
affects patient safety and quality of life and that efficacy of interventions that 
prevent progression should be investigated. A second reason why measuring MMO 
should be incorporated in the follow-up of patients with SMA is the finding that 
reduced MMO is associated with an increased risk of dysphagia and choking. ROC 
characteristics of MMO suggest that it may represent an easy tool to assess the risk 
of involvement of bulbar muscle groups and dysphagia in patients with SMA, but 
this needs further study.
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INTRODUCTION

Hereditary proximal spinal muscular atrophy (SMA) is caused by the homozygous 
deletion of the survival motor neuron (SMN) 1 gene and is characterized by 
degeneration of the alpha motor neurons in the spinal cord and the brainstem.5,45,201 
Weakness is most prominent in axial and proximal muscle groups but also affects 
bulbar muscles.139,205,212 Natural history studies have shown that weakness is slowly 
progressive.23,29

 The function of bulbar muscle groups in patients with SMA has not been studied 
extensively, despite the fact that bulbar dysfunction may complicate chewing and 
swallowing, and may increase the risk of airway tract infections, weight problems 
and insufficient oral hygiene.202,204,213 Common complaints in questionnaire-based 
studies were chewing difficulties (28%), perceived limitations in mouth opening 
(30%) and swallowing difficulties (25%) in SMA type 2, and difficulty chewing (20%) 
and choking (31%) in a SMA types 2 and 3 cohort.202,203,214 
 The oral phase of the swallowing process requires the concerted action of the 
tongue and muscle groups involved in mouth opening and mastication. Reduced 
mandibular range of motion and weakness of masticatory and tongue muscles 
complicates eating and swallowing in SMA,175,204 but the function of these muscle 
groups has only been studied in small patient groups.204,215 In this study we therefore 
investigated the prevalence and determinants of reduced mandibular range of 
motion, bite force and masticatory performance in a cohort of 60 patients with 
SMA types 2 and 3. 

METHODS

Participants 
We performed a cross-sectional study between October 2013 and July 2014. We 
invited 93 patients with SMA types 2 and 3 aged 5 years or older listed in the Dutch 
SMA registry to participate in this study. All patients had a genetically confirmed 
diagnosis of SMA. We used diagnostic criteria of the SMA Consortium to define SMA 
types 2 and 3.3,4,21 In short; SMA type 2 was defined as an onset between the ages 
of 6 and 18 months and having learned to sit but not to walk independently. SMA 
type 3 was defined as an onset after the age of 18 months and having learned to 
walk independently at some stage in life. Patients with type 3 and an onset before 
3 years were classified as type 3a whereas an onset after the age of 3 was classified 
as type 3b.3 

ABSTRACT

Objectives In a cross sectional study we aimed to determine: 1) the impact of SMA 
types 2 and 3 on the mandibular function reflected as masticatory performance, 
mandibular range of motion, and bite force; 2) the predictors of mandibular 
dysfunction. 

Methods Sixty patients with SMA types 2 and 3 (mean age 32.3 years, SD 17.4) and 
60 age-matched controls filled out questionnaires about the impairments of the 
mandibular function. All participants underwent detailed clinical examination to 
document the mandibular range of motion including maximal mouth opening, bite 
force and masticatory function. 

Results All mandibular movements including mouth opening, lateral range of 
motion and protrusion of the mandible, were reduced in patients with SMA types 2 
and 3 compared to healthy controls (p < 0.001). Maximal bite force was 19% lower 
in patients than controls, and more in patients with SMA type 2 than type 3. The 
strongest predictive factor was SMA type for impairment of mandibular range of 
motion (R2 = 0.82) and weakness of neck muscles for bite force (R2 = 0.47). 

Conclusions Reduced mandibular mobility and bite force are common 
complications in SMA. SMA type and neck muscle strength are important correlates 
of these complications. We provide further evidence for clinically relevant bulbar 
involvement in patients with SMA. 
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Questionnaires 
We used two questionnaires for both patient and control groups.222-224 The first, 
‘screen’ can be used to assess pain in the head and neck region, mandibular 
function and related issues. Participants of 10 years and older indicated pain levels 
on a Visual Analogue Scale (VAS, 0-100 mm), while children younger than 10 used a 
5-point Likert smiley pain scale that is convertible to a VAS score. 

The second questionnaire was the ‘Mandibular Functional Impairment Questionnaire’ 
(MFIQ) that was developed and validated to document impairments of the function 
of the masticatory system.225 It consists of 17 items, rated on a 5-point Likert scale 
(range: ‘0’ (no impairment) to ‘4’ (very difficult or impossible without help), in two 
dimensions, i.e. functional capacity and feeding. The sum score ranges from 0 to 68 
and higher scores indicate increasing impairment of mandibular function. 

The presence of homozygous SMN1 deletion was confirmed in all patients using 
Multiplex Ligation-dependent Probe Amplification (MLPA) (SALSA MLPA kit P060 
version B2, (www.mlpa.com; www.mrcholland.com). 64 patients gave informed 
consent; 4 participants were excluded from final analysis because of their medical 
history (osteotomy of the mandible) and temporomandibular joint disorder (TMD). 
Characteristics of participants are summarized in Table 1. The characteristics of the 
29 invited patients who did not participate in the study did not differ from those 
who did. 
 Sixty age- and gender-matched children and their parents from a primary and 
a secondary school located in the western part of the Netherlands and adults 
visiting the College of Dental Sciences, Nijmegen, The Netherlands (without 
neuromuscular disease, dental malocclusion, ongoing orthodontic treatment or 
temporomandibular dysfunction) agreed to participate as healthy controls. 
 This study was registered at the Central Committee on Research involving Human 
Subjects, the Dutch registry for clinical trials. The Medical Ethical Committee of 
the University Medical Center Utrecht approved the research protocol. Written 
informed consent was obtained from all participants and the legal guardians of the 
under aged participants, including permission for publication of the photographs 
presented as Figure 1. 

Protocol 
One of us (dental specialist HWvB) examined all patients and controls at their homes or 
in the dental office. We used a standardized protocol as described previously.204,216,217 The 
participants in the patient and the control group completed structured questionnaires 
and were interviewed to document their medical history and difficulties with feeding 
and swallowing. We defined a feeding disorder as selectivity or avoidance of food or 
mastication. A swallowing disorder or dysphagia was defined as a disorder in one or 
more phases of the swallowing process; the oral, the pharyngeal or esophageal phase, 
i.e. problems to move food or fluids from the oral cavity to the throat or delayed passage 
of food or drink through the esophagus. We used frequent blockage of the throat by 
food or drinks as a definition for choking.139 We examined the masticatory system of 
all participants in detail, including anterior maximum voluntary bite force (MVBF) 
and masticatory performance measurements. One of us (RIW) documented muscle 
strength and motor abilities during intake by means of the 5-point Medical Research 
Council (MRC) scale in 34 muscle groups and the Hammersmith Functional Motor 
Scale Expanded (HFMSE)132,184,218,219 We combined MRC scores of 0 and 1 as 1 point, and 
calculated muscle sum scores with a range from 34 to 170. Since head instability caused 
by neck muscle weakness is known to influence mandibular function, we also used MRC 
sum scores of neck flexors and extensors in the analysis.204,205,220,221 

Figure 1. Clinical investigation to determine bulbar involvement of the oral phase of swallowing 

in SMA patients
A) measurement of the maximum voluntary mouth opening: the distance between the mesioincisal angle 
of the right upper and lower front teeth plus the overbite; B) overbite refers to the vertical overlap of the 
front teeth and overjet to the horizontal overlap; C) palpation of the masseter muscles on the left and 
right site; D) measurement of the anterior bite force; E) a wax tablet; F) a chewed wax tablet of the mixing 
ability test.
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Patients and healthy subjects clenched as hard as possible with the strain gauge 
between the incisors for 3 seconds and repeated clenching three times with 30 
second intervals; the highest value of the three measurements was used. 

Masticatory performance: mixing ability test 
Masticatory performance is the capacity to grind test food after a predefined number 
of chewing cycles. We used the mixing ability test (Figure 1EF)230 and all participants 
performed 20 chewing strokes on a wax Tablet, kept at 20 °C, consisting of a red 
and a blue layer. The degree of mixing was quantified and used as a measure for 
masticatory performance.230 

Statistics 
We used the IBM SPSS version 20 for statistical analysis. We used paired Student’s t-test 
to compare continuous variables between groups , the chi-square test for dichotomous 
variables and ANOVA or Kruskal-Wallis to compare test outcomes between SMA types 
2 and 3. P-values < 0.05 were significant. 
 We used univariate linear regression to identify possible determinants of mandibular 
function (age, SMA type, disease duration, HFMSE, MRC sum score, MRC score of neck 
flexors and extensors, MFIQ raw score, mixing ability, number of occlusal contacts, 
scoliosis surgery, mastication difficulties, dysphagia, difficulties biting of food and food 
adaptation) and reduced anterior MVBF (age, SMA type, disease duration, HFMSE, 
MRC total score, MRC score of neck flexors and extensors, MFIQ raw score, aMMO, 
number of occlusal contacts, scoliosis surgery, dysphagia, difficulties biting of food and 
food adaptation). Variables possibly associated with the aMMO and the anterior MVBF 
(i.e. p < 0.1) were then included in the multiple linear regression analyses (stepwise 
backward method; p-value to remove > 0.05) in order to determine the set of variables 
that best predict impaired aMMO and anterior MVBF. 

RESULTS

Questionnaire Screen 
The characteristics of the patients are summarized in Table 2. Nineteen of patients (32 
%) reported limitations in the ability to open the mouth. The maximum intensity of 
the recorded pain in these 3 patients was ‘mild’. Seventeen patients (28%) mentioned 
mastication difficulties. In 8 out of 17 patients (47%), mastication difficulties interfered 
with daily and social activities ranging from sometimes to very often. Dysphagia was 
reported by 28 patients (47%), more often in SMA types 2 than type 3a and 3b. The 
controls did not report mastication problems or dysphagia. 

Table 1. Characteristics of participants

Clinical examination Patient group Control group p-value

Age mean (SD; range) 32.3 (17.4; 8.7-70.3) 31.1 (17.6; 8.2 - 70.9) 0.397

Mean aMMO in mm (SD; range) 38.9 (15.3; 4.0 - 71.0) 54.8 (5.4; 45.0 - 68.0) <0.001*

Mean lateral ROM L/R in mm (SD; range) 8.0 (4.5; 0.0 - 19.0) 10.4 (2.4; 5.0 - 15.5) <0.001*

Protrusiona in mm (SD; range) 6.5 (4.0; 0.0 - 14.0) 9.6 (2.1; 5.0 - 15.0) <0.001*

Occlusal contacts (range) 6.6 (2.2; 1.0 - 10.0) 7.7 (1.2; 5.0 - 10.0) 0.001*

Anterior MVBF in Newton (range) 154.9 (85.3; 18.6 - 374.6) 191.2 (86.3; 67.7 - 490.3) 0.001*

Mixing ability (range) 18.6 (3.0; 14.3 - 25,2) 18.1 (2.8; 13.0 - 24.6 0.222
Legend Table 1. * = Statistically significant differences; aProtrusion: active forward movement of the 
mandible; SD= standard deviation; aMMO = : active maximum mouth opening; Lateral ROM L/R = active 
mandibular lateral excursion; MVBF= anterior maximum voluntary bite force.

Clinical examination 
We used a previously described validated examination procedure.226,227 We asked 
participants to sit in an upright and neutral position. 
 The examination included detailed assessment of mandibular movements. We 
used a metal ruler to document active maximum mouth opening (aMMO), left and 
right lateral range of motion (ROM) and protrusion, overbite and overjet (figure 
1AB). We defined aMMO as the distance between the central incisal edges plus the 
overbite. 
 One of us (HWvB) palpated both TMJ condyles, masseter and temporalis muscles 
in an open and closed mouth position to quantify pain (Figure 1C) and to assess 
joint mobility of the temporomandibular joint during aMMO by palpation of the 
lateral pole of the mandibular condyle with the index finger.228 The definition of 
reduced sliding capacity of the temporomandibular joint was the absence or severe 
impairment of sliding of the lateral pole of the mandibular condyle. In contrast, 
normal jaw movements are characterized by sliding to and beyond the crest of the 
articular eminence. 
 We used wax records (Moyco beauty pink plate wax, 2270 g) to document the 
number of occlusal contacts (OC-score; maximum score unilaterally 5 and bilaterally 
10) between upper and lower jaw premolar and molar teeth. Occlusal contacts are 
characterized by perforations in the wax record. 
 
Measurement of the anterior maximum voluntary bite force 
We assessed maximum voluntary bite force (MVBF) with the VU University Bite 
Force Gauge (VU-BFG) (Figure 1D),229 a handheld device that uses a load cell (LPM 
510 250lb) to measure bite force in kg, with a range from 0 to 50 kg. We calibrated 
the bite force transducer before, half way and at the end of the data collection. 



9998

Mandibular dysfunction in SMA types 2 and 3 

4.2

Mandibular function impairment questionnaire
Information on food adaptation by the patients, derived from the MFIQ, showed 
that 32 patients (54%) had to adapt food composition and consistency. The controls 
did not report impairment of the mandibular function. 

Clinical examination 
Range of motion 
aMMO, active lateral ROM and protrusion were reduced in the patient group (Table 
1). Patients with type 2 had significantly smaller aMMO than types 3a and 3b (Table 
2). The mean aMMO was smaller or equal than 40 mm in 50% of the patients with 
SMA. aMMO declined with age in the SMA type 2 cohort. The mean active lateral 
ROM was smaller than 8 mm in 48% of the patients; in type 2 the active lateral ROM 
was significantly smaller than type 3a and 3b (Table 2). The active protrusion was 
smaller than 5 mm in 32% of the patients; in the SMA type 2 cohort protrusion was 
significantly smaller than in SMA type 3 (Table 2). 
Active lateral ROM smaller than 5 mm was found in 3 controls (5%). 

TMJ mobility 
Sliding of the mandibular condyle was normal in 45 patients (75 % with a mean 
aMMO of 45.2 mm (range 14 - 71 mm); 15 patients (25 %) had a reduced sliding or no 
sliding with a mean aMMO of 17.1 mm (range 4 - 33 mm) (Table 2). All controls had 
normal sliding of the mandibular condyle with a mean aMMO of 54.8 mm (range 
46 – 70 mm). 

Table 2. Characteristics of included SMA patients

Total
(n = 60)

Type 2
(n = 31)

Type 3a
(n = 18)

Type 3b
(n = 11)

2 vs 3a 3a vs 3b 2 vs 3b

Age in years ±SD
range

32.3 ±17.4
8.7-70.2

26.2 ±15.0
8.7-70.2

35.7 ±19.6
8.7-65.7

43.8 ±12.4
21.8-58.1

0.115 0.402 0.009

Disease duration in months ±SD 
range

312.6 ±193.4
52.7-777.7

266.4 ±176.8
55.5-777.7

369.2 ±225.3
52.7-687.6

350.2 ±163.6
90.5-534.7

- - -

HFMSE (SD)
range

14.8 ±19.3
0-66

3.7 ±5.0
0-20

17.7 ±18.1
0-45

41.1 ±20.0
8-66

0.177 0.118 <0.001*

MRC total score ±SD
range

124.0 ±95.7 
39-625;

n=53

122.1 ±133.8
39-625;

n=26

113.9 ±34.9
53.5-160; 

n=17

146.4 ±24.0
87-167; n=10

0.808 0.016 0.576

Median MRC neck flexion, range 3.0
2-5; n=58

3.0
2-5; n=30

4.0
3-5; n=18

5.0
4-5; n=10

<0.001 <0.001 <0.001

Median MRC neck extension, 
range

4.0
2-5; n=58

3.0
2-5; n=30

4.0
3-5; n=18

5.0
4-5; n=10

0.001 <0.001 <0.001

MFIQ raw score (SD)
range

0.14 ±0.17
0.36-0.31

0.20 ±0.20
0.0-52.0

0.10 ±0.11
0.0-0.35

0.03 ±0.03
0.0-0.09

0.341 0.459 0.12

aMMO in mm (SD)
range

38.9 ±15.3
4.0-71.0

28.9 ±12.5
4.0-53.0

44.7 ±8.2
23.0-54.0

57.5 ±7.4
48.0-71.0

0.001 0.09 <0.001

Lateral ROM L/R in mm (SD) range 8.0 ±4.5
0.0-9.0

5.8 ±4.3
0.0-15.0

8.8 ±2.5
4.0-13.0

12.5 ±3.9
6.5-19.0

0.058 0.190 <0.001

Protrusion in mm (SD)
range

6.5 ±4.0
0.0 -14.0

4.6 ±3.6
0.0-13.0

7.9 ±3.6
0.0-14.0

9.3 ±3.5
5.0-14.0

0.006* 0.595 0.001*

Anterior MVBF (SD)
range

154.9 ±85.3
18.6-374.6

118.7 ±68.6
18.6-261.8

177.5 ±88.3
47.1-374.6

218.7 ±78.5
83.4-345.2

0.031 0.353 0.001

Mixing ability (SD)
range

18.6 ±3.0
14.3-25.2

19.7 ±3.3
14.3-25.2

17.7 ±2.2
14.3-24.1

17.2 ±1.4
15.0-19.4

0.109 1.000 0.106

Occlusal contacts (SD)
range

6.6 ±2.2
1-10

6.5 ±2.1
2-10

6.8 ±1.9
1-8

7.5 ±0.8
6-8

0.269 0.122 0.005*

Ventilatory support, n(%)
None
Part-time (nocturnal)
Continuous noninvasive
Continuous + tracheostomy

47 (78)
7 (12)
3 (5)
3 (5)

22 (74)
5 (16)
3 (10)
1 (3)

14 (78)
2 (11)
0 (0)

2 (10)

11 (100)
0 (0)
0 (0)
1 (1)

0.409

Scoliosis surgery, n(%) 30 (50) 26 (74) 7 (39) 0 (0) <0.001*

Dysphagia, n(%)a 28 (47) 19 (61) 8  (44) 1 (10) 0.010*

aMMO reduced subjective, n(%) 19 (32) 17 (55) 2 (10) 0 (0) <0.001*

Sliding of the TMJ 15 (25) 14 (45) 1 (6) 0 (0) 0.001*

Mastication difficulties, n(%) b 17 (28) 12 (39) 4 (22) 1 (0) 0.159

Difficulties biting of food, n(%) c 24 (40) 19 (61) 5 (28) 0 (0) <0.001

Food adaptation, n(%) d 32 (53) 21 (68) 9 (43) 2 (18) 0.17*
Legend Table 2. Values are mean with SD unless otherwise stated. HFMSE= Hammersmith Functional 
Motor Scale Expanded; MRC= Medical Research Counsil; MFIQ= Mandibular Functional Impairment 
Questionnaire.
a Dysphagia: rated on a 5-point scale. 0 = never; 1 = sometimes; 2 = regularly; 3 = often; 4 = not applicable. 
Patients with a score > 1 are considered to have difficulty in passing food or drinks from the mouth into the 
stomach expressed as choking solid food and, or sticking food in the throat
b Mastication difficulties: rated on a 5-point scale. 0 = never; 1 = sometimes; 2 = regularly; 3 = often; 4 = very 
often. Patients with a score > 1 are considered to have mastication difficulties during mastication of hard, 
sticky or soft food
c Difficulties with biting of food: rated on a 5-point scale. 0 = never; 1 = sometimes; 2 = regularly; 3 = often; 
4 = very often. Patients with a score > 1 are considered to difficulties with biting of food 
d Food adaptation: patients unable to eat hard biscuits, meat, raw carrots, French loaf or nuts

Table 2. Continued
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Self-reported complaints of feeding, chewing, limitations in the ability to open 
the mouth, swallowing and choking range from 20-35% of patients with SMA 
types 2 and 3.139,202,214 Patients in this study reported dysphagia (48%) more often 
than in previous studies, which may be due to the use of different definitions of 
dysphagia.139,202,214 The frequency of mastication difficulties (28 %) was comparable 
with previous studies.202,203,214 Self-reporting may not reflect true prevalence of 
mandibular functional problems.202,203 In our previous study, for example, we found 
a much higher prevalence of reduced aMMO than self-reported prevalence of 
limitations in mouth opening.139 Moreover, although 28% of patients in our study 
reported mastication difficulties, more than half of the patients indicated that 
they adapted their food consistency. This underlines the importance of objectively 
measuring function of bulbar muscle groups. 
 Our data suggest that at least two important aspects of the mandibular 
function, i.e. ROM and bite force are diminished in patients with SMA types 2 and 3. 
The aMMO, which reflects ROM, declined with age in our patients with SMA type 2, 
which is in agreement with a previous study.139 SMA type, MFIQ, difficulties biting of 
food and food adaptation were identified as independent determinants of reduced 
mouth opening in our multivariate linear regression model. The model suggests that 
SMA type and questions about food handling are useful tools to identify patients 
with reduced aMMO. We previously showed that selective fatty degeneration of the 
lateral pterygoid muscle is associated with this complication, which explains the 
reduced sliding ability of the TMJ and the reduced lateral ROM.139 As far as we know 
it is unclear at what value a lateral ROM may have a negative effect on masticatory 
performance. We assume that with a lateral ROM smaller than 3 mm, the bolus 
formation is compromised. 
 The second finding is a reduced anterior MVBF, indicating weakness of 
masticatory muscles (i.e., the mandibular closing muscles). Decreased bite force 
in patients with SMA has been reported before and may be secondary to the fatty 
degeneration of the masseter and temporal muscles that we observed in a recent 
MRI-study of bulbar muscles.202,203 Multiple linear regression analysis in this study 
indicated that age and MRC score of the neck flexors are determinants of reduced 
MVBF. This may reflect the natural history of SMA that is generally characterized 
by progression of muscle weakness with advancing age.85 Our data support a model 
for mandibular dysfunction caused by gradually increasing weakness of muscles 
that mediate mouth opening, closing and horizontal movements, leading to bite 
force reduction and development of progressive contractures of the TMJ. 
 It was surprising that masticatory performance did not differ between patients and 
control groups, since 28% of our patients reported masticatory difficulties. Moreover, 
self-reporting mastication difficulties may not reflect true prevalence due to the high 

Pain 
Pain could be provoked by aMMO and palpation of the masseter muscle (VAS 
10/100 mm, 65/100 respectively) in two patients with SMA type 2. 

Dental occlusion 
The OC score of the posterior teeth was lower among patients (average OC score 6.6, 
SD 2.2, range 1–10) than controls (average OC score 7.7, SD 1.2, range 5–10) (Table 1). 

Maximum voluntary bite force 
The MVBF was 19.0% lower in the patient group than in the control group (Table 
1). Mean MVBF was 154.9 N (SD 85.3, range 18.6–374.6 N) in the patient group and 
191.2 N (SD 86.3, range 67.7–490.3 N) in the control group. Patients with type 2 had 
a significantly lower MVBF than patients with SMA type 3 (Table 2). 

Mixing ability test 
Masticatory performance was comparable in the patient (18.6, SD 3.0) and control 
group (18.1, SD 2.8) (Table 1) and between SMA types (p > 0.1) (Table 2). 

Predictive factors for aMMO and bite force 
Univariate linear regression analyses showed that most of the selected determinants 
were associated with aMMO except for age (p= 0.138) and disease duration (p= 
0.736). Multiple linear regression analysis showed that SMA type, MFIQ, difficulties 
biting of food and food adaptation as the independent predictive factors for 
reduced aMMO (R2 = 0.80). 
 Univariate linear regression analyses showed that all the selected determinants 
were associated with reduced MVBF. Multiple linear regression analysis identified 
age, and muscle strength of the neck flexors as the independent predictive factors 
for a reduced MVBF (R2 = 0.33). 

DISCUSSION

In the present study, we provide further evidence for clinically relevant bulbar 
involvement in patients with SMA. Mandibular ROM, and anterior MVBF were 
significantly lower in patients compared to age and gender matched healthy 
controls. These results suggest that the oral phase of the swallowing process 
in patients with SMA is compromised by limitations in the mandibular ROM and 
dysfunction of masticatory muscles. SMA severity and weakness of neck muscles 
were independent determinants. 
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percentage of food adaptation in our patient group.202,203 The used methodology 
may lack sensitivity to identify masticatory problems for a number of reasons. First, 
masticatory performance as reflected by the wax Tablet mixing test is primarily 
associated with the number of functional tooth units (OC score) and bite force in healthy 
subjects.231 The mean OC score in the patient group was only one occlusal contact 
lower than in the control group. This, in combination with sufficient residual bite force, 
may explain the retained capacity to mix the wax Tablets. Masticatory performance 
was measured in the first 20 chewing cycles and therefore mimics the start of a meal. 
Fatigability, which may be an important additional problem to weakness in patients 
with SMA, may compromise masticatory function, but is obviously not covered by this 
test.176

 Future studies should preferably employ methodology designed to capture 
masticatory dysfunction in the course of a meal. 
 Inclusion of 60 from a cohort of 93 patients may have caused selection bias. 
However, there were no significant differences in age, gender, SMA type, disease 
duration, HFMSE score en MRC score between the 60 participating and the 33 non-
participating patients. 
 Recognizing bulbar involvement in SMA by medical staff, patients, parents and 
caretakers is a first step to identify risks of dysphagia, aspiration and insufficient intake. 
The use of MFIQ, a short questionnaire to assess mandibular functional problems, in 
combination with measuring aMMO may be helpful to identify patients with SMA who 
are at risk for bulbar problems. Furthermore, we need new tools to assess masticatory 
function in this patient group. We also need to develop and test efficacy of specific 
training programs that aim at preserving mandibular function. These programs should 
include training of aMMO and horizontal movements, and possibly of the strength of 
masticatory muscles. 
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Table 1. Complicated endotracheal intubation in SMA patients with limited MMO.

SMA type Year of birth Age at surgery 
(years)

Year of surgery Mouth opening* Complications during intubation and 
procedure related comments**

1c 1997 15.5 2012 15 Limited mouth opening necessitated fiber 
optic nasal intubation.

1c 1999 5.1 2004 8 Nasal intubation was performed, due to very 
limited mouth opening.

1c 2002 5.3 2007 18 Very difficult oral intubation due to limited 
mouth opening, eventually successful oral 
intubation

2a 1992 9.9 2002 6 Fiber optic oral intubation was performed, 
because of very limited mouth opening.

2a 2001 4.5 2005 14 Difficult oral intubation due to limited mouth 
opening, even with a glidescope, causing 
temporary hypoventilation. Afterwards fiber 
optic nasal intubation was performed.

Legend Table 1. * Measured in mm as part of the standard protocol used for the nationwide cohort-study 
investigating SMA in The Netherlands, that started in 2010; ** as reported by the anesthesiologist; MMO= 
maximal mouth opening; mm = millimeters. 

MMO measurements are part of the protocol of our cohort-study on SMA and 
normal MMO is defined as >35mm.139 All patients with intubation problems had an 
MMO of lower than 20 mm (mean: 12 mm; range: 6–18 mm). The 17 patients without 
reported intubation problems had a mean MMO of 26 mm (range: 6–45 mm). MMO 
could not always be measured around the time of surgery, as our cohort-study 
started in 2010. Nonetheless, the anesthesiology reports do specifically mention 
restricted MMO as cause for intubation problems and previous data suggest an 
association with both disease severity and duration.139,204 
 Elective surgery procedures may become even more common for patients 
with SMA as part of the expected further increases in life expectancy of patients 
with SMA type 1 due to introduction of SMN augmenting therapies. Increased 
awareness of limited MMO and its consequences is important for the safety and 
wellbeing of patients. Our findings suggest that documenting MMO should be part 
of multidisciplinary care efforts and of every preoperative screening procedure in 
patients with SMA. 

LETTER

Hereditary proximal spinal muscular atrophy (SMA) is caused by homozygous loss 
of the survival motor neuron (SMN) 1 gene and characterized by motor neuron 
loss and progressive weakness.23,47 Progressive involvement and degeneration of 
brainstem motor nuclei in SMA causes problems with biting, tongue movements, 
swallowing and limitations in maximal mouth opening (MMO).232-234

 We recently showed that reduced MMO is caused by atrophy and fatty 
degeneration of the lateral pterygoid muscles that mediate mouth opening, 
effectively causing a temporomandibular joint contracture.139 
 Despite the fact that patients are often unaware of limitations in their MMO, 
its prevalence is high and MMO is associated with disease severity, occurring in 
up to 100% of Dutch patients with SMA type 1c, 79% in type 2, and 50% in type 
3a.139 Patients may be unaware of adjusting their feeding habits by cutting food into 
smaller pieces or modifying food consistency.47 
 In order to gain further insight into clinical relevance and consequences of 
reduced MMO, we reviewed the anesthesiology reports of patients with SMA who 
are currently participating in our cohort-study and underwent scoliosis surgery 
before the age of 18 years in our tertiary referral center in the period between 1991 
and 2015. Scoliosis surgery is necessary in virtually all patients with SMA type 2 
and non-ambulatory patients with SMA type 3. We hypothesized that difficulties 
with intubation reflect a relevant complication of a limited MMO, often already at a 
relatively young age.
 We identified 36 patients with a genetically confirmed diagnosis. Detailed 
anesthesiology reports were available for 22 (61%) patients. 
Mean age at surgery was 9.1 years (4.0 – 15.5), 5 (23%) patients had SMA type 1c 
and 17 (77%) had SMA type 2. Endotracheal intubation was complicated in 5 (23%) 
cases (Table 1).
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INTRODUCTION

Proximal hereditary spinal muscular atrophy (SMA) is a monogenetic disease caused 
by the homozygous deletion of the survival motor neuron (SMN) 1 gene (HGNC:11117; 
OMIM600354). SMA is an important genetic cause of mortality and motor impairment 
in infants and children and of disability in adults with the later onset type.83 The SMN 
locus on chromosome 5q is complex  due to multiple duplications and inversions. This 
has resulted in two almost identical SMN genes, i.e. SMN1 and SMN2,25,235 that differ 
at 5 nucleotide positions, one of which in SMN2 exon 7 is critical for mRNA splicing. 
Consequently, exon 7 is absent in approximately 90% of SMN2 mRNA transcripts (Δ7 
SMN2), resulting in dysfunctional SMN protein.84 
 SMA displays a wide range of severity and this is roughly captured by the 
classification that distinguishes 4 types, based on age at onset and the better of 
two acquired motor milestones (i.e. sitting and walking independently). SMN2 copy 
number, ranges from 0 to 6 copies, explains most (50-80%) of this clinical variability 
and severity. Nevertheless, there is a wide overlap of copy numbers throughout SMA 
types.30,37,71,81,85,86 The possibility of inter-individual variation in SMN2 sequences has 
not been studied in detail, but the c.859G>C has been found to be associated with 
a milder phenotype then expected by the SMN copy number in sporadic cases.87,88 
Additional severity modifying genes including plastin-3 (PLS3), neurocalcin and 
profilin-2 (PFN2), have been identified in specific families, but probably do not explain 
the clinical variation in severity observed between unrelated individuals.89,105,106,236,237 
Methylation differences of SMN2 have been shown to vary between SMA types.238 
Intragenic variation of the SMN2 gene may explain differences in severity between 
individuals with the same SMN2 copy number. Moreover, more detailed analysis of 
the SMN2 gene is important in the present context of emerging SMN2-targeting 
therapies, since variation may influence treatment efficacy.239,240

 We, therefore, performed an in-depth analysis of the SMN locus in 240 well-
characterized patients encompassing the full spectrum of severity and 46 related 
carriers. This cohort includes 24 families with 54 concordant and discordant relatives 
with SMA. We explored frequencies of nucleotide variants of the SMN and adjacent 
NAIP genes and of SMN1-SMN2 hybrid genes.  

METHODS

The Medical Ethical Committee of the University Medical Center Utrecht approved 
the study protocol. This study was registered at the Dutch registry for clinical 
studies and trials (http://www.ccmo-online.nl). All patients gave informed consent. 

ABSTRACT

Objective Variability in SMA severity can only partially be explained by SMN2 
copy number, since 55-80% of severity, as reflected by SMA type, correlates with 
the SMN2 copy number. The 5q locus is an area with multiple duplications and 
inversions, and the SMN1 gene is known for its strategic mutations causing SMA 
in the case of a deletion of the other allele. Alterations within the SMN2 gene or 
conversions of SMN1 to SMN2 might interfere with SMN transcription efficiency 
and consequently correlate with disease severity in addition to SMN2 copy number.

Methods We used MLPA to analyse SMN2 copy number variations. We performed 
an in dept analysis of the SMN locus in 240 well characterized patients with SMA 
types 0-4 and 46 related carriers. We included 24 families with 54 concordant and 
discordant relatives with SMA. Sanger sequencing was used to analyse SMN2 and 
NAIP mutations. 

Results We report a new mutation in SMN1 exon 4 resulting in a null-allel and located 
5 intronic and 5 exonic mutations within SMN2 with possible modulation of splice 
sites and clinical effect. SMN2 copy number combined with symptoms at onset can 
predict disease course, e.g. severity and prognosis, at time of diagnosis. Only in 
specific cases does SMN2 copy number have a predictive value in presymptomatic 
diagnostics: one SMN2 copy predicts the most severe, neonatal type 1a. Two SMN2 
copies are suggestive of SMA type 1, and are sporadically seen in SMA types 2 and 3 
also carrying the c.859G>C mutation in exon 7. Four SMN2 copies were only present 
in one patient with SMA type 1c harbouring a double mutation in the promotor 
and intron 1. Hybrid genes have a positive effect on disease course, but have no 
additive value in presymptomatic diagnostics. Although 90% have the same genetic 
background, clinical variability between siblings is high (60%). NAIP1 does not have 
additive value in predicting clinical phenotype.

Conclusion SMN2 copy number is the main, but not the only predictor of SMA 
severity and type. Hybrid genes and the SMN2 c.859G>C mutation are positive 
disease modifiers, and should always be taken into consideration when predicting 
disease severity by SMN2 copy number. 
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A hybrid SMN1-SMN2 gene was suspected in case of the persistence of one or two 
copies of SMN1 exon 8 and a corresponding, inverse downgrade of the copies of 
SMN2 exon 8. The presence of these hybrid SMN1-SMN2 genes was confirmed with 
Sanger sequencing. 
 NAIP1 copy number was detected by the NAIP-exon 5 sequence, since this exon is 
not present in the NAIP2. 
 Analysis of copy number status was performed with the same methodology in 
two certified laboratories (i.e. department of Medical Genetics UMC Utrecht, the 
Netherlands, and department of Medical Genetics UMC Groningen, the Netherlands). 

Mutational analysis
We screened NAIP mutations using multiplexed targeted resequencing, carried out 
on a MiSeq high-throughput next-generation sequencing platform (Illumina). We 
used DesignStudio (Illumina) to create a Truseq Custum Amplican project applying 
Standard Truseq Custom Amplican Library preparation protocol. The amplicons 
targeting coding, non-coding and 5’-‘3 untranslated regions covered 96% of the 
regions of interest with good quality (quality score >30). Bar-coded paired-end 
sequencing libraries with 2x250 base pair read length per amplicon were created 
using prepared Truseq Custom Amplicon Kit (Illumina). Sequence Analysis Viewer 
Software (Illumina) was used to monitor the quality of separate sequencing runs. 
Sequencing reads were mapped to the human genome reference build GRCh37 
using Burrows Wheeler Aligner (BWA 6.1). Base calling accuracy, measured by 
the Phred quality score (Q score) was presumed to be ‘good’ from a score  of 30. 
Subsequent depth of coverage, quality filters, variant calling and variant annotation 
were performed using SAMtools v0.1.19, GATKv3.2 and the 1000 Genomes project. 
GATK filter criteria were (“QD” < 2.0; “FS” >500; “MQ” <40.0; “HaplotypeScore” 
<300.0; MQRankSum” <-12.5 and “ReadPosRankSum” <-8.0). Filters were relatively 
tolerant, since we wanted to detect single exonic mutations and their adjacent 
intronic regions in individual subjects. Next, we performed Sanger sequencing of 
all identified mutations to confirm in these SMA patients with the predicted SNP. 
 SMN2 was analysed with Sanger sequencing of all 7 coding exons and adjacent 
intronic regions.
 Genomic DNA was extracted from peripheral blood using standard methods. 
Coding regions of SMN2 and adjacent intronic sequences were screened for 
mutations by direct sequencing. Primers for polymerase chain reaction amplification 
were designed using ENST00000380743 (SMN2) and ENST00000517649; 
ENST00000523981 (NAIP) (Ensemble GRCh37) (Table 2 and 3), and optimal annealing 
temperature for each primer set was determined by a Temperature Gradient PCR. 
PCRs were performed in a Bio-Rad T100 Thermal Cycler (Bio-Rad, Hercules, CA, 

Informed consent was obtained from each subject and additionally from their 
parents if children were younger than 18 years.

Patients
Details of the national study on SMA types 1-4 in The Netherlands between September 
2010 and August 2014 have been described previously.117 Inclusion criteria were a clinical 
diagnosis of SMA types 1, 2, 3 or 4 and genetic confirmation of a homozygous deletion 
or heterozygous deletion of SMN1 with a point mutation on the other allele of SMN1 
(HGNC:11117; OMIM600354). There was no age restriction for inclusion. 
 All included patients visited the outpatient clinic for (paediatric) neurology at the 
University Medical Center Utrecht. We interviewed patients and/or their parents 
and examined muscle strength using the MRC scale and motor function using the 
Hammersmith functional motor scale expanded (HFMSE)117 
 We applied the International classification with additional distinctions of severity 
(i.e. types 1a-c, 2a-b and 3a-b) as described previously.3,4,21,22,29,86,117 (Table 1)

Table 1. SMA classification

Age at onset Highest acquired motor milestone

Type 1a22,29,241 Neonatal None; in need of respiratory support directly after birth

Type 1b29,241 1-3 months Never acquiring the ability to sit unsupported, no head control

Type 1c29,86,241 3 to 6 months Head control and/or rolling but not the ability to sit unsupporteda

Type 2a117 6 to 18 months Able to sit unsupported but not to stand or walk with help

Type 2b3 6 to 18 months Able to sit unsupported and to stand or walk with help

Type 3a3 18 - 36 months Able to walk independently

Type 3b3 >36 months Able to walk independently

Type 43,29 >30 years Able to walk independently
Legend Table 1. aThese patients may acquire other motor skills, such as head control or rolling from supine 
to prone or at least to one side at any stage in life and have been reported to survive into adulthood with 
and without respiratory support.29,86,241

Genetic analysis
Copy number analysis
SMN1 and SMN2 copy number status was determined using SALSA Multiplex 
Ligation-dependent Probe Amplification (MLPA) kit P021 version B2 and P060 version 
B2. All MLPA reactions were carried out according to the manufacturer’s protocol 
(www.mlpa.com; www.mrcholland.com). A reference sample with two copies of 
SMN1 and two copies of SMN2 was used in every reaction. The MLPA products were 
analysed using an ABI Prisma 310 genetic analyser (Applied Biosystems), with LIZ 
500 as the internal size standard. Data analysis and interpretation were performed 
using GeneMarker V2.2.0. 
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differences, a different SMN2 copy number was only found in 5 samples (2%), a third 
analysis always confirming one of the previous results. There were no differences 
between SMN1 and SMN2 copy number status measured by MLPA Probemix P021 
or P060. All hybrid SMN1-SMN2 genes were detected in every single, separate 
experiment.  

STATISTICAL ANALYSIS

Normality was tested with the Kolmorogov-Smirnov and Shapiro-Wilk Test. 
Multivariate analyses were checked and corrected for co-linearity. Univariate and 
multivariate tests including dichotomous data were performed using (penalized-
likelihood) logistic regression. Comparison of data between SMA types was 
performed using Kruskal-Wallis or Mann Whitney U test (continuous data) or Chi-
square/Fisher Exact analysis (dichotomous data). 
We used SPSS (IBM SPSS Statistics version 19, Inc., Chicago, IL) for statistical 
analysis. 

RESULTS

We enrolled 240 patients with a clinical diagnosis of SMA (type 0-4). Patient 
characteristics are described in Table 4. SMN1-, SMN2 and NAIP1 copy number 
status was determined in 240, 222 and 200 patients, respectively. We included 54 
siblings and cousins from 24 families.

SMN1 copy number and mutational status
Two-hundred-and-thirty-seven patients had a homozygous deletion of SMN1 
exon 7. Two patients had a heterozygous deletion of SMN1. One patient with SMA 
type 1c had a heterozygous deletion of SMN1 and a frame shift mutation in exon 
6 (c.770-780dup; G261Lfs*8) in the other allele; this had previously been described 
as a SMA-causing mutation.25,247-250 The other patient with SMA type 3a had a 
heterozygous deletion of SMN1 and a novel point mutation in exon 4 (c.542A>G; 
D181G) in the persisting allele. To the best of our knowledge, the exon 4 mutation 
has not been described before. Using mRNA analysis, the c.542A>G mutation was 
shown to create a new splice-donor site within exon 4 of SMN1 and to lead to an out 
of frame transcript thus likely constituting a null allele. We did not include parents 
of either of these patients. 

USA). In brief, the PCR amplification was performed in a 20µl reaction containing 
100ng of genomic DNA, 1.5 units of Hotstart Plus Polymerase (Qiagen, USA), 0.25 
mM dNTP and 10pmol of each primer. The initial activation step of 95°C for 5 min 
with 35 cycles of denaturation at 95°C for 30s, was followed by annealing for 30s 
and followed by extension at 72°C for 30s and a final extension of 5 min at 72°C. 
The amplified fragments were loaded on an ethidium bromide-stained agarose gel, 
sequenced with BigDye Terminator v3.1 sequencing kit (Applied Biosystems) and 
analysed on a 3730XL DNA Analyser. Each identified mutation was confirmed by an 
independent polymerase chain reaction and sequencing reaction on genomic DNA.
 The impact of the mutation on the structure and function of the protein was 
predicted with PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/bgi.shtml) and 
HumanSpliceFinder (http://www.umd.be/HSF3/technicaltips.html). Effects of 
intronic variants were predicted with HumanSpliceFinder (http://www.umd.be/
HSF3/technicaltips.html). The impact of synonymous mutations was predicted 
using relative synonymous codon usage (RSCU).242-246

Table 2. Primer characteristics  for SMN2 sequencing

Exon Primer

1 5’-TTACTACAAGCGGTCCTCCC-3’

2a 5’-TATGTGTGGATTAAGATGAC-3’

2b 5’-TGTGCACCACCCTGTAACAT-3’

3 + 4 5’-AGACCCCAAGCCTTTCTCAT-3’

5 5’-TCTGTTTGACTTCAGGATTTG-3’

6 5’-ACCTCGTCTTTGTTTAGGGGA-3’

7 5’-TGTCTTGTGAAACAAAATGCTT-3’

Table 3. Primer characteristics for NAIP sequencing

Exon SNP location Primer (5’-3’)

14 Chr05: 70266154 C/T TCATCTGCATCCAAGAGCCA

    GGAGAGGAGGCTGGTTCAAA

3 Chr05: 70316535 G/A TTCCTCCATACCATCCTGCC

  CTGGTGTGAGACTCTGTAGGT

Sample reproducibility
MLPA was performed on all 240 samples, 77 samples were analysed three times and 
57 samples twice, all at different times and in separate experiments. 31 samples 
were measured 4 times, including one analysis in the second laboratory with the 
same MLPA technique according to protocol. With regard to inter-experimental 



117116

SMN locus and SMA severity

5

died by the age of 6 months due to respiratory failure. Although 75% of children 
with an onset <1 month die before the age of 6 months,86 the deletion in exon 7 
might have negatively influenced the phenotype. 

Table 4. Patient characteristics

SMA type 1 
(n=55)

SMA type 2 
(n=99)

SMA type 3 
(n=80)

SMA type 4 
(n=6)

Parents

Gender (F:M) 26:29 62:37 38:42 4:2 27:19

Mean age at inclusion (year) 8.4
(0.2-50)

18.2
(0.4-67)

32.7
(2-77.5)

48.8
(37-69)

NA

Mean age at onset (year) 0.3
(0-0.75)

1
(0.3-3.5)

4.5
(1-24.5)

35.8
(30-43)

NA

SMN1 copy number (1) 0 54 98 79 6 0

1 1a 0 1b 0 43

2 0 0 0 0 3

SMN2 copy number (n) 0 0 0 0 0 1

1 3 0 0 0 6

2 22 2 2b 0 22

3 26a 87 24 0 17

4 1 6 43 6 0

5 0 0 2 0 0

Hybrid SMN1-SMN2 gene No 51 81 69 6 38

Yes 4 8 11 0 8

NAIP1 copy number (n) 0 7 8 2 0 0

1 27 73 28 2 21

2 2 9 34 4 16

3 1 1 2 0 7

4 0 0 1 0 2

Legend Table 4. a Including one patient with deletion of SMN1 on one allele and frame shift mutation in 
exon 6 (c.770-780dup; G261Lfs*8) in the other allele; b Including one patient with deletion of SMN1 on 
one allele and a novel point mutation in exon 4 (c.542A>G; D181G)

Forty-six parents were included for analysis consisting of 19 trios (both parents and 
child) and 8 pairs (single parent and child), in which only one of the two parents was 
included. Three of 46 parents were carriers of 2 SMN1 copies, and with confirmation 
of parental status, this suggests the presence of 2 copies on one allele and zero 
copies on the other allele. 

SMN2 copy number status
SMN2 copy number was established with the count of SMN2 exon 7 copies. SMN2 
copy number varied from 1 to 5. Copy number prevalence in the total SMA cohort 
was 1%, 15%, 60%, 23% and 1% for 1, 2, 3, 4 and 5 copies respectively (Table 1). 
In 66% of cases, the SMN2 copy number of 1, 2, 3 or 4 reflects the suggested 
corresponding SMA types 1a, 1b, 2 and 3 or 4 respectively.
 SMN2 copy number correlated with SMA type (Spearman’s rho 0.7, p<0.01), age 
at onset (Spearman’s rho 0.7, p<0.01) and NAIP1 copy number (Spearman’s rho 0.6, 
p<0.01). 

Hybrid SMN1-SMN2 copy number status
A hybrid SMN1-SMN2 gene copy contains SMN2 exon 7 and 8 and SMN1 exon 8 
sequences (Figure 1).

In twenty-three patients (10%), a hybrid SMN1-SMN2 gene confirmed by a SMN1 exon 
8 still present and an unequal SMN2 exon 7 and 8 status. Two of these patients showed 
a double hybrid with 2 remaining SMN1 exons 8 copies and a corresponding relative 
decline of 2 SMN2 exons 8 copies compared to SMN2 exon 7 copies. The presence of 
a hybrid-gene was paternally or maternally inherited in 7 cases; inheritance could not 
be confirmed in three patients because only the non-carrier parent was included in 
the study. One child had a de novo hybrid-gene. 

SMN2 mutational analysis
Sanger sequencing revealed 5 exonic and 5 intronic SMN2 mutations (Table 5).
 Three patients (1.3%) carried the previously described c.859G>C (G287R) 
mutation in exon 7 altering an ESE and is associated with milder phenotypes than 
the 2 SMN2 copy number would predict.87,88 
 One patient with SMA type 1c and an unexpected SMN2 copy number of 4, had 
a double mutation with a heterozygous mutation at the promotor site (c.1-14C>c/t) 
and a mutation in intron 1 (c.81+45C>T) that created an ESE which might have 
abrogated function of some of the SMN2 copies.
 One patient carried a deletion of c.838_840del in exon 7 with 2 SMN2 copies and 
0 NAIP1 copies. The child had a 1b phenotype, with age at onset at 1 month; she 
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Three patients had a heterozygous intronic mutation in intron 5 (c.724-54C>T/ct), 
but the relation with the clinical phenotype in these patients with SMA types 1b, 1c 
and 2a was unknown. 
 We identified 2 SNPs previously described as polymorphisms (c.84C>T; 
c.462A>G/ag)251 and one new SNP (c.724-44C>T/ct). The homozygous variant of the 
c.723+59G>C/cg polymorphism in intron 6 with 3 copies of SMN2 was only present 
in patients SMA type 2a (n=15). 
 A mutation in exon 2b (c.223G>A; A75Y) was present in two brothers with SMA 
type 3b (age at onset +/- 10years; 4 SMN2 copies, 2 NAIP1, no hybrid gene) and 
one patient with SMA type 2a with an age at onset of 15 months with respiratory 
support at the age of 42 years (4 SMN2 copies, 1 NAIP1, no hybrid gene). 

NAIP1 copy number analysis
NAIP1 copy number varied between 0-4 copies (Table 1). NAIP1 could not predict 
SMA severity because of the large overlap of copy numbers between SMA types.
Sanger sequencing of NAIP detected two mutations with unknown clinical relevance 
in two unrelated patients. We could not distinguish if these mutations were located 
in NAIP1 or NAIP2 due to the homology of the two genes. 
 The mutation in NAIP exon 3 (c.134A>G; H45R) is predicted to be benign. The 
mutation was detected in a patient with a 0 SMN1, 4 SMN2 and 2 NAIP1  genotype 
and SMA type 3b with corresponding disease (age at onset at 3.5years and the loss 
of the ability to walk independent by 35 years of age). 
 The mutation in NAIP exon 14 (c.3503C>T; R1168K/ R1330K) was confirmed in 
a patient with SMA type 1c and 0 SMN1, 4 SMN2 and 2 NAIP1  background. The 
c.3503C>T mutation is predicted to have a damaging effect on protein function. 
The child carrying the mutation had a relatively severe disease for SMA type 1c and 
3 SMN2 copies, with onset at the age of 2.5 months. He could lift his head in prone 
position for a couple of weeks but was never able to roll over or sit unsupported. 
Invasive respiratory support was started at the age of 30 months during an acute 
event with respiratory insufficiency. The child was 8 years old at the last follow up. 

Prediction of clinical severity based on SMN locus representation
One copy SMN2 is generally associated with SMA type 1a (n=3). Three patients with 
only one SMN2 copy had SMA type 1a with prenatal symptoms, severe hypotonia 
with contractures, respiratory insufficiency from birth and day-to-weeks survival 
with invasive tracheal support. We could not analyse NAIP1 copy number due to 
lack of material (Table 6).
 The presence of two SMN2 copies was highly predictive (100%) of SMA type 
1b. The three patients with 2 SMN2 copies and SMA types 2a, 2b and 3b, all had a 

Figure 1. Representation SMN alleles including hybrid SMN1-SMN2 genes
Homozygous deletion in SMN1 is found in >95% of patients. A hybrid SMN1-SMN2 gene in SMA is defined 
as a deletion of SMN1 exon 7 and a persistence of the non-coding SMN1 exon 8. SMN2 shows an unequal 
number of copies of exon 7 and exon 8, possibly due to a conversion of SMN1 exon 7 to SMN2 exon 7.

Table 5. Location and effects of mutations in SMN2

Exon
Intron

Mutation Predicted effect SMA phenotype

1 c.1-14C>c/t Unknown 1c with 4 SMN2 copies

1-2 c.81+45C>T New ESE site* 
Probably no effect on splicing

2a c.84C>T; S28S Polymorphism All types

2b c.223G>A; A75Y ESE site broken*
Benign mutation (0.005)**

Two brothers with type 3b and one 
patient with type 2a

3 c.462A>G/ag; Q154Q Polymorphism (rs4915) All types

5-6 c.723+59G>C/cg No significant splicing motif alteration detected Predictive of 2a

5-6 c.724-54C>T/ct WT branch point broken* 3 patients with 1a/1c/2a

5-6 c.724-44C>T/ct No significant splicing motif alteration detected All types

7 c.838_840del New acceptor site* 1b with 2 SMN2 copies

7 c.859G>C; G287R  ESE site broken* 2 patients with 2b and one with 3b
Legend Table 5. *= as predicted by Human Splice Finder; **= as predicted by PolyPhen2; ESE= exonic 
splice enhancer; ESS= exonic splice silencer; WT branch point= wild-type branch point. 
Alterations of splice sites, branch points or acceptor site have potential to alter splicing unless otherwise 
stated.

Normal
 alleles

exon 7

exon 7

exon 7

exon 7 exon 8

exon 8exon 8

exon 8

SMN 1 SMN 2

SMA
 alleles

exon 7

exon 7 exon 8

exon 8

SMA hybrid
 alleles

exon 7

exon 7 exon 8

exon 8
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at 15 months due to respiratory failure. He was a carrier of a double mutation in 
SMN2; a heterozygous mutation at the promotor site (c.1-14C>c/t), which suggests 
altered translation of at least some of the SMN2 copies, and a mutation in intron 1 
(c.81+45C>T) that created an ESE. 
 Although statistical analysis was underpowered, patients with a hybrid SMN1-
SMN2 gene (n=23) generally seem to have a milder clinical presentation compared to 
patients with the same SMA type and SMN2 copy number. Fifteen of 16 patients with 
SMA type 2 or 3 and a hybrid SMN1-SMN2 gene had no respiratory support at a mean 
age of 29 years (median 9; range 2-69), while 82% (24 out 130) of patients with SMA 
type 2 or 3 without a hybrid gene were in need of respiratory support at a mean age of 
19 years (median 14, range 2-61). Patients with a hybrid SMN1-SMN2 gene also had a 
lower frequency of scoliosis surgery (50% vs 70%) and tended to lose motor abilities 
at an older age when compared to patients with an identical SMN2 gene copy number 
and type of SMA. Two of 3 type 3b patients with a hybrid SMN1-SMN2 gene and 4 
SMN2 copies were still ambulant at the age of 45, while 40% of comparable patients 
without a hybrid gene had lost ambulant ability by that time. There was no effect on 
age at onset in patients with a hybrid SMN1-SMN2 gene.
 Despite the prognostic value of 1 or 2 SMN2 copy numbers in SMA type 1, the 
presence of a gene conversion or NAIP copy number status could not predict 
a milder (1c) or severe (1b) phenotype. A deleted, converted or duplicated NAIP 
copy (e.g. 0,1/2 or 3/4 copies) could be found in any SMA type and did not predict a 
specific phenotype. 

Family analysis
We included 24 families representing 54 siblings and first-degree relatives. Fourteen 
(60%) families included siblings or cousins with a discordant phenotype (e.g. siblings 
with SMA types 2a and 2b or siblings with SMA type 2b or 3a) while 90% and 100% 
of all 24 families had the same SMN2 and NAIP1 copy number, respectively (Figure 
2). Hybrid SMN1-SMN2 genes were present in 2 families; one consisted of two 
siblings both carrying the hybrid SMN1-SMN2  gene; in the other pair of siblings, 
the analysis of the hybrid gene was not possible in one of the siblings due to lack of 
material. We did not detect variants or mutations in the coding regions of the SMN2 
gene within families.

missense mutation in exon 7 (c.859G>C; G287A) described previously by Prior et al87, 
creating a new exonic splice enhancer with beneficial effects on SMN2 expression. 
In the patient with SMA type 3b there was a homozygous c.859G>C mutation, 
whereas the other two patients showed a heterozygous presence with two types of 
copies containing G or C nucleotides at c.859.

Table 6. Predictive value of SMN locus for clinical phenotypes

SMA type 1 SMA type 2 SMA type 3 SMA type 4

1a 1b 1c 2a 2b 3a 3b 4

A priori probability of phenotype71 50 30 17 3

SMN2 
status

1 100 (3) 0 0 0

100 (3) 0 0 0 0 0 0 0

2     88 (22) 8 (2) 4 (1)

0 84 (21) 4 (1) 4 (1) 4 (1) 4 (1)

859G>C not present 0 95 (21) 5 (1) 0 0 0 0 0

859G>C present 0 0 0 33 (1) 33 (1) 33 (1) 0 0

Hybrid SMN1-SMN2 33 (1) 33 (1) 1 (33)

NAIP 0* 77 (7) 11 (1) 11 (1)

3 0 18 (26) 64 (88) 18 (24) 0

0 0.5 (1) 18 (25) 38 (51) 26 (37) 14 (18) 4 (6) 0

Hybrid SMN1-SMN2 0 0 14 (2) 29 (4) 29 (4) 21 (3) 7 (1) 0

NAIP 0 0 0 0 2 (25) 4 (48) 1 (13) 1 (13) 0

NAIP 1 or 2 0 1 (1) 18 (21) 39 (47) 25 (30) 13 (16) 3 (4) 0

NAIP 3 or 4 0 0 0 100 (1) 0 0 0 0

4 or 5 0 2 (1) 9 (5) 78 (44)** 12 (6)

0 0 2 (1) 4 (2) 7 (3) 32 (18) 47(24)  12 (6)

Hybrid SMN1-SMN2 0 0 0 0 0 33 (2)  67 (4)  0

NAIP 0 0 0 0 0 0 0 0 0

NAIP 1 or 2 0 0 0 2 (2) 6 (3) 30 (14) 50(24) 12 (6)

NAIP 3 or 4 0 0 0 0 100 (2) 0 0 0
Legend Table 6. Percentage (number) of patients per SMN2 copy number with their SMA type.
Dark blue represents values of SMN2 copy number with a strong (≥75%), but not exclusive correlation with 
the SMA type. Light blue represents values of SMN2 copy number as predictive, but only in combination 
with additional tests (mutations or hybrid SMN1-SMN2) or clinical symptoms. Red represents the 
categories less likely to develop the SMA type as predicted by the copy number. * no patients present with 
1 or more NAIP copies; ** including 2 patients with 5 SMN2 copies

Four or five copies of SMN2 resulted in SMA type 3 or 4 in 90% of cases, with the 
other 10% having SMA type 2. One child carrying 4 SMN2 copies had a unexpected 
SMA type 1c phenotype with the ability to lift the head in prone position at the 
age of 6-8 weeks, but not to roll or sit; age at onset was 5.5 months; death occured 
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Clinical variation is most pronounced in patients with 3 SMN2 copies, ranging from 
SMA type 1c to type 3. SMN2 copy number variation does not, therefore, fully 
explain the clinical variation. The striking difference between the identical SMN1 
and SMN2 background in 90% of the siblings with discordant phenotypes underlines 
this. Specific mutations in SMN2 have been observed in some patients with SMN2 
copy numbers that were not fully compatible with their clinical phenotype.87,88,239,240 
Extensive, in-depth analysis of the SMN genes and adjacent genes has to the best 
of our knowledge not been performed before. 
 The 5q SMN locus has been strongly preserved, despite an evolutionary history 
of duplications, inversions and mutations.25,252 We found a low frequency of SMN2 
SNPs. Furthermore, trio analysis showed that genotypes were inherited from the 
parents in virtually all cases. 
 We identified 7 mutations in SMN2, only 4 of which had a predicted effect on 
gene function and possibly the clinical phenotype. All of these mutations appear to 
be SMN2-specific, i.e. none has been described in the SMN1 sequence.25,90,97,253 We 
found one mutation in the promotor region of the SMN2 gene in a patient with a clear 
discordance (SMA type 1 with 4 SMN2 copies) between genotype and phenotype. The 
promotor region of the SMN genes is very large and difficult to analyse functionally 
or sequentially in wild type samples since SMN1 and SMN2 sequences are identical 
in this region.240,252,254 We assume that this mutation abrogated function in 2 SMN2 
copies, which would explain the SMA type 1 phenotype in this particular patient. 
Currently, it is not known whether all SMN2 genes have a functional promotor. We 
think it is unlikely, however, that the absence of promotor sequences could explain 
all clinical variability in particular in the group of patients with 3 SMN2 copies. 
 The c.859G>C mutation has previously been found to be associated with milder 
phenotypes than the presence of 2 SMN2 copies would predict. This mutation 
has been described in a total of fourteen patients, including the 3 patients in this 
report.87,88 It alters an ESE and, therefore, probably interferes with splicing and 
transcription of the SMN2  gene.87 The presence of heterozygous mutations at 
c.859, as shown in our and the two previous studies, suggests that not all SMN2  
copies contain this SNP.87,88 We cannot exclude the possibility that the G>C change 
could have interfered with the sensitive MLPA technique that we and others used 
to assess SMN2  copy numbers and that this leads to a structural underestimation 
of SMN2  copy numbers.88 Although MLPA studies showed a good reproducibility 
and coefficient of variance,255 the variance in interpretation of discordant SMN2 
copies makes the comparability of SMN2 copy number analyses between different 
techniques low.255 This again indicates that the final SMN2 copy number may differ  
depending on detection method. 

Figure 2. Family trees of (dis)concordant families
Pedigree charts of 24 families with two or more children affected with SMA were included in this study. 
Colours of the pedigrees reflect SMA types 1b-4. The numbers inside the pedigree reflect SMN2 copy 
numbers. If the SMN2 copy status is not known, the patient is represented by ‘U’. One family included 3 
asymptomatic, SMN1-deleted siblings represented by ‘A’. SMN2 copy numbers were the same in siblings 
of 22 of 24 families. Clinical phenotype and highest motor skills differ between siblings in 60% of families.

DISCUSSION

We explored SMN2 and NAIP sequence variation as well as copy number and 
frequencies of hybrid SMN1-SMN2 genes in relation to SMA severity. The genetic 
variation of SMN2 sequences in this Dutch cohort of patients is relatively low 
compared to the clinical variability, but hybrid SMN genes and specific mutations 
may modify SMA severity. In-depth analysis of SMN2 may be useful in specific 
cases, in particular if there is a clear discrepancy between SMN2 copy number and 
clinical phenotype. 
 SMN2 copy number has a strong correlation with SMA severity in particular at the 
ends of the spectrum.5,30,71,86 Neonatal onset (SMA type 0) is always associated with 
1 SMN2 copy and the majority of children with SMA type 1 carry 2 SMN2 copies, 
whereas patients with late onset SMA invariably have 4 or more SMN2 copies. 
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Hybrid SMN1-SMN2 genes were present in patients with a relative mild disease 
course compared to patients with the same SMA type and SMN2 copy number. 
Although we observed a beneficial effect of the presence of hybrid SMN1-SMN2  
genes on the clinical phenotype, our study was underpowered for statistical analysis. 
The mechanism whereby the presence of the non-coding SMN1 exon 8 would 
improve SMN2 function is not known. Furthermore, the molecular architecture of 
hybrid SMN1-SMN2 genes may vary240, e.g. conversion of an exon with or without 
intronic sequences and this might have additional effects on the clinical phenotype. 
 The added value of detailed exonic (sequence) analysis of the SMN genes 
in predicting future phenotypes will probably decrease further with emerging 
therapies for SMA. However, genetic variation of SMN2 intronic sequences might 
affect efficacy of antisense oligonucleotide (ASO) therapy and small molecules 
that augment SMN2 function. Nusinersen is an ASO that interferes with the ISS-N1 
splice site in intron 7256 and is the first approved drug for all SMA types.118,119 Various 
small molecules that augment SMN2 gene function are currently tested in clinical 
trials, but their binding sites in SMN2 are as yet unknown.257,258 Our data suggest 
that variants in SMN2 are infrequently present and therefor interference with the 
targetsites of nusinersen or other small molecules is unlikely. 
 SMN2 copy number remains the most important modifier of SMA severity. The 
presence of hybrid genes is relatively frequent and is probably associated with a 
milder phenotype. Strategic exonic mutations in SMN2 are very rare. This implies 
that their severity modifying effects are relevant for individuals rather than groups 
and suggests other (epi)genetic or (post)transcriptional factors to be of far greater 
importance than previously thought. 
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INTRODUCTION

Proximal hereditary spinal muscular atrophy (SMA) is caused by homozygous 
deletion or mutation in the survival motor neuron (SMN) 1 gene.5 SMA has a 
striking spectrum of severity ranging from severe antenatal to mild adult onset 
motor deficits. This variation is reflected in the widely used classification system 
that distinguishes types 0-4, based on the age at onset and the acquisition of two 
acquired motor milestones (e.g. sitting and walking).29 
 SMN protein has multiple functions including mRNA and ubiquitin 
homeostasis62,102,155,259-261, axonal transport104,262 and endocytosis.105,106 Differences 
in SMA severity are primarily explained by variation in copy numbers of the backup 
SMN2 gene that determines residual SMN protein levels in cells. SMN2 point 
mutations, in particular c.859G>C87 and possibly epigenetic SMN2 alterations,238 
have been identified as additional severity modifying factors within the 5q locus. 
It is likely that there are additional modifiers of disease severity outside the SMN 
locus. Candidates include genes encoding proteins that interact with SMN in 
complexes or that have been shown to rescue SMN-dependent downstream cellular 
functions. Examples of proteins that can physically and functionally interact with 
SMN in motor neurons are fused in sarcolemma (FUS), TDP-43 and profilin 2 (PFN). 
Mutations in FUS that disrupt its axonal distribution patterns were found to be 
associated with lower motor neuron syndromes.263,264 TDP43 is a major constituent 
of pathological ubiquitinated protein aggregates in target tissues of patients with 
sporadic (lower) motor neuron disease.265-268 Profilin 2  (PFN2) is important for 
preservation of cytoskeletal integrity and neuritogenesis.236,237,269

 Plastin 3 (PLS3) probably does not directly interact with SMN but is an additional 
candidate since its overexpression was found in asymptomatic, homozygous 
SMN1-deleted  female relatives of patients with SMA type 3. In experimental 
models for SMN deficiency, PLS3 overexpression reversed defects in axonogenesis 
and endocytosis.89,105,270 
 The incidence and effect of mutations in these potential modifying genes 
in patients with SMA are unknown. Identification of these modifiers will help to 
dissect cellular processes and pathways that are affected by SMN deficiency and 
that could be targeted for treatment. 
 We investigated the presence of single nucleotide variants in PLS3, FUS, TDP-43 
and PFN2 in a cohort of 152 patients with SMA types 1-4 to explore their potential 
role as SMA severity modifying genes. We included 21 families, of which eleven 
with sibs who were discordant in severity. 

ABSTRACT

Objective Disease severity in SMA is partially explained by the SMN2 copy number. 
Identification of other genetic modifiers will help to dissect cellular processes 
and pathways that are affected by SMN deficiency and that could be targeted for 
treatment. 

Methods We performed a hypothesis-based search into the presence of single 
nucleotide variants in PLS3, FUS, TDP-43 and PFN2 in a cohort of 152 patients with 
SMA types 1-4. We included 21 families, including 44 siblings of eleven families who 
were discordant in clinical severity. Variants were detected with MiSeq analysis 
and confirmed with Sanger sequencing. Effects of the identified mutations were 
analyzed in silico. 

Results We identified 2 exonic mutations in FUS exon 5 and 6 in two unrelated 
patients, and 10 intronic mutations in PLS3 in a total of 26 patients. The clinical 
effects of the two mutations in FUS (p.R216C and p.S135N) were not evident. 
Five of the PLS3 mutations (1511+82T>C; 748+130G>A; 367+182C>T; 891-25TC 
(rs145269469); 1355+17A>G (rs150802596)) potentially alter exonic splice silencer 
(ESS) or exonic splice enhancer (ESE) sites. Three of these mutations were identified 
in 5 discordant families suggesting a beneficiary effect on clinical phenotype in 
some female carriers of the mutation in 4 families. No mutations were found in 
PNF2 or TDP43. 

Conclusion PLS3 and FUS sequence variants may modify SMA severity.
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300131; ENSG00000102024) using multiplexed targeted resequencing, carried 
out on a MiSeq high-throughput next-generation sequencing platform (Illumina). 
DesignStudio (Illumina) was used to create a Truseq Custum Amplican project for 
which Standard Truseq Custom Amplican Library preparation protocol was used. 
 Bar-coded, paired-end sequencing libraries with 2x250 base pair read length 
per amplicon were created using prepared Truseq Custom Amplicon Kit (Illumina). 
Sequence Analysis Viewer Software (Illumina) was used to monitor the quality of 
separate sequencing runs. Sequencing reads were mapped to the human genome 
reference build GRCh37 using Burrows Wheeler Aligner (BWA 6.1). Base calling 
accuracy, measured by the Phred quality score (Q score) was presumed to be 
‘good’ from a score of 30. The amplicons targeting coding, non-coding and 5’-‘3 
untranslated regions of the FUS, PFN2, TDP-43 and PLS3 covered 96% of the regions 
of interest with good quality (quality score >30). Subsequent depth of coverage, 
quality filters, variant calling and variant annotation were performed using 
SAMtools v0.1.19, GATKv3.2 and the 1000 Genomes project. GATK filter criteria 
were (“QD” < 2.0; “FS” >500; “MQ” <40.0; “HaplotypeScore” <300.0; MQRankSum” 
<-12.5 and “ReadPosRankSum” <-8.0). Filters were relatively tolerant, since we 
wanted to detect single exonic mutations and their adjacent intronic regions in 
individual subjects. 
 We performed Sanger sequencing to confirm the identified mutations in the 
selected SMA patients. Analysis of variants was also performed in controls, including 
patients with wild-type genotype and healthy controls. Primer pairs were designed 
to fit the flanking sequence of the addressed mutation or SNP using Primer3 software 
(Table S1) 271. PCR reactions were performed with HotstartTaq plus DNA polymerase 
(Qiagen, Alameda, CA, USA), 100ng genomic DNA (gDNA), 10 pmol of each primer 
and 250µM dNTPs (Roche, USA). Optimal annealing temperatures for each primer 
pair were determined by Tgradient on an iCycler PCR (Bio-Rad, Hercules, CA, USA). 
Amplicons were visualised on agarose gels, and sequenced in both directions using 
the ABI Prism BigDye Terminator Cycle Sequencing V3.1 kit (Applied Biosystems, 
Foster City, CA, USA) on an ABI Prism 3730 sequencer (Applied Biosystems, Foster 
City, CA, USA). Sequences were assembled to a consensus sequence and evaluated 
for the predicted SNPs using the DNA Baser sequence analysis software (DNA 
Sequence Assembler v4 (2013), Heracle BioSoft).

Statistical analysis
We analysed the effect of the newly detected missense mutations on protein 
structure or function with four prediction programmes: PolyPhen (http://genetics.
bwh.harvard.edu/pph2/), SIFT (ttp://sift.bii.a-star.edu.sg), Panther (http://www.
pantherdb.org) and/or Exac Browser (http://exac.broadinstitute.org). We evaluated 

METHODS

Patients
We enrolled patients with SMA types 1-4 between September 2010 and August 2014 
as part of a national study on SMA.117 Inclusion criteria were a genetically confirmed 
diagnosis of SMA. 
 We used age at onset and acquired motor milestones for SMA classification. We 
used the additional motor milestones of rolling and standing or walking with support 
to further distinguish mild SMA type 1 (type 1c) and type 2 (type 2b) as described 
recently.117 SMA type 1 was defined as onset of symptoms before the age of 6 months 
and not acquiring the ability to sit unsupported, although some patients (type 1c) 
acquired other motor skills, such as head control or rolling from supine to prone or 
at least to one side at some stage in life. Patients with type 1c had previously been 
reported as surviving into adulthood with or without respiratory support.37,86,114,117 
Patients with SMA type 2 showed first symptoms of disease between the ages of 6 
and 18 months and learned to sit or even stand (but not walk) independently for a 
brief period.117 Patients with the ability to sit unsupported as their highest acquired 
motor milestones were classified as SMA type 2a, whereas patients who learned to 
stand or walk with support, even for a brief period of time, were classified as SMA 
type 2b. Patients with SMA type 3 had a disease onset after the age of 18 months 
and learned to walk independently. We used the sub-classification of SMA type 3a 
(disease onset before the age of 3 years) and type 3b (disease onset after the age of 
3 years).3 SMA type 4 was defined by an onset after 30 years of age in ambulatory 
patients.3,29

 The Medical Ethical Committee of the University Medical Center Utrecht 
approved the study protocol. This study was registered at the Dutch registry for 
clinical studies and trials (http://www.ccmo-online.nl).

MLPA 
We used Multiplex Ligation-dependent Probe Amplification (MLPA) analysis to 
confirm the presence of homozygous deletions of exon 7 of the SMN1 gene and to 
determine SMN2 copy numbers. In case of a hemizygous SMN1 deletion we used 
Sanger sequencing to identify an additional point mutation in the second allele. 

Mutational analysis
We screened genomic DNA from all patients for mutations in Profilin-2 (PFN2; 
OMIM 176590; ENSG00000070087), Fused in Sarcolema -gene (FUS; OMIM 137070; 
ENSG00000089280), transactive response DNA binding protein 43 kDa –gene (also 
called TDP-43 or TARDP; OMIM 605078; ENSG00000120948) and Plastin 3 (OMIM 
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Figure 1. SMA types and SMN2 copy numbers in 21 families with more than one affected child 

with SMA
Pedigree charts of 21 families with two or more children affected with SMA included in this study. Colours of 
the pedigrees reflect SMA types 1-4 (green= type 1c; dark blue= type 2a; light blue= type 2b, red= type 3a; 
orange = type 3b; grey= type 4). The number inside the pedigree reflects SMN2 copy number. If the SMN2 
copy status is not known, the patient is represented by ‘U’.

Variation in exon sequences of FUS
We identified 2 different heterozygous missense sequence variants in FUS in two 
unrelated patients (Table 2). Patient A carries a mutation in FUS exon 6 (c.646C>T; 
p.R216C). She has a 0 SMN1 - 3 SMN2  genotype and developed first symptoms 
at the age 4 months, when she lost the ability to lift her head in prone position. 
She has never acquired the ability to roll over or sit without support. We classified 
her severity as SMA type 1c. At the time of inclusion she was 13 years old and still 
without respiratory support despite frequent episodes of pneumonia. The mutation 
in FUS exon 6 (c.646C>T; p.R216C) is predicted to be damaging (polyphen-2 score 
0.997; sensitivity 0.41; specificity 0.98) and has been reported previously in patients 
with familial ALS with a lower motor neuron phenotype 272-276 and patients with 
familial essential tremor.277 
 Patient B carries a mutation in FUS exon 5 (c.404G>A; p.S135N). She has a 
0 SMN1 - 3 SMN2 genotype and has SMA type 2. She started with non-invasive 
respiratory support at the age of 12 years. At time of inclusion she was 19.5 years 
old. Her elder brother, age 22.5 years old at time of inclusion, has a similar 0 
SMN1/3 SMN2 genotype but lacks the mutation in FUS. He also has SMA type 2 but 

variants in non-coding regions for disruption or creation of exonic splicing enhancer 
sites with Netgene2, Human Splice Finder (http://www.umd.be/HSF3/) and/or 
RegRNA (http://regrna2.mbc.nctu.edu.tw). We determined minor allele frequencies 
with the help of Exac Browser (http://exac.broadinstitute.org, Gnomad (http://
gnomad.broadinstitute.org) and ProjectMine Variant Browser (http://databrowser.
projectmine.com) databases.

RESULTS

Patients
Patient characteristics are summarized in Table 1. 
 All patients but one had homozygous deletions of at least exon 7 of SMN1. 
One patient had a hemizygous deletion of SMN1 and a point mutation in exon 4 
(c.542A>G), which created a new splice-donor site within exon 4 of SMN1 and an 
out-of-frame transcript (i.e. null allele). 
 Figure 1 shows details of the 21 families encompassing a total of 44 patients 
included in this study. Eleven families (52%), including 19 siblings and seven first-
degree cousins, showed discordant phenotypes (e.g. brother with SMA type 3a and 
sister with SMA type 2) despite similar SMN2 copy numbers in 21 of 23 patients 
(91%).

Table 1. Patient characteristics

SMA type 2 (n=68) SMA type 3 (n=55) SMA type 4 (n=4)

2a (n=38) 2b (n=30) 3a (n=27) 3b (n=28) 4 (n=4)

Gender F:M 20:18 20:10 15:12 11:17 3:1

Age inclusion in years median (range) 15.1
(1.5-42.3)

15.1
(2.0-66.7)

31.4
(2.4-65.7)

44.3
(18.5-77.5)

52.1
(41.9-68.8)

Age at onset in months median, (range) 8.3
(3.5-24.0)

12
(6.0-30.0)

18.0
(6.0-54.0)

102
(42.0-294.0)

483
(366-522)

SMN1 copy number status Homozygous deletion 38 30 26 28 4

Heterozygous deletion 0 0 1** 0 0

SMN2 copy number 2 1 1 1 0 0

3 35 26 16 4 0

4 2 3 10 22 4

5 0 0 0 2 0
Legend Table 1. ** Female patient with a heterozygous deletion of SMN1 and a point mutation in exon 4 
(c.542A>G)
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Figure 2. Reads of intronic variants of PLS3 
Results showing reverse reads of Sanger sequencing of genomic DNA. Heterozygous mutation in intron 
4-5 (367+182 C>T) in female patient (E1); no mutation in her brother’s sequence (E2) who has a more severe 
phenotype. Control with wild-type sequence is shown as well (control).

Nineteen non-related patients carried one of these five identified intronic point 
mutations in PLS3 affecting an ESE or ESS.  The presence of one of the PLS3 
mutations did not predict a milder phenotype (type 2b versus type 2a) in 10 female 
patients with SMA type 2 carrying 3 SMN2 copies (Fisher exact p=0.50).  Further 
analysis of the effect of these mutations on clinical severity in non-related patients 
was underpowered. 
 Three of five PLS3 mutations were identified in discordant 7 families, including 
13 siblings who were haploidentical for SMN genes. The presence of these intronic 
mutation(s) in the PLS3 gene (1511+82T>C; 748+130G>A; 367+182C>T) resulted in a 
milder phenotype in 4 female carriers compared to their 5 male relatives or female 
non-carriers (Table 3; families D, F, G and H). We could not show a beneficiary effect 
of the PLS3 mutations on clinical severity in 1 family (Table 3; family E). 
 None of 20 mutations identified in the ‘3 UTR or ‘5 UTR of TDP-43 or FUS and 
PLS3 were located in motifs affecting splicing. 

reached an additional motor milestone, i.e. standing with support, and does not 
need respiratory support at the age of 26 at last follow up. This FUS mutation has 
not been reported before and is predicted to have a benign effect on FUS protein 
structure or function (polyphen2 score 0.004; sensitivity 0.97, specificity 0.59). 

Variation in exon sequences of PFN2, PLS3 and TDP43
No exonic mutations could be confirmed in PFN, PLS3 or TDP43.

Variation in intron sequences
We identified 10 intronic mutations in PLS3 in a total of 26 patients (77% female). 
(Figure 2).
 Five of these mutations (1511+82T>C; 748+130G>A; 367+182C>T; 891-25TC 
(rs145269469); 1355+17A>G (rs150802596)) potentially affect exonic splice silencer 
(ESS) or exonic splice enhancer (ESE) sites. The 1511+82T>C mutation occurred in 
four patients, all carrying a second mutation in intron 3-4 (367+182C>T)(Table 3). 

Table 2. Characteristics of two non-related patients with confirmed exonic mutations in FUS

Gene Exon Mutation* Effect** MAF SMN2 Observed SMA type Expected SMA type***

FUS 6 c.646C>T
p.R216C

Possibly 
damaging

0.01 3 1c; onset at 4 months of 
age.  Highest acquired 
motor milestones: lifting 
head in prone position.

1c: according to age at 
onset combined with 3 
SMN2 copies

5 c.404G>A
p.S135N

Benign 0.04 3 2a; age at onset 4 months. 
Sit unsupported, never 
able to stand or walk with 
support. Non-invasive 
respiratory support at 12 
years.

2b; brother with 3SMN2 
and no FUS mutation 
has a 2b phenotype and 
no respiratory support 
needed at the age of 25 
years.

Legend Table 2. *=Both mutations were heterozygous; **= predicted possible impact of an amino acid 
substitution on the structure and function of a human protein by polyphen-2; ***= Expected SMA type 
based on SMN2 copy number and age at onset . MAF= mean allele frequency, given in %.
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The identification of mutations in FUS is particularly interesting, since mutations in 
FUS exons 5 and 6 have been reported previously in patients with lower motor neuron 
diseases.272-275,278,279 The R216C mutation was previously described in patients with 
sporadic ALS or with essential tremor, and the exon 6 region is known for its mutations 
with deleterious effects in ALS. The S135N mutation has not been described before 
and it seems unlikely that this mutation is damaging, although the functionality of 
this particular region of FUS is unknown.278,279 From the functional perspective, FUS 
and SMN proteins interact and are involved in RNA processing. Deleterious effects 
of FUS mutations, e.g. dysfunctional axonal growth and branching defects, can 
be attenuated by overexpression of SMN.263 The R216C mutation may negatively 
affect FUS expression or the interaction with SMN and thereby further reduce the 
functionality of the SMN-FUS complex.272 In this patient the SMN haplotype was in 
line with the clinical phenotype and there is therefore no indication that the R216C 
mutation had a negative impact on SMA severity due to a toxic gain of function by FUS 
or a loss of function of FUS -SMN complexes. However, partial penetrance has been 
shown by non-complete disease segregation in familial ALS276 and alternatively, the 
effect of this mutation may only become apparent later in life, since FUS mutations 
are associated with later onset lower motor neuron disease.  
 We could not confirm mutations in PFN2 in our cohort of patients. The SMN/PFN2a 
interaction has been confirmed by previous in vivo studies94 showing alternating levels 
of PFN2a and SMN to effect SMA phenotype in mice. Previous studies showed that 
minimal changes in protein levels of either SMN or PFN2 altered their interaction and 
the downstream RhoA/ROCK pathway and affected neuritogenesis. Although we did 
not find mutations in PFN2a, the fact that hemizygous deletions of SMN1 with point 
mutations in exon 5 containing the binding site for profilin64,65,90,280-282 results in an 
SMA phenotype, supports the importance of the SMN/PFN2a interaction. Secondly, 
mutations in other profilins (profilin-1) have been found in patients with familial and 
sporadic ALS,283 but because of variable penetrance of the mutations,283-285 it is as yet 
unclear if such mutations are a direct cause or a risk factor for the development of 
motor neuron disease.
 The intronic mutations in PLS3 that may alter splice sites and result in 
overexpression of PLS3 may modify clinical severity. The modifying effect of PLS3-
overexpression on SMA phenotype was first suggested by the finding of high 
PLS3 expression in a family with asymptomatic or mildly affected females with a 
homozygous SMN1 deletion.89,286,287 Studies in SMA mice and zebrafish supported the 
role of PLS3 overexpression as shown by the rescue of motor axon defects,270,288,289 
improvement of NMJ alterations105,270,288 and prolongation of survival.290 Later reports 
showed conflicting results, which may suggest that PLS3 acts as a modifier in specific 
families or genetic backgrounds.286,287,291,292 Our results may support a gender-specific, 

Table 3. Patient characteristics in discordant families with a confirmed intronic mutation in 

PLS3

Family Intron Mutation Effect MAF Observed SMA type Expected SMA type*

D 3-4 367+182C>T Creation of new ESE 0.04 D1: 3a; in need of wheelchair for 
longer distances after age of 7
D2: 3a; in need of wheelchair for 
longer distances after age of 4
D3: 2a

D1: 3a
D2: 3a; longer 
preservation of 
ambulation
D3: 3a

E 3-4 367+182C>T Creation of new ESE 0.04 E1: 2b
E2: 3a

No beneficially clinical 
effect of PLS3 in 
sister. Brother also has 
cerebral deficits with 
spasticity in both legs.

F 7-8 748+130G>A ESS broken 0.04 F1: 3b
F2: 3a

F1: 3a
F2: 3a

G 7-8 748+130G>A ESS broken 0.04 G1: 2b
G2: 1c

G1: 2b
G2: 2a or 2b

H 13-14 1511+82 T>C ESS broken, 0.03 H1: 3b; independent walking 
lost at 65 years, walking with 
aids still possible by the age of 
78 years
H2: 3b; walking lost by the age 
of 58 years

H1: 3a/b
H2: 3a/b; longer 
preservation of 
ambulation

Legend Table 3.*= Phenotype expected based on SMN2 copy number +/- combined with phenotypes in 
family members. MAF= minor allele frequency; ESS= exonic splice silencer; ESE = exonic splice enhancer. 
Legend family trees: green= SMA type 1c; blue= SMA type 2b; red= SMA type 3a; orange= SMA type 3b; 
Square= male; Circle= female; ‘+’ = mutation present; ‘-‘ = mutation not present

DISCUSSION

We performed a mutational analysis of candidate disease modifying genes PLS3, 
TDP-43, PFN2 and FUS to explore their contribution to variability in severity of 
SMA. Although the frequency of sequence variants is low, we found exonic variants 
in FUS and intronic variants in PLS3 that may be of interest. 
 This is supported by the fact that we observed some of this genetic variation 
in siblings who had different SMA types or differences in acquired milestones and 
disease course. We found no mutations in TDP-43 or PFN2 with a potential effect on 
splicing or protein structure based on bioinformatics. 
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RegRNA, http://regrna2.mbc.nctu.edu.tw; SAM tools, http://samtools.sourceforge.net; SIFT, http://sift.

bii.a-star.edu.sg
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Table S1 Primer characteristics.

Gene/type SNP location Primer (5’-3’) FL bp TA °C

Fus exon5 Chr16: 31195598 G/A TGTAATTGGGGTAGGGGAGC 334 59

    TGGGCTGCAGACAAAGCT    

Fus exon6 Chr16: 31196382 C/T ACCTTTTCAAACCTTTTAGTGCT 387 59

    GGCTTCAGGGAGATTCATGC    

Fus 5’-UTR Chr16: 31191482 A/G CTTGTTTCCCTTCTGCCTGC 322 59

    CGGTCCCACTGAAAACGAAA    

PFN2 exon1 Chr03: 149688513 G/T CTCGGCCCTCAGTGTTCC 208 59

    GGATAACCTGATGTGCGATGG    

PFN2 intron Chr03: 149684100 G/A, 149684117 
A/C

GGCTGCTTACACATCAGACC 343 59

    GACTCTGGGTTCTAGCTGCT    

PFN2 5’-UTR Chr03: 149688695 G/C, 149688704 
G/T, 149688734 A/C

CGTATTTGGCGTCGCAGTAG 712  

    CAGCGAACACAGGAGAAAAG    

PFN2 3’-UTR Chr03: 149683243  G/C, 149683382  
C/T, 149683496  A/G

CCATAATGGCAGCCTTTTACAA 430 57

    TCCTTTTGTAGCGCATGGTT    

PLS3 5’-UTR ChrX: 114884247 T/A CCTCCTAGAATGCTGCCCTT 256 59

    CTGCACAGCCAGTTACTTCG    

  ChrX: 114884688 C/G, 114884986 
A/G

GCATCTTCCCTCTCATACCCA 537 63

    AGTACCTCTAATTCAGCTCCCA    

positive effect of intronic PLS3 mutations. In 4 out of 5 discordant families, females 
had a milder SMA phenotype compared to their male relatives. However, this positive 
effect was not universal, since one family included a girl carrying the PLS3 mutation 
but nevertheless had a more severe phenotype compared to her bother. At this 
stage our results seem to support the notion as put forward by Oprea et al., that 
PLS3 might be a sporadic, positive genetic modifier in specific families.89 One of 
the challenges other study groups faced in PLS3 analyses is the low expression in 
blood and lymfoblasts,291,292 which might have resulted in an underestimation of 
the results of the effects of PLS overexpression. To the best of our knowledge, 
mutational analysis of PLS3 including its introns, has not been performed in SMA 
patients before. Intronic and exonic mutations have so far only been described in 
X-linked early onset osteoporosis. In this disease, impaired bone development is 
explained by a defective actin bundling function of PLS3.293-295

 One of the limitations of our study is the focus on pre-specified genes and the 
fact that no functional studies were performed to analyze the effect of the identified 
mutations on downstream effects. We used MiSeq analysis as first screen for 
mutations and with this method it is possible to have missed individual mutational 
changes not detected by the designed amplicons. Whole genome sequencing (WGS) 
could be another way to intensify the search for disease-wide genetic predictors, 
but the identification of predictors for the individual patient or relatively small 
patients cohorts in SMA is still challenging due to the ineviTable data selection 
process during WGS or other high-throughput sequencing. The identification and 
registration of the present (dis)cordant families with multiple affected siblings or 
first- or second-degree relatives is essential in the identification of possible disease 
severity modifiers, especially now that such families will disappear due to the 
introduction of pre-implantation selection or prenatal screening. 
 Although SMA is a monogenetic disease caused by the deletion of the SMN1-
gene, clinical variability within SMA is the result of a puzzling combination of SMN2 
copy number and other (epi)genetic alterations in modifying genes. Mutations 
in FUS might have a negative effect on disease course in SMA, with PLS3 having 
specific beneficial effects in female carriers in certain families. 

Web Sources 
1000 Genomes project, http://browser.1000genomes.org; DNA Baser, www.DnaBaser.com

Exac, http://exac.broadinstitute.org; GATK, http://www.broadinstitute.org/gatk; Gnomad, http://gnomad.

broadinstitute.org; Human Splice Finder, http://www.umd.be/HSF3/; Illumina DesignStudio, http://www.

illumina.com/designstudio; OMIM, http://www.omim.org; Panther, http://www.pantherdb.org: PolyPhen, 

http://genetics.bwh.harvard.edu/pph2/; ProjectMine Variant Browser, http://databrowser.projectmine.

com; Netgene2, http://www.cbs.dtu.dk/services/NetGene2/ 
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PLS3 intron ChrX: 114880523 C/T, 114880673 
A/G, 114880937 T/C

AAGTCAAGTCCCAGCTTCCT 718 63

    AGTTCTGCTGCCTAACTTGC    

  ChrX: 114856903 C/T CCTCGTCTAGTGGGATGTTATAG 298 61

    TTCACCACGGGAGAGAGAAC    

  ChrX: 114863725 T/A CAGCGAAGGAACACAGCATT 394 59

    CTTGGATGCAACACAGTGGT    

  ChrX: 114869488 G/A GATCGGTTTGTTCGCTGACA 385 59

    GTGCAAAATGGTGGAGCTGA    

  ChrX: 114871123 T/C GAAATGTGAAGAATAACAGAGAAAAG 382 51,5

    TCTTTCAACAGTTACCTTGATGTC    

  ChrX: 114827827 C/T AACTTTTCTCTGTAAATGCTGCA 310 59

    TCTCAAAGTTAGAGCCTGTCAA    

TDP-43 intron Chr01: 11079077 A/G ACGATGGTGTGACTGCAAAC 434 63

    TGGCAAAGATGATGATGTTCCA    

TDP-43 5’-UTR Chr01: 11072691 G/A, 11072687 G/T, 
11072885 C/T

TCAGCTTTTCAGGCCTAGGT 451 61

    TGCCAGGACCTAACGACG    

TDP-43 3’-UTR Chr01: 11082919 G/A ,  11083719 T/G TGGTTGGTATAGAATGGTGGGA 1160 65

    GCCCATCAGCTTCAGTTCAC    

    GGTTTCCGTTTTGAACATGCA    

    GCAGAGACTTGGTGGTGCAT    

  Chr01: 11083407 C/T, 11083425 G/A, 
11083595 T/C

CTGGCTGGGGAATGTAGACA 1022 65

    GTCTTCCAACAGATGTGGATGT    

    TCTCTGCAGTTCATCTCATTTCA    

  Chr01: 11084333  A/T TGACCCTTTTGAGATGGAACTT 369 63

    CAACATTTTGCCCACTCCCC    

Table S1. Continued
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INTRODUCTION

Hereditary proximal spinal muscular atrophy (SMA) is caused by survival motor 
neuron (SMN) protein deficiency due to homozygous deletion of the SMN1 gene.5 
A second semi-homologous SMN gene (SMN2) contains a crucial single nucleotide 
substitution that alters mRNA splicing, resulting in the absence of exon 7 in the 
large majority of SMN2 mRNA transcript.5,84 Copy number variation of SMN2 is the 
most important modifier of disease severity.296

 SMN protein is ubiquitously expressed and has generic functions as part of a 
number of protein complexes in addition to tissue-specific functions, including 
mRNA processing and splicing,99-101 axonal transport103,104 and ubiquitination 
homeostasis.62,102 Quantification of SMN protein and mRNA levels may be useful as a 
biomarker for SMA severity and to monitor the response to experimental strategies 
designed to increase SMN protein133,142,297,298 and changes in SMN expression have 
already been used to study the potential of SMN-inducing drugs as a treatment for 
SMA.142,298-303

 Various methods have been developed to (semi-) quantify SMN protein and mRNA 
levels. Southern and western blotting,112,304-309 imaging-flow cytometry310,311 and 
simple-cell-immuno-assays 108,312 were used in studies to investigate SMN levels in 
lymphoblasts, peripheral blood mononuclear cells (PBMCs) and fibroblasts in small 
cohorts of SMA patients. qPCR112,313,314 and ELISA112,133,299,302,315-317 have shown their 
applicability in larger studies with patients participating in randomized controlled 
trials with SMN inducing therapies such as valproic acid and salbutamol.142,299,303 
Recently, electrochemiluminescence-based immunoassay (ECLIA or ECL) was 
introduced for measurements of SMN levels in small amounts of whole blood.314,318,319

 Reduced SMN levels have been found in a large variety of tissues in SMA mouse 
models, including muscle,315,320 myotubes,321 brain,46,315,320 astrocytes,322 spinal 
cord,46,315,318,320 Schwann cells,323 skin315 and liver. 315 In humans, similar findings 
have been reported in a smaller number of tissues that include brain,324 muscle,324 
whole blood,314,318 PBMCs,108,112,133,299,302,315,316 fibroblasts,108,304,309 and buccal cells.318,319 
SMN protein levels have also been investigated in body fluids, most notably in 
cerebrospinal fluid as an exploratory biomarker in a phase 1 study of intrathecal 
administration of antisense oligonucleotides,119 but also in urine, plasma and 
saliva.315,318,319 However, the extent to which tissues differ in SMN mRNA and protein 
concentrations in humans is still largely unknown.173

 A second unaddressed issue is how aging affects SMN levels. Possible 
agedependent changes in levels of SMN have been reported in SMA mice.315 
Previous patient studies have included far more children than adults with SMA and 
this limitation in age range has precluded a definite conclusion regarding the effect 

ABSTRACT

Background Clinical trials to test safety and efficacy of drugs for patients with 
spinal muscular atrophy (SMA) are currently underway. Biomarkers that document 
treatment-induced effects are needed because disease progression in childhood 
forms of SMA is slow and clinical outcome measures may lack sensitivity to detect 
meaningful changes in motor function in the period of 1-2 years of follow-up during 
randomized clinical trials.  

Objective To determine and compare SMN protein and mRNA levels in two cell 
types (i.e. PBMCs and skin-derived fibroblasts) from patients with SMA types 1-4 and 
healthy controls in relation to clinical characteristics and SMN2 copy numbers. 

Materials and methods We determined SMN1, SMN2-full length (SMN2-FL), 
SMN2-delta7 (SMN2-Δ7), GAPDH and 18S mRNA levels and SMN protein levels in 
blood and fibroblasts from a total of 150 patients with SMA and 293 healthy controls 
using qPCR and ELISA. We analyzed the association with clinical characteristics 
including disease severity and duration, and SMN2 copy number. 

Results SMN protein levels in PBMCs and fibroblasts were higher in controls than 
in patients with SMA (p<0.01). Stratification for SMA type did not show differences 
in SMN protein (p>0.1) or mRNA levels (p>0.05) in either cell type. SMN2 copy 
number was associated with SMN protein levels in fibroblasts (p=0.01), but not in 
PBMCs (p=0.06). Protein levels in PBMCs declined with age in patients (p<0.01) and 
controls (p<0.01)(power 1-beta =0.7). Ratios of SMN2-Δ7/SMN2-FL showed a broad 
range, primarily explained by the variation in SMN2-Δ7 levels, even in patients with 
a comparable SMN2 copy number. Levels of SMN2 mRNA did not correlate with 
SMN2 copy number, SMA type or age in blood (p=0.7) or fibroblasts (p=0.09). Paired 
analysis between blood and fibroblasts did not show a correlation between the two 
different tissues with respect to the SMN protein or mRNA levels. 

Conclusions SMN protein levels differ considerably between tissues and activity is 
age dependent in patients and controls. SMN protein levels in fibroblasts correlate 
with SMN2 copy number and have potential as a biomarker for disease severity. 
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PBMCs
Peripheral blood mononuclear cells (PBMCs) were isolated from 5-10 ml Lithium-
Heparin-blood samples using Lymfoprep (Axis Shield PoC AS, Oslo, Norway) 
and complete Lysis-M EDTA-free buffer (Roche Diagnostics GmbH, Mannheim 
Germany). Isolation was performed within 4 hours of sample collection. PBMC 
counts from samples ranged from 1.26x107 to 3.3x107 cells. 
 We tested three protein extraction buffers using PBMCs that were pelleted and 
re-suspended in 100 mL of each buffer. Comparison between Complete Lysis-M 
EDTA-free buffer, RIPA buffer and ENZO lysis buffer showed comparable inter-well 
variability (Complete Lysis-M EDTA-free buffer: mean 6.0% CV; RIPA buffer: 5.5% 
CV; ENZO lysis buffer mean 5.9% CV). Mean inter-plate variability was 35% (range 
8.7-90%). We used Complete Lysis-M EDTA-free buffer (Roche Diagnostics GmbH, 
Mannheim Germany) for all samples. Lysates were stored at -80°C in aliquots of 
100-200 ml.
 
Fibroblasts 
Patient-derived fibroblasts were generated from explants of 3 mm dermal biopsies. 
After 1-2 weeks, fibroblast outgrowths from the explants were passaged with 
trypsin and frozen. Fibroblasts were cultured in standard fibroblast medium 
(Dulbecco’s modified eagle medium containing 10% fetal bovine serum and 0.5% 
penicillin and streptomycin), and lysed with Complete Lysis-M EDTA-free buffer 
(Roche Diagnostics GmbH, Mannheim Germany). Lysates were stored at -80°C.

Measurements of SMN protein concentrations
We determined total soluble protein concentrations of the samples in triplo using 
protein assay with Bicinchoninic Acid (BCA) (#23227, Pierce BCA Protein Assay Kit; 
Thermo Scientific, Rockford, IL) and generated standard curves using dilutions (0.1-
3.0 mg/ml) of bovine serum albumin (BSA) (A7906-500G, Sigma Alderich Chemie, 
Steinheim, Germany). 
 We normalized samples to 1 gram total soluble protein from BCA-analysis. SMN 
protein levels in PBMCs and fibroblasts were quantified using the standardized 
SMN ELISA (2012, #ADI-900-209, Enzo Life Sciences, Farmingdale, NY)315,316 and 
expressed as nanogram per 1 gram of total protein.

Quantitative polymerase chain reaction of SMN transcripts
We used PAXgene blood RNA tubes (BD Biosciences, San Jose, CA, USA) for 
storage and stabilization of RNA from peripheral blood. RNeasy Mini Kit (Qiagen, 
Dusseldorf, Germany) was used to extract RNA from blood and fibroblasts. 

of age on SMN levels.112,133,142,298-302 We therefore determined SMN protein and mRNA 
levels in blood and skin-derived fibroblasts from a large cohort of children and adults 
with SMA and matched healthy controls using ELISA and qPCR methodology. 

MATERIALS AND METHODS

Study population
We performed a cross-sectional, single visit, single-center, nationwide study on SMA 
in The Netherlands. Inclusion criteria were a genetically confirmed diagnosis of SMA 
according to the diagnostic criteria defined by the SMA Consortium, i.e. a homozygous 
deletion of the SMN1 gene, or a hemizygous deletion with an additional pathogenic 
point mutation in the second SMN1 allele.3,5,21 We used age at onset and acquired 
motor milestones to define SMA types 1-4 as described previously.3,22,29 Patients with 
SMA type 1 had an onset of muscle weakness before the age of 6 months and were 
never able to sit independently. Patients with SMA type 2 had an onset between the 
age of 6 and 18 months and learned to sit but not to walk independently. Patients with 
SMA type 3 had an onset after the age of 18 months, learned to walk independently 
at some stage in life. Onset in patients with SMA type 4 occurred after the age of 
30. In case of discrepancy between age at onset and reached motor milestones, the 
latter determined the final diagnosis. We included 6 adult patients with onset before 
6 months of age and who survived infancy but never learned to sit independently. 
This unusual SMA type 1 phenotype (‘type 1c’) has been reported before.37,86,114,200 
Disease duration was calculated as time between the age of first symptoms and date 
of enrolment. The healthy control group consisted of 293 children and adults without 
neurological disease or a current infection. 
 We used Medical Research Council (MRC) sum scores of 38 individual muscle 
groups to document muscle strength. Each muscle was given a score ranging from 
1 to 5 (MRC sum score range 38-190). The Hammersmith Functional Motor Scale 
Expanded (HFMSE) was used to document motor function. 184 
 The Medical Ethical Committee of the University Medical Center Utrecht 
approved the study protocol (protocol number 09-307) and all participants and/or 
legal representatives gave written informed consent.

SMN copy number analysis
We determined the total number of SMN1 and SMN2 gene copies in patients by 
Multiplex Ligation-dependent Probe Amplification (MLPA) analysis using SALSA 
MLPA kits P021-A2 and P060-B2, according to the manufacturer’s protocol (www.
mrcholland.com). 



149148

SMN protein and mRNA in blood and fibroblasts

7

controls was performed using Kruskal-Wallis (KW) test or Chi-square analysis. 
Multivariate analysis was performed with linear regression including bootstrapping 
analysis. P-values ≤0.05 were considered significant.
 We used SPSS (IBM SPSS Statistics version 19, Inc., Chicago, IL) for statistical 
analysis. 

RESULTS

Clinical characteristics
We included 150 patients with SMA types 1-4 and 293 healthy controls. Clinical 
characteristics are summarized in Table 1 and 2. SMN2 copy numbers correlated 
with SMA type (Chi2 p<0.001). Age and disease duration differed between SMA 
types, and SMN2 copy numbers (KW p<0.01). Three patients used a sTable dose of 
valproate at the time of this study. One patient had discontinued use of valproate 
more than one year before inclusion. None of the other patients were on other 
potentially SMN-inducing therapies (e.g. salbutamol).

Table 1. Baseline characteristics of patients in PBMC study

SMA type 1a

(n=18)
SMA type 2

(n=60)
SMA type 3ab

(n=26)
SMA type 3b

(n=26)
SMA type 4

(n=5)
Controls
(n= 229)

Gender (n) (F:M) 7:11 36:24 15:11 11:15 4:1 115:114

Mean age at inclusion in years 
(range)

10.6 (0.3-49.7) 19.6 (1-66.7) 36.8 (2.4-65.7) 38.8 (14-75) 51.2 (41-68.8) 32.7
(0.3-86)

Mean disease duration in years 
(range)

11.1 (0.1-48.4) 18.2 (0.3-64.8) 33.6 (1.2-62.2) 29.5 (2-71.4) 14.3 (7.5-24.2) NA

Mean HFMSE (range) 0 (0-1) 8 (0-35) 17 (0-44) 36 (4-66) 48 (43-53) ND

Mean MRC sum score (range) 51 (34-62) 89 (43-140) 104 (56-160) 146 (100-167) 147 (121-162) ND

SMN2 copy number 
(n)

2 4 3 0 0 0 ND

3 13 52 14 3 0 ND

4 1 5 10 21 4 ND

5 0 0 0 2 0 ND

Legend Table 1. PBMC= Peripheral blood mononuclear cell; F=female; M= male; SMN= survival motor 
neuron; HFMSE: Hammersmith Functional Motor Scale Expanded; MRC= Medical Research Council; 
ND= not determined; NA= not applicable. a= Six patients with SMA type 1 had survived infancy at time of 
inclusion. b= One patient had a heterozygous SMN1 deletion and a pathogenic point mutation in exon 4.

RNA concentration was determined by absorbance determination and quality 
was assessed by nanodrop analysis (absorbance of 230, 260 and 280nm). A ratio 
(260/280) of ±2.0 was accepted as pure. Quality and integrity control of PAXgene 
samples was performed with an Agilent 2100 bioanalyzer and 90% of samples met 
the quality criterion of RNA Integrity Number >7 (mean 8.1, median 8.2, range 4.4-
9.2). We used Taqman Gold RT-PCR kit (Applied Biosystems, No.N808-0232) for the 
reverse transcription of 500 ng RNA to cDNA. 
 We used 2 control primer sets (glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and 18S), and three SMN-primer sets on each sample. External standard 
constructs and primers for SMN1-FL, SMN2-FL, SMN2-Δ7, GAPDH and 18S were 
designed as reported previously.313 GAPDH and 18S genes were both used for 
analysis (median intra-sample variation 0.8 and 1.1% respectively (range 0.1-3.3)) by 
means of the geometric mean of the two genes.325 Standard curves were determined 
with Avogadro’s number. The real-time Taqman PCR reactions were carried out in 1x 
Taqman universal PCR mastermix (Applied Biosystems, P/N 4326708), 1x Primer-
Probe mix (Applied Biosystems), with an input of 10 ng cDNA. qPCR was carried out 
as described previously.313 Analysis was performed on Sequence Detection System 
v2.3 (Applied Biosystems). All samples were normalized against 105 molecules of the 
reference genes. Outliers in all expression sets per patient were excluded when they 
failed the Grubb’s test or deviated by >1SD from the sample mean.  
 Calculated ratios between transcripts of SMN2-FL and SMN2-Δ7 (SMN2-Δ7/SMN2-
FL) were used to analyze the dose-effect of the SMN2 gene copy number variation. 

Sample size and statistics
A sample size of 324 (allocation 1:2) was needed to reach 90% power to detect a 
difference in means between SMA patients and controls in SMN protein levels in 
PBMCs, using a two-group independent t-test with a 0.05 two-sided significance 
level based upon results from Crawford et al.112 Post-hoc power analysis of 135 
PBMC samples and their correlation with SMN2 copy number, age and SMA type 
showed a power of 80% using a two-sided ANOVA (alpha 0.01; partial etha2 0.15). 
Post-hoc power analysis of 87 fibroblast samples and their correlation with SMN2 
copy number, age and SMA type showed a power of 87% using a two-sided ANOVA 
(alpha 0.01; partial etha2 0.43).
 Normality was tested with Kolmorogov-Smirnov and Shapiro-Wilk tests. Mean, 
medians and SD for continuous variables and proportions for categorical variables 
were calculated. Correlation matrixes were analyzed using the Spearman’s rho. 
Univariate and multivariate tests including dichotomous data were performed 
using logistic regression. Multivariate analyses were checked and corrected for 
co-linearity. Comparison of data between SMA types and between patients and 
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was a trend towards differences in SMN concentrations in PBMCs after stratification 
for SMN2 copy number (KW p=0.06). Higher SMN2 copy number was associated 
with higher levels of SMN protein in fibroblasts (KW p=0.01) (Figure 1). SMN protein 
levels did not differ between SMA types (PBMCs KW p=0.18; fibroblasts KW p=0.34).

Table 3. Levels of SMN protein in PBMCs and fibroblasts

PBMCs Fibroblasts

SMA 
(n=135)

Controls
(n=229)

SMA 
(n=40)

Controls
(n=47)

SMN protein levels* Mean ±SD  
(range)

3.7 ± 2.4 
(0.4-13.2)

5.3 ± 3.6
 (0.3-18.3)

8.8 ± 4.3 
(2.5-22.1)

13.4 ± 5.6 
(2.4-25.8)

Legend Table 3. PBMCs= Peripheral blood mononuclear cells; ND= not determined
*= nanogram per 1 gram total protein

SMA severity reflected by HFMSE score and MRC sum scores did not correlate with 
SMN protein levels in PBMCs (Spearman’s rho p=0.15 and p=0.6 respectively), but did 
correlate with SMN protein levels in fibroblasts (Spearman’s rho p=0.004 and p=0.04).
 Disease duration and age at time of inclusion correlated inversely with SMN 
levels in PBMCs (both Spearman’s rho -0.31, p<0.01) (Figure 2A). This correlation 
between age as well as disease duration, and SMN levels was present in patients 
and controls (both p<0.01) and persisted when SMA types 2 or 3 were analyzed 
separately (type 1 Spearman’s rho 0.2, p=0.4; type 2 Spearman’s rho -0.3, p<0.05; 
type 3 Spearman’s rho -0.4 p<0.01) (Figure 2A). There was no correlation of SMN 
levels and age at time of inclusion in fibroblasts (p=0.43) (Figure 2B). 

Table 2. Baseline characteristics of patients in fibroblast study

SMA type 1a

(n=5)
SMA type 2

(n=19)
SMA type 3ab

(n=10)
SMA type 3b/4

(n=6)
Controls
(n= 47)

Gender (n) (F:M) 3:2 11:8 7:3 1:5 26:21

Mean age at inclusion in years 
(range)

15.3 
(0.4-42.2)

20.1 
(1-66.7)

34.6 
(6-61.9)

39.1 
(14-54.7)

56.1 
(25-77)

Mean disease duration in years 
(range)

17.5 
(0.3-41.2)

19.8 
(2.6-64.8)

28.9 
(4.4-60)

26.1 
(2-39.4)

NA

Mean HFMSE (range) 0 (0) 8 (0-23) 19 (0-45) 43 (14-64) ND

Mean MRC sum score (range) 37 
(34-40)

94 
(52-121)

123 
(59-160)

151 
(141-163)

ND

SMN2 copy number (n) 2 2 0 0 0 ND

3 4 17 3 0 ND

4 0 2 5 5 ND

5 0 0 0 1 ND
Legend Table 2. F=female; M= male; SMN= survival motor neuron; HFMSE: Hammersmith Functional 
Motor Scale Expanded; MRC= Medical Research Council; ND= not determined; NA= not applicable. a= Three 
patients with SMA type 1 had survived infancy at time of inclusion. b= One patient had a heterozygous 
SMN1 deletion and a pathogenic point mutation in exon 4

Sample reproducibility
SMN protein levels in PBMCs and fibroblasts showed sample variability, similar to 
previous reports. 112,315 Measurements of total protein used for normalization showed 
an inter-well variation of 4.2% (range 0-19%) and inter-plate variation of 3.2% (range 
0.2-8.7%) with a mean day-by-day variation of 7.3% (range 0.7-21.5%). Analyses of 
inter-well coefficients of variance (CV) ranged from 0.2-26% (mean 5.3%) for SMN 
protein normalized for total protein levels. Mean inter-plate variability was 10% 
(range 0.5-100%; median 6.2%). After one extra freeze-thaw cycle, CV ranged from 
1-60% within protein samples and CV between plates increased to 40%. Analyses 
were therefore only performed once after storage, without any extra freeze-thaw 
episodes to prevent protein changes due to freeze-thaw effects. Overall time in 
storage at -80°C varied per protein sample (median= 4 months; range 0-33 months). 
 CV of mRNA expression levels was good (<5%). Mean inter-well variability in 
expression levels of SMN1, SMN2-FL, and SMN2-Δ7 was 1.1%, 1.2%, and 0.8% 
respectively in blood and 1.2%, 0.7%, and 0.6% in fibroblast samples. Mean inter-
plate variability was 2.1%, 3.0%, and 2.5% respectively for SMN1, SMN2-FL, and 
SMN2-Δ7 in both cell types (range 1.6-4.4%). 

SMN protein analysis
Mean SMN protein levels were higher in controls compared to SMA patients in 
PBMCs and in fibroblasts (both log regression p<0.01) (Figure 1 and Table 3). There 

Figure 1. SMN protein levels 

in PBMCs and fibroblasts from 

patients and controls and effect of 

SMN2 copy numbers.
Mean SMN protein levels are higher in 
controls compared to patients. SMN 
protein levels in PBMCs did not differ 
significantly between patients with 2, 
3, 4 or 5 SMN2 copies (p=0.06). Higher 
SMN2 copy number is associated 
with higher levels of SMN protein in 
fibroblasts (p= 0.01). Boxplot elements 
represent: median (line in the middle), 
1st en 3rd quartile (bottom and top of the 
box), highest case with 1.5 time inter-
quartile range (bottom and top whisker) 
and outliers (dots).



153152

SMN protein and mRNA in blood and fibroblasts

7

Paired analysis of SMN levels was possible using PBMCs and fibroblasts from 33 
patients with SMA. SMN protein concentrations were higher in fibroblasts than 
PBMCs (log regression p<0.01). Protein levels in PBMCs and fibroblasts did not 
correlate (Spearman’s rho p=0.7). 

mRNA expression analysis
Two blood samples from patients with SMA were excluded from analysis due to low 
quality of RNA (RIN<4), and 8 were excluded because of undetecTable mRNA levels 
of GAPDH and/or 18S. 
 SMN1 mRNA could be detected at low levels in blood and fibroblasts from the 
one patient with a heterozygous deletion of SMN1 and an additional point mutation 
in the second allele, but was absent in all other patients (Figure 3). 

Table 4. Levels of SMN mRNA in blood and fibroblasts from patients with SMA

Blood Fibroblasts

SMN1* Mean ±SD (range) 0.4 ± 4.3 (0-20) 1.1 ± 6.5 (0-29)

SMN2-Δ7* Mean ±SD (range) 1666 ± 1000 (198-6525) 1745 ± 688 (646-3332)

SMN2-FL* Mean ±SD (range) 219 ± 158 (22-1230) 231 ± 78 (104-1445)

Legend Table 4. ND= not determined. *= Levels presented as molecules per 1 nanogram RNA referenced 
against the geometric mean of 18S and GAPDH

Expression levels of SMN2-FL and SMN2-Δ7 in blood correlated with each other 
(Spearman’s rho 0.95, p<0.001). There was no effect of gender on expression of 
SMN2-FL or SMN2-Δ7 (p=0.3). Levels of SMN2-FL and SMN2-Δ7 did not show a 
correlation with age at time of inclusion (Figure 4A), SMA type or SMN2 copy number 
(Figure 5A) in blood (age p=0.35; SMA type KW p=0.7; SMN2 copy number KW 
p=0.3). Ratios of SMN2-Δ7/SMN2-FL ranged from 4.6 up to 12.5, mostly explained 
by variation in SMN2-Δ7 transcript levels. Disease severity, reflected by clinical 
scores (MRC sum score and HFMSE), did not correlate with mRNA expression levels 
of SMN2-FL or SMN2-Δ7 (p=0.5 and p=0.7, respectively). 
 Levels of SMN2-FL and SMN2-Δ7 could be analyzed in fibroblasts from 35 
subjects with SMA (Table 4). Levels of SMN2-FL correlated with levels of SMN2-Δ7 
(Spearman’s rho 0.74, p<0.001). Ratios of SMN2-Δ7/SMN2-FL ranged from 4.6 to 
11. We did not find associations between any of the transcript levels and age (p>0.2; 
Figure 4B), disease duration (p=0.4), SMA type (KW p=0.2), or disease severity 
reflected by current HFMSE and MRC sum score (p=0.8 and p=0.3). Levels of SMN2-
FL and SMN2-Δ7 were higher in patients with 4 SMN2 copies compared to 2 or 3 
copies, but this was not significant (log regression p=0.09) (Figure 5B).

Figure 2. SMN protein levels in relation to age
(A) Levels of SMN protein in PBMCs decline with age (p<0.01) in patients and controls (Spearman rho 
correlation coefficient: patients -0.31; controls -0.21). (B) No correlation between age and SMN protein 
levels in fibroblasts in patients or controls (p=0.43). 

0.1

Figure 3. mRNA levels of SMN and reference genes
Analysis of mRNA was performed in blood and fibroblasts from patients with SMA. Boxplots represent mRNA 
levels of SMN1, SMN2-FL and SMN2-Δ7 normalized by the geometric mean of the two reference genes 
(GAPDH and 18S). The reference gene plot (white bar) represents the geometric mean (GM) of GAPDH (light 
grey bar) and 18S (dark grey bar). For reasons of clarity, individual levels of GAPDH and 18S are presented as 
well. Levels of SMN2-FL and SMN2-Δ7 did not differ between blood and fibroblasts (p>0.05). One patient had 
a heterozygote deletion and an additional point mutation of the SMN1 gene, represented by a SMN1 mRNA 
level of 20 molecules per 1 nanogram of RNA shown by the asterisk (SMN1 levels in 6 controls ranged from 
150-350 molecules per 1 nanogram (data not included in this report)). Boxplot elements represent: median 
(line in the middle), 1st en 3rd quartile (bottom and top of the box), highest case with 1.5 time inter-quartile 
range (bottom and top whisker) and outliers (dots and asterisks). SMN2-D7 = SMN2-Δ7.
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Paired samples of transcript levels of SMN2 genes and reference genes (GAPDH 
and 18S) in both blood and fibroblasts were available from 23 patients. Expression 
levels of SMN2-FL were higher compared to SMN2-Δ7, in blood as well as in 
fibroblasts (Figure 4AB). Mean levels of SMN2-FL and SMN2-Δ7 did not differ 
between blood and fibroblasts (log regression p=0.7; independent t-test p=0.6) 
(Table 4). There was no correlation between blood or fibroblast expression levels 
for the separate transcripts (Spearman’s rho= -0,2; p=0.50). Correction for age or 
stratification for SMN2 copy number did not alter results. 
 Paired analysis of protein and transcript levels in blood was possible in 99 
subjects, with 35 samples available for fibroblast analysis. There was no correlation 
between SMN protein and SMN mRNA expression levels in blood (Spearman’s 
rho 0.10, p=0.3 (corrected for age)), nor in fibroblasts (Spearman’s rho 0.10, p=0.6 
(corrected for age)). 

DISCUSSION

This is the first comparative study of SMN protein and mRNA levels in PBMCs and 
fibroblasts in a large cohort of patients with SMA. In addition to the reduced levels 
of SMN protein and mRNA in patients with SMA, we found an association of SMN2 
copy number with SMN protein in fibroblasts only, although we observed a similar 
trend in PBMCs. There was an age- and disease duration-dependent decline of 
SMN protein concentrations in PBMCs. Finally, we did not find a correlation of SMN 
mRNA or protein between blood and fibroblasts, suggesting important expression 
differences between tissues or cell types. 
 SMN protein and mRNA levels are obvious biomarker candidates both for 
disease severity and for efficacy of experimental treatment strategies in SMA. 
SMN levels have primarily been quantified in blood, first in PBMCs,108,112,133,299,302 
and more recently in whole blood samples.314,318 We used the previously described 
and calibrated SMN-specific qPCR112,313,314 and ELISA112,133,299,302,315-317 techniques 
with minor modifications that previously (and also in our hands) showed good 
inter- and intra-sample variance. Both techniques offer the advantage of 
robust high throughput analysis of large numbers of samples in relatively small 
blood volumes. In contrast to previous studies that often used a single gene as 
reference (GAPDH,112,301,308,309,313,314,326-328 18S,108 PKG1,142,300,327 GUSB,108,301,327 PPIA,327 
HRPLPO,142,297,300,303 Beta-actin,309,329 MLH1,330 HPRT330), we used the geometric mean 
of two reference genes (GAPDH and 18S) to quantify SMN mRNA levels. Although 
this methodological modification complicates comparison between studies, results 
are less likely to be influenced by random variation in reference gene expression.325,331 

Figure 4. SMN mRNA transcript levels in blood and fibroblasts from patients with SMA in 

relation to age
(A) SMN2 mRNA expression levels in blood from patients with SMA. SMN2-Δ7 levels were significantly 
higher than SMN2-FL levels. SMN2-FL and SMN2-Δ7 levels in blood did not correlate with age (p=0.35). 
(B) SMN2 mRNA expression levels in fibroblasts in patients with SMA. SMN2-Δ7 levels were significantly 
higher than SMN2-FL levels. Data shown are normalized to geometric mean (=GM) of GAPDH- and 
18S-reference genes. SMN2-D7 = SMN2-Δ7. 

Figure 5. SMN2 mRNA expression levels in blood and fibroblasts from patients with SMA in 

relation to SMN2 copy number
Levels of SMN2-FL and SMN2-Δ7 in relation to SMN2 copy number in blood (Panel A; KW SMN2-FL p=0.7; 
KW SMN2-Δ7 p=0.3) and fibroblasts (Panel B; KW SMN2-FL p=0.3; KW SMN2-Δ7 p=0.09) from patients 
with SMA.  Data shown are normalized to the geometric mean (=GM) of GAPDH- and 18S-reference genes. 
Boxplot elements represent: median (line in the middle), 1st en 3rd quartile (bottom and top of the box), 
highest case with 1.5 time inter-quartile range (bottom and top whisker) and outliers (dots and asterisks). 
SMN2-D7 = SMN2-Δ7. 
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processing methods,302,315,332,333 storage conditions316,334 and extraction and lysis 
reagents.112,315 We rigorously applied predefined protocols to keep this variation 
limited. It was also recorded whether patients recently had a viral infection, since 
this may also cause variation in SMN levels.316,334-336

 Our data show an age dependent decline of SMN protein levels in PBMCs in both 
patients with SMA and healthy controls. This confirms previous preliminary data 
from 2 studies including a total of 49 children and adults that suggested an effect of 
aging on SMN protein levels in PBMCs316 and whole blood.314 Meta- analysis of these 
studies with our results is not possible due to methodological differences, such as 
variation in laboratory techniques and patient characteristics, including SMA type, 
age-range, and the inclusion of data that reflect clinical severity. There are several 
explanations for this observed decline. Reduced SMN expression may be a feature 
of normal aging. Age-specific differences in SMN expression levels in humans have 
been reported previously. SMN expression is probably highest in the embryonic 
period and declines after birth.324,337,338 It is not known whether a continuing decline 
with age could contribute to the slow deterioration of motor function that has been 
observed in adult patients.33,35 Another explanation may lie in changes in the relative 
PBMC composition during life.339 We cannot exclude the possibility that a relative 
decline of specific mononuclear cells with high SMN expression in the course of life 
underlies our findings.  
 The strengths of our study are the size of both patient and control groups, the 
wide range of age and disease severity and the detailed clinical data, and the novel 
comparative approach. An apparent weakness of this study is the cross-sectional 
design that does not allow investigation of the individual rate of decline in SMN 
protein or expression levels. Future longitudinal studies should attempt to address 
changes in SMN expression in relation to age in individual patients and explore the 
added value of the ECL technique, ideally in a comparative study of whole blood, 
PBMCs and fibroblasts. 
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Ideally, an even larger set of reference genes should be used for reference, but the 
relatively small blood volumes that can be obtained from the youngest children 
with SMA obviously complicates this.  
 Although SMN protein levels have been studied in many (experimental) cell typ
es,46,108,112,133,299,302,304,309,314-316,318-324 there are no comparative studies of SMN expression 
in tissues that can be easily obtained. Significant differences in SMN protein levels 
have recently been found in platelets, red blood cells and PBMCs, which underlines 
the importance to investigate tissue-specific SMN expression.314,318 In this study we 
therefore determined and compared SMN expression in PBMCs and skin-biopsy 
derived fibroblasts. We found reduced levels of SMN mRNA and protein in both 
PBMCs and fibroblasts from patients with SMA compared to healthy controls. In 
line with previous observations,108,112,133,302,313,315,316 there was no association of SMN 
protein or mRNA levels in blood with SMA type,108,112,299,302,313-316 although there was 
a trend towards an association of SMN protein with SMN2 copy number. Despite 
the significantly smaller sample size of fibroblasts compared to PBMCs, we found 
a correlation of SMN protein levels with SMN2 copy number in fibroblasts, and 
also with clinical characteristics such as MRC sum and HFMSE scores. Our data 
therefore suggest that skin-derived fibroblasts may be a more robust cell type 
for SMN biomarker studies. The fibroblast study may have been underpowered to 
show a correlation with SMA type, since this is, although not perfectly, associated 
with SMN2 copy number.
 The lack of correlation of SMN levels between PBMCs and fibroblasts suggests 
important expression differences between tissues. This may be explained by 
differences in SMN concentrations required for normal development and function 
of specific cell types, and may for example be explained by variation in epigenetic 
modifications in stem cells or germ layers.238 However, highly related cell types may 
have significantly different SMN protein levels, as shown by two recent studies 
using a new electrochemiluminescence (ECL) assay to detect SMN levels in whole 
blood.314,318 In these studies, platelets and red blood cells contributed most to SMN 
levels in whole blood (both cell types accounted for 40%), whereas SMN levels in 
PBMCs were relatively low (20% of total SMN).314,318 
 Optimizing SMN quantification techniques is important for future clinical trials 
of SMN enhancing therapies, since findings in animal models for SMA suggest 
improved outcome upon increased peripheral SMN expression.324 It has been 
suggested that the recently developed ECL has higher sensitivity to detect relevant 
differences in SMN expression, for example between patients with varying SMN2 
copy numbers or tissues, but this needs to be shown in comparative studies with 
an adequate sample size. ECL in whole blood may have the advantage of more 
straightforward sample processing that could reduce variation caused by PBMC 
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the children in the riluzole or placebo group developed the ability to sit. There were 
no adverse effects. Follow-up of the 10 included children was complete. The quality 
of the evidence for all outcomes from this study was very low, because the study 
was too small to detect or rule out an effect, had serious limitations, and baseline 
differences were present. No further published trials were identified for the update 
in 2011 and 2016. The results of two completed RCTs in infants with SMA type 1 
investigating hydroxyurea and nusinersen, respectively are not yet available for 
analysis. The United States Food and Drug Administration (FDA) recently evaluated 
results of completed phase 3 trials designed to assess efficacy of nusinersen, and 
approved its use for SMA type 1-4 as of 23 December 2016.

Authors’ conclusions There is no proven efficacious drug treatment for SMA type 1 
based on published trials and available data. It is uncertain whether riluzole has any 
effect as only very low quality evidence is available. The FDA and EMA approved 
the use of the antisense-oligonucleotide nusinersen as the first treatment for SMA 
based on results from unpublished trials.

PLAIN LANGUAGE SUMMARY

Drug treatment for SMA type 1

What is the aim of this review? The aim of this Cochrane Review was to look at 
the effects of drug treatments on SMA type 1, in terms of (age at) death or full 
time ventilation, the ability to reach motor milestones, i.e rolling, sitting or 
standing, within one year after beginning treatment. We also wanted to identify 
any adverse events that may have been caused by the treatment during the trial 
period. Cochrane review authors collected relevant studies to answer this question 
and found one study.

Key messages At the time of writing, there was no drug treatment for SMA type 1 
that had been proven to be effective, based on the available published trial data.
 It is uncertain whether riluzole has any effect in SMA type 1 as only very low quality 
evidence is available. The FDA and EMA approved the use of the drug nusinersen as 
the first treatment for SMA based on results from unpublished trials.
Most trials that investigate new therapies for SMA type 1 focus on the early phases 
of the disease. This is because an improvement in motor function or a lack of decline 
is the easiest way to tell if a drug is effective. However, therapies for patients who 
have already had the disease for a longer period of time should also be looked into, 

ABSTRACT

Background Spinal muscular atrophy (SMA) is caused by a homozygous deletion 
of the survival motor neuron (SMN)1 gene on chromosome 5, or a heterozygous 
deletion in combination with a (point)mutation in the second SMN1 allele. This 
results in degeneration of anterior horn cells, which leads to progressive muscle 
weakness. By definition, children with SMA type 1 are never able to sit without 
support and usually die or become ventilator-dependent before the age of two 
years. There are no known efficacious drug treatments that influence the disease 
course of SMA. This is an update of a review on efficacy of drug treatment first 
published in 2009 and its update in 2011.

Objectives To systematically review the evidence from randomised controlled 
trials concerning the efficacy and safety of any drug therapy designed to slow or 
arrest disease progression of SMA type 1. Drug treatment for SMA types 2 and 3 is 
the topic of a separate updated Cochrane review.

Search methods We searched the Cochrane Neuromuscular Specialised Register, 
CENTRAL, MEDLINE, Embase and ISI Web of Science conference proceedings (May 
24th 2017). We also searched two trials registries to identify as yet unpublished 
trials (May 24th 2017).

Selection criteria We sought all randomised or quasi-randomised trials that 
examined the efficacy of drug treatment for SMA type 1. Included patients had to 
fulfil the clinical criteria and have a genetically confirmed deletion or mutation of 
the SMN1 gene (5q11.2-13.2).
 The primary outcome measure was age at death or full time ventilation. 
Secondary outcome measures were acquisition of motor milestones, i.e. rolling, 
sitting or standing, within one year after the onset of treatment, adverse events 
and serious adverse events attribuTable to treatment during the trial period.

Data collection and analysis We followed standard Cochrane methodology.

Main results We identified one small randomised controlled study comparing 
riluzole treatment to placebo in 10 children with SMA type 1; there were no new 
included studies at this update of the review, although several trials are ongoing. 
Regarding the primary outcome measure, three of seven children treated with 
riluzole were still alive at the ages of 30, 48 and 64 months, whereas all three children 
in the placebo group died. Regarding the secondary outcome measures, none of 
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Weakness shows a particular pattern, with as best known example axial and proximal 
weakness with weakened intercostal muscles and sparing of the diaphragm.345,346 
Survival depends primarily on respiratory function.24,343,347 Although the face is often 
spared, tongue fasciculations and facial weakness are not unusual findings.348 The 
cognitive function of SMA patients is normal and in infantile cases there is often a 
striking discrepancy between alertness and the ability to move.346,349

 Classification of SMA according to the International SMA Collaboration 
distinguishes 5 SMA types (0-IV) and is based on age of onset and maximal acquired 
motor function.21,29,241 SMA type 0, and IV represent the two ends of the spectrum of 
SMA, which are out of the scope of this review. SMA types 2 and 3 are the topic of a 
separate Cochrane review.350

 SMA type 1 is the most common form, and is also known as Werdnig-Hoffmann 
disease, acute SMA and infantile-onset SMA. The age of onset is before six 
months and it is further characterised by severe progressive muscle weakness and 
hypotonia.349 Children with SMA type 1 will never be able to sit without support and 
respiratory insufficiency usually occurs before the age of two years.37,38,116,346,348,351 It is 
one of the most important causes of death due to a genetic disease in childhood.341

 SMA is an autosomal recessive disease caused by the homozygous deletion 
of the SMN1 gene that has been mapped to chromosome 5q11.2-13.3.5,54,56-58 This 
chromosomal region contains a duplicate SMN gene, the telomeric SMN gene 
(SMN1 or SMNt) and the centromeric SMN gene (SMN2 or SMNc).341,349 The SMN1 
and SMN2 gene are almost identical, but a crucial C to T nucleotide difference in 
exon 7 results in its exclusion from most SMN2 mRNA copies.5,84 Consequently, 
there is no transcription of sTable SMN protein from the SMN1 gene and the SMN2 
gene is not able to produce enough sTable SMN protein.5,341,352 The clinical severity 
of the disease is related to the number of copies of the SMN2 gene.35,71,117,161,353

 The cellular function of the SMN protein are multiple, but its vital role in motor 
neurons is not known.354 SMN protein is important for RNP assembly,62,155,259-261 
motor axon outgrowth and axonal transport,104,262 protection against superoxide 
dismutase 1 (SOD1) toxicity,98 endocytosis105,106 and ubiquitination homeostasis.102

Description of the intervention 
Drug treatment for SMA type 1 is urgently needed.29,38,341 Management of SMA 
consists of preventing or treating the complications.47,349,355 Administration of agents 
capable of increasing the expression of SMN protein levels may improve the outcome 
in SMA.71,84,356 Transcriptional SMN2 activation, facilitation of correction of SMN2 
splicing, translational activation and stabilisation of the full-length SMN protein are 
possible therapeutic strategies for SMA. Other strategies are improvement of motor 
neuron viability by neuroprotective or neurotrophic agents.357-359 Recently, trials with 

as treatment may help to prevent a worsening of their symptoms, and help preserve 
existing motor abilities.

What was studied in the review? This review is of drug treatment for SMA type 1. 
SMA is a disorder with onset in childhood and adolescence that leads to increasing 
muscle weakness. SMA type 1, which is also known as Werdnig Hoffman disease, is 
the most severe form of SMA and begins before the age of six months. Children with 
SMA type 1 will never be able to sit without support and in general die or become 
ventilator dependent before the age of two years.
At the moment there is no known treatment to slow down or cure SMA type 1.

What are the main results of the review? One small study compared riluzole 
treatment to placebo (an identical, but inactive treatment) in 10 children with SMA type 
1. The quality of the evidence was very low, mainly because the study was too small 
to detect an effect. In this trial, all three children in the placebo group and four of the 
seven children in the riluzole group died within the 12 months of the study. Three of the 
seven children treated with riluzole were still alive at the ages of 30, 48, and 64 months. 
None of the children in the riluzole or placebo group developed the ability to sit. The 
evidence can neither confirm nor rule out an effect of riluzole in children with SMA type 
1 because of its small size and severe limitations.

How up to date is this review? We searched for studies that had been published 
up to June 2017.

BACKGROUND

Description of the condition 
Spinal muscular atrophy (SMA) is a genetic anterior horn cell disorder with onset 
ranging from infancy to adolescence and even adulthood. It is caused by the 
homozygous deletion or heterozygous deletion in combination with a point mutation 
in the second allele of the SMN1 gene that has been mapped to chromosome 
5q11.2-13.35,54,56-58. SMA has an annual incidence of 1 in 6000 to 1200081,340,341. It is 
clinically characterized by muscle weakness, proximal more than distal and in the 
legs more than the arms, that progresses over time.342,343 There are indications that 
other structures than anterior horn cells, including the neuromuscular junction, 
heart and muscle may also be sensitive to the deficiency of survival motor neuron 
(SMN) protein due to the homozygous deletion of the SMN1 gene.146,147,149,344 
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Hydroxyurea
Hydroxyurea is another histone deacetylase inhibitor. In vitro, hydroxyurea increases 
SMN2 gene expression and production of SMN protein in cultured lymphocytes of 
SMA patients.401,402 We found no hydroxyurea trials in other neuromuscular diseases.

Phenylbutyrate
Phenylbutyrate is one of the histone deacetylase inhibitors and a few studies have 
suggested a therapeutic role for these agents in SMA as they appeared to activate 
SMN2 transcription.359,393,403

 In fibroblast cultures and leucocytes of patients with SMA treated with 
phenylbutyrate, the drug was able to increase the SMN transcript expression.309,326,328 
An open-label, dose-escalating trial investigating the effect sodium phenylbutyrate 
(from 9 to 21 g/day) in 40 participants with ALS showed no significant effect on the 
ALSFRS-Revised, grip strength or pulmonary function. Fourteen participants did 
not complete the trial with seventy percent of them terminating their participation 
because of adverse events.404

 
Ciliary neurotrophic factor 
Ciliary neurotrophic factor (CNTF) is thought to support the survival of motor 
neurons, but its working mechanism is unknown. Two RCTs of CNTF versus placebo 
in 570 and 730 patients with ALS and a meta-analysis were found no benefit with 
CNTF.405-407

Antisense-oligonucleotides
Antisense-oligonucleotides (ASO’s) or ‘morpholinos’, are synthetic strands of 
nucleid acids which are able to interfere (stimulate or inhibit) with mRNA products 
of the target DNA-sequence. In that way, ASO’s can modify potential splice 
sites and interfere with splicing408. Multiple ASO’s for the SMN2 gene have been 
developed and investigated.409-417 The intronic splice silencer in intron 7 of SMN2, 
called nusinersen (formerly known as SMN Rx 39443 or IONIS SMN Rx or ISIS-SMN 
Rx), is specifically targeting the splice silencer in intron 7 and ensures the inclusion 
of SMN2 exon 7 that results in increased SMN2 full length mRNA and protein 
production418 and subsequently shows improved performance and survival in SMA 
animal models.8,9 Nusinersen is an intrathecally injected therapy.

SMN1 Gene therapy
Genetic restoration of SMN1 through viral vectors, in particular the (self-
complementary) adeno-associated virus (AAV8 or AAV9) virus, has been 
investigated in in vitro studies in fibroblasts of SMA patients.11,419 In vivo studies 

splice-site-modulators360-362 or RNA-degradation inhibitors363-365 and compounds that 
replace the SMN-gene have started366.
 Drugs that have been tested in open and uncontrolled studies of children with SMA 
type 1 are riluzole,367,368 valproate,300,369-371 recombinant human ciliary neurotrophic 
factor (CNTF),372 sodium phenylbutyrate or phenylbutyrate,373,374 hydroxyurea,375,376 
SMN1 gene therapy,366,377 SMN2 antisense-oligonucleotides,118,360,362,378 and small 
molecules.379-381 Stem cell treatment is outside the scope of this review but is also the 
subject of ongoing trials (See Appendix 10).382,383

 Below we describe the working mechanisms, pre-clinical studies in SMA models 
and trials in other neuromuscular diseases of the various drugs tested in trials with 
patients with SMA type 1. Several other compounds have been shown to have an 
effect on SMN expression in in vivo and in vitro SMA studies, but were not (yet) tested 
in studies or trials with patients with SMA and are therefor out of the scoop of this 
review (See Appendix 2). 

Riluzole
Riluzole is thought to have a neuroprotective effect on motor neurons by blocking 
the presynaptic release of glutamate. Surprisingly few studies have investigated the 
effect of riluzole in SMA, but riluzole has shown to attenuate disease progression in 
a SMA mouse model.384

 Riluzole has been proven to be modestly effective in slowing disease progression 
in ALS385-391 with only minimal adverse effects.392

Valproic acid
Valproic acid is a histone deacetylase inhibitor that increases SMN protein in vitro 
by increasing transcription of SMN2 genes393,394 and might have a neuroprotective 
role by diminishing the excitotoxicity of glutamate.395,396

 Valproic acid has extensively been tested in SMA and showed positive results on 
SMN expression in vitro,301,308,397 in vivo302 and in open label studies.120,297,300,369,394,398,399

 SMN protein levels and transcription of SMN2 genes increased in patients with 
SMA treated with valproic acid, but responses varied.302,308 Two case series and 
four open label studies showed an increase of SMN transcripts levels in almost all 
patients, but variable results on motor abilities and muscle strength and possibly a 
beneficial effect on pulmonary function.120,297,300,394,398,399

Only one trial studying the effects of valproic acid in another neuromuscular disease 
was performed. A randomised placebo-controlled trial of valproic acid in 163 patients 
with ALS found no evidence for a beneficial effect on survival or motor function.400
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In the last couple of years the number of studies and trials for drug treatment in 
SMA has rapidly expanded: maintaining an up-to-date systematic review of the 
effects of interventions as they emerge is warranted. 
 This is an update of a review first published in 2009 and first updated in 2011. Drug 
treatment for SMA types 2 and 3 is the subject of a separate Cochrane review.350

OBJECTIVES

To systematically review the evidence from randomised controlled trials concerning 
the efficacy and safety of any drug therapy designed to slow or arrest disease 
progression of SMA type 1. 

METHODS

Criteria for considering studies for this review 
Types of studies All randomised or quasi-randomised (alternate or other systematic 
treatment allocation) studies examining the effect of drug treatment designed to 
slow or arrest disease progression in children with SMA type 1.

Types of participants Children with SMA type 1 fulfilling the criteria outlined in Table 1.

Types of interventions Any drug treatment, alone or in combination, designed to slow 
or arrest the progress of the disease compared to placebo, with no restrictions on the 
route of administration.

Types of outcome measures 
 Primary outcomes

• Time from birth until death or full time ventilation (a requirement for 16 hours 
of ventilation per day regardless of whether this is with a tracheostomy, tube or 
mask).

 Secondary outcomes
• Acquisition of the ability to roll within one year after the onset of treatment.
• Acquisition of the ability to sit within one year after the onset of treatment.
• Acquisition of the ability to stand within one year after the onset of treatment.
• Adverse effects attribuTable to treatment during the whole study period, 

separated into severe (requiring or lengthening hospitalisation, life-threatening, 
or fatal), and others.

in mice,10,11 primates and pigs with SMA phenotype12-18 have shown promising 
results on SMN1-expression with effects on motor function and survival. These 
studies also indicate that intramuscular or intravenous injection of the AAV results 
in widespread transportation of the vehicle including penetration of the central 
nervous system,10,13 although intracerebral injection might still be the most effective 
route of administration.15,420

Small molecules
RO6885247 or RG7800
The small molecule RO6885247/RG7800 selectively modulates SMN2 splicing 
toward the inclusion of exon 7 and thereby stimulates production of full-length 
SMN2 messenger RNA. Administration of RO6885247/RG7800 improved and 
almost rescued motor function and survival of SMA mice.421 

RO7034067 or RG7916
The small molecule RO7034067/RG7916 modulates SMN2 splicing, but exact details 
on structure and pharmacology are not available. A phase I trial with RO7034067/
RG7916 combined with itraconazole in healthy volunteers was completed, showing 
dose-depended increase on SMN2 mRNA transcripts, but results were only reported 
in a conference abstract with further publication of data pending.422,423 

LMI070
LMI070 reportedly modulates SMN2 function, but the precise working mechanism 
of LMI070 is unknown.381

Why it is important to do this review? There is no treatment to slow down or cure 
SMA types I.7,109 In the past decades many studies explored various drug treatments 
in SMA animal models and/or patients with SMA. Currently, there are several drugs 
and compounds tested in uncontrolled, unblinded and non-randomised settings, 
showing a possible positive effect on SMA disease course through neuroprotection 
(e.g. cardiotrophin-1, creatine, gabapentin, lamotrigin, riluzole), SMN2-inducing 
activity by histone deacetylase inhibitors (e.g. valproate, phenylbutyrate, 
hydroxyurea), improvement of neuromuscular transmission function (e.g. 
pyridostigmine), SMN2 RNA modification by antisense oligonucleotides (e.g. 
nusinersen), genetic restoration of SMN1 through viral vectors, improvement of 
muscle metabolism and strength (e.g. creatine) and other (unknown) factors (e.g. 
somatotropin, salbutamol, thyrotropin releasing hormone). Overall, these studies 
show conflicting evidence about their effects on muscle strength, motor function 
and survival.
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Assessment of risk of bias in included studies 
The ‘Risk of bias’ assessment took into account allocation concealment, security 
of randomisation, intention-to-treat analysis, patient blinding (parent blinding), 
blinding of outcome assessment, incomplete outcome data, selective reporting 
and ‘other bias’. We also looked for explicit inclusion and exclusion criteria, 
explicit outcome criteria and how studies dealt with baseline differences between 
treatment groups. We scored each bias item according to the Cochrane Handbook 
for Systematic Reviews of Interventions424, as ‘low’, ‘high’ or ‘unclear’.
 Statistical considerations involved a trade-off between bias and precision. We 
assessed the risk of bias as ‘unclear’ when too few details were available to make 
a judgement of ‘high’ or ‘low’ risk, when the risk of bias was genuinely unknown 
despite sufficient information about the conduct of the study, or when an entry was 
not relevant to a study. 
 Two authors (RW and AV) graded the risk of bias in included studies independently. 
In case of disagreement, the review authors reassessed studies and reached 
agreement by consensus.

Measures of treatment effect 
We initially intended to analyse continuous outcomes using mean differences (MDs) 
in the outcome measures with standard deviations (SDs) to quantify the effects of 
the drug treatment (such as change in time to death or full-time ventilation) and 
dichotomous outcomes using risk ratio (RR) with 95% confidence intervals (CIs) 
(such as ability to roll, sit or stand and adverse events). We planned to calculate 
mean differences (MDs) for pooled data if studies were sufficiently comparable. 
We would have reported standardised mean differences with 95% CIs if studies 
assesssed an outcome using different but comparable scales. We would have used 
the standard RevMan generic inverse variance (GIV) analysis using treatment effect 
differences with their standard errors ifavailable data had not been sufficiently 
comparable between studies. We would have re-expressed SMDs in units on a 
known scale, or provided a a rule of thumb guide to aid interpretation, as described 
in Higgins 2011.424

 However, due to the fact that only one study was included, a meta-analysis was 
not possible.

Unit of analysis issues 
We will take into account the level at which randomisation occurred in case of 
cross-over trials. We do not anticipate cluster-randomized trials and multiple 
observations for the same outcome and anticipate that any included studies will 
not present these unit of analysis issues.

Search methods for identification of studies 
Electronic searches 
We searched the following databases:

• Cochrane Neuromuscular Specialised Register (June 2017) Appendix 2
• Cochrane Central Register of Studies (CENTRAL; 12 December 2016 in the 

Cochrane Register of Studies) Appendix 3
• MEDLINE (1991 to May Week 21 2017) Appendix 4
• Embase (1991 to May Week 21 2017) Appendix 5
• ISI Web of Science proceedings (1991 to June 2017) Appendix 6

We consulted the following trials registries on June 2017 to identify additional trials 
that had not yet been published:

• clinical trials registry of the U.S. National Institute of Health (www.ClinicalTrials.
gov) Appendix 7

• WHO international Clinical trials Registry (http://www.who.int/ictrp/en/) 
Appendix 8

Searches were performed from 1991 onwards because at that time genetic analysis 
of the SMN1 gene became widely available and could be used to establish the 
diagnosis of SMA.

Searching other resources 
We handsearched relevant cited references, published studies, reviews, textbooks 
and conference proceedings. Readers are invited to suggest studies, particularly in 
other languages, which should be considered for inclusion.

Data collection and analysis 
Selection of studies 
For this updated review, two authors (RW and AV) independently checked titles and 
abstracts obtained from literature searches to identify potentially relevant trials for 
full review. From the full texts, the authors independently selected the trials that met 
the selection criteria for inclusion. Authors were not blinded to the trial author and 
source institution. Disagreement between the authors was resolved by consensus. We 
presented an adapted PRISMA flowchart of study selection.

Data extraction and management 
Two authors (RW and AV) extracted data independently using a specially designed 
data extraction form. We obtained missing data from the trial authors whenever 
possible. Disagreement did not occur, but would have been resolved by consensus 
with third party adjudication if necessary.
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For future updates, two or more review authors will independently grade the 
evidence in ‘Summary of findings’ Tables and arrive at quality assessments by 
consensus. We will include ‘Summary of findings’ Tables for all comparisons for 
which any data are available. If comparisons are all of equivalent importance we 
will include them all as ‘Additional Tables’; if one comparison is of greater clinical 
importance we will choose it for presentation at the start of the review.

Subgroup analysis and investigation of heterogeneity 
In the event of substantial clinical, methodological or statistical heterogeneity, 
we would not have reported study results as the pooled effect estimate in a meta-
analysis. We planned to identify heterogeneity by visual inspection of the forest 
plots and a standard Chi² test with a significance level of alpha = 0.1, in view of the 
low power of this test.
 We planned to examine heterogeneity with the I² statistic, which quantifies 
inconsistency across studies, to assess the impact of heterogeneity on the 
meta-analysis; an I² statistic of 75%or more indicates a considerable level of 
inconsistency424.
 If we had found heterogeneity, we would have attempted to determine potential 
reasons for it by examining individual study and subgroup characteristics.
 We would have performed sensitivity analyses in order to explore the influence 
of the following factors (when applicable) on effect sizes.

Restricting the analysis by taking into account risk of bias
Restricting the analysis to outlier studies (very long, very large, very short or very 
small) to establish the extent to which they dominate the results.
Restricting the analysis to studies with the following filters: SMN2 copy number 
and age range or age-group.

Sensitivity analysis 
We planned to determine the sensitivity of analyses to use of fixed-effect or 
random-effects models if heterogeneity was present in any meta-analysis. We 
would also have tested the robustness of the results by repeating the analysis with 
different measures of effect size (RR, OR etc.).

Non-randomised evidence
We did not include non-randomised studies in our final analysis. In the Discussion 
section, we reviewed the results from open and uncontrolled studies. In addition, 
we discussed adverse events in relation to the side effects of drugs reported in the 
non-randomised literature.

Dealing with missing data 
If additional trials become eligible for inclusion we will carefully evaluate important 
numerical data such as numbers of screened and numbers of randomised participants 
as well as intention-to-treat (ITT), and as-treated and per protocol populations. We will 
investigate attrition rates, e.g. drop-outs, losses to follow-up and withdrawals, and 
critically appraise issues of missing data and imputation methods (e.g. last observation 
carried forward (LOCF)). In the case of missing outcome data we will perform a 
intention-to-treat analysis. Where SDs for outcomes are not reported we will impute 
these values by assuming the SD of the missing outcome to be the average of the SDs 
from those studies where this information was reported.
 In the event of missing data, we will contact the trial investigators to provide 
additional data.

Data synthesis 
We would have only pooled results of studies with the same class of drug 
treatment. If Chi² analysis showed the data to be heterogeneous, we would have 
used a random-effects model with a maximum likelihood estimation, carrying out a 
sensitivity analysis with a fixed-effect model (Mantel-Haenszel risk ratio method). 
Formal comparisons of intervention effects according to risk of bias would have 
been done by meta-regression. The major approach to incorporating ‘Risk of bias’ 
assessments would have been to incorporate and restrict meta-analyses to studies 
at low (or lower) risk of bias. ‘Summary of findings’ Table
We created a ‘Summary of findings’ Table with the following outcomes:

• Time from birth until death or full time ventilation (a requirement for 16 hours 
of ventilation per day regardless of whether this is with a tracheostomy, tube 
or mask)

• Acquisition of the ability to roll within one year after the onset of treatment
• Acquisition of the ability to sit within one year after the onset of treatment
• Acquisition of the ability to stand within one year after the onset of treatment
• Adverse effects attribuTable to treatment
• Severe adverse effects attribuTable to treatment

We used the five GRADE considerations (study limitations, consistency of effect, 
imprecision, indirectness, and publication bias) to assess the quality of a body of 
evidence (studies that contribute data for the prespecified outcomes). We followed 
methods and recommendations described in Section 8.5 and Chapter 12 of the 
Cochrane Handbook for Systematic Reviews of Interventions424 using GRADEproGDT 
software (gradepro.org). We justified in footnotes all decisions to downgrade or 
upgrade the quality of studies and made comments to aid readers’ understanding 
of the review where necessary.
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Figure 1. Flowchart selection process.

RESULTS

Description of studies 
For this updated review the number of new references found by the searches 
were: MEDLINE 220, Embase 78, Cochrane Neuromuscular Specialised Register 19, 
CENTRAL 36 and ISI Web of Knowledge 225.
 Studies with no published data yet and/or no acronym are named after their trial 
register code (www.clinicaltrial.gov).
 We identified and assessed 24 studies (13 new) for possible inclusion in the 
review.300,308,355,360,362,366,369-373,375,376,378-383,425-428 Eightteen (14 new) studies were excluded 
because they were not randomised or controlled, or clinical outcome measures were 
not included (See Characteristics of excluded studies). 300,308,362,366,369,370,372,373,375,379,381-

383,425-428 Seven of these excluded studies were not yet completed at the time of our 
search but could be excluded beforehand because of an open label, non-controlled 
design.362,366,379,381,382,426,427 Three of the excluded studies were recently completed or 
terminated but results are pending.370,373,380

 We could not obtain the results of three completed trials. Results of one trial 
were only published as a press-release and additional data were not available.378

See Figure 1 for a flow diagram of the study selection process.
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The overall quality of the study was low. Only one-third of the intended enrolment 
was reached and there were baseline differences between the treatment groups 
that may have influenced the results: in the placebo group, the age at onset of 
symptoms, age at diagnosis and age at enrolment in the study were younger than in 
the riluzole group. The randomisation method and blinding of parents and observers 
were not clear. Allocation concealment and diagnostic criteria for SMA type 1 were 
adequate. The primary outcome was clear and follow-up of the 10 included children 
was complete.

Effects of interventions 
We could not perform a meta-analysis because only one study was included.355 For 
this study statistical analysis was not performed, because only 10 children of the 
intended 30 participants were enrolled before funding was withdrawn. Therefore the 
results (see Table 2) are only a description of the data from this study.

Primary outcome measure
  Time from birth until death or full time ventilation

In the group treated with riluzole, four of seven (57%) children died during 
the study at a median age of 17 (range 5 to 25) months (mean age 15.75 
months). In the placebo group all three children (100%) died at a median 
age of 8 (range 6 to 13) months (mean age 9 months). Three children treated 
with riluzole were still alive at the age of 30, 48 and 64 months, which was 
23, 39 and 49 months after starting the therapy. These children used bilevel 
positive airway pressure ventilation (BiPAP) only at night.

Secondary outcome measures
Development of rolling, sitting or standing within one year after the 
onset of treatment. None of the children in the riluzole or placebo group 
developed the ability to roll, sit, or stand.
Adverse side effects, separated into severe and others. There were no 
adverse side effects in either the riluzole or the placebo-treated group.

DISCUSSION

Summary of main results 
In SMA type 1 there was only one randomised controlled study (RCT) on drug 
treatment355. This study compared treatment with riluzole versus placebo (Table 
2). In the included trial, three children treated with riluzole were still alive at the 

Included studies
Oral riluzole versus placebo (Russman 2003355)
One study fulfilled the selection criteria. This study was a randomised, placebo-
controlled study of riluzole in children with SMA type 1.355 Details of the study are 
shown in Characteristics of included studies. The main outcome measure was the 
occurrence of adverse events, the secondary outcome was mortality, under the 
assumption that the life expectancy without treatment would be no more than 24 
months. All children fulfilled clinical criteria for SMA type 1, namely onset before 
the age of six months, never acquiring the ability to sit independently and genetic 
confirmation of the diagnosis of SMA. The study investigators had planned to include 
30 children with randomisation in a 2:1 ratio (riluzole:placebo). Unfortunately, 
support from the pharmaceutical industry was withdrawn when Rhone-Poulenc 
was taken over by Aventis. From then on no more children were enrolled in the 
study and therefore the total number of included children was only 10.

Risk of bias in included studies 
The ‘Risk of bias’ assessments for the included study355 can be seen in Characteristics 
of included studies and Figure 2. 

Figure 2.
Risk of bias graph: review authors’ 
judgements about each risk of bias item 
presented as percentages across all 
included studies.
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Histone deacetylase inhibitors
Valproate
One retrospective study in 15 infants with SMA type 1 showed a sTable motor 
function over months, suggesting effect of valproate treatment. However, 
analysis of effect was done only in five patients who survived the two-year 
study period.369 Two open-label, uncontrolled trials in infants with SMA type 1, 
which investigated valproate alone or valproate and carnitine respectively, are 
completed but results are pending.370,428 An open-label trial with valproate in 42 
children and adults with SMA types I, 2 and 3 showed slight improvement in 
gross motor function in younger non-ambulatory type 1I children and variable 
responses of SMN transcripts in blood.300

 A retrospective uncontrolled case series reported improvement during 
treatment with valproate in seven adult patients with SMA types III and IV.394 
In another retrospective case series, global muscle strength improved in two 
children and one adolescent with SMA types 2 and 3, but no effect was observed 
in three other participants.120 A prospective case series of seven patients showed 
increased SMN transcripts and improvement of pulmonary function and motor 
function.399 An open-label trial of 12-month valproate and L-carnitine treatment 
in 33 children with SMA type 1II did not show effects on motor function297. A 
phase II trial of combination therapy with valproate and acetyl-L-carnitine 
in non-ambulatory patients with SMA types 2 and 3, showed no significant 
improvement of motor function and muscle strength compared to placebo.142 A 
recent RCT in ambulatory adult SMA type 1II patients showed no improvement 
of any of the included outcome measures after therapy with valproate.303 
Valproate was well tolerated in all trials. The most described side-effect was 
weight gain which could have negative effects on motor function and mobility. 
Adverse events in the two RCTs were less frequent in the valproate cohort 
compared to placebo and therefore could be attributed mostly to the natural 
course of the disease. There are three ongoing studies with valproate in SMA: 
one RCT in children with SMA types I and II aged one to seven years old,371 one 
RCT with treatment combination of valproate and L-carnitine in children aged 2 
to 15 years old with SMA types 2 and 3,429 and one open-label trial with sodium 
valproate in 16 children with SMA types I, 2 and 3.426

Hydroxyurea
In an uncontrolled open- label trial in two patients with SMA type 1, five patients 
with SMA type 1I and two patients with SMA type 1II, hydroxyurea showed an 
improvement in muscle strength without side effects.375 In a larger randomised 
uncontrolled trial from the same investigators, 33 patients with SMA types 

ages of 30, 48 and 64 months, whereas in the placebo group all children died. It 
is not possible to conclude from this trial that riluzole is an efficacious treatment 
in SMA type 1 because the study did not have enough power, because support 
from the pharmaceutical industry was withdrawn when only 10 children had been 
randomised in a 2:1 ratio. Moreover, the children in the placebo group were younger 
at the onset of symptoms, at diagnosis and at enrolment in the study compared 
to the children treated with riluzole. These baseline differences may suggest that 
the riluzole group contained patients with a subtype of SMA type 1 with a better 
disease course. It is striking that three out of seven children treated with riluzole 
were still alive at ages two, three and five years and used BiPAP ventilation support 
only at night. Children with a diagnosis of SMA type 1 who survive longer than two 
years have been described. They often have three SMN2 copies comparable to most 
patients with SMA type 1I but in contrast never learn to sit independently. As the 
participants’ SMN2 copy number was unknown, it is unclear whether the children 
were genetically heterogeneous. Although the study had insufficient power and the 
treatment groups were not comparable at baseline, riluzole treatment in SMA type 
1 appeared to be well tolerated. A larger trial with riluzole is needed to evaluate to 
what extent treatment with this drug could be efficacious.

Evidence from other studies in SMA
Drugs that have been tested in open and uncontrolled studies of children with 
SMA type 1 are riluzole,367,368 valproate,300,369-371,428 recombinant human ciliary 
neurotrophic factor (CNTF),372 sodium phenylbutyrate or phenylbutyrate,373,374 
hydroxyurea,375,376 SMN1 gene therapy,366,377 SMN2 antisense-oligonucleotid
es,118,360,362,378 small molecules,379-381 and stem cell treatment.382,383 We will discuss the 
results of treatment with each of these drugs from trials in SMA type 1 and in other 
neuromuscular diseases, especially other motor neuron diseases.

Riluzole
There has been one RCT with riluzole in SMA type 1,355 as described in the Results 
section. One study investigated pharmacokinetics of oral riluzole in 14 patients 
aged 6 to 20 years with SMA type 1I and III, which indicated that a dose of 50 mg/
day shows the same daily exposure of riluzole as in ALS trials in which 50 mg twice 
daily was the dosing regime367. A RCT with riluzole in 141 participants with SMA 
types 2 and 3 is completed but not yet published and data are not available.368
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conference abstracts, show promising results in early treated patients on the 
CHOP-INTEND scores, with few adverse effects (asymptomatic transient liver 
enzyme elevation).366,377,433

SMN2 antisense-oligonucleotides
A phase 2 open-label study in patients with SMA type 1 investigating two different 
dosages of nusinersen (multiple intrathecal doses 6 mg and/or 12 mg respectively) 
showed significant improvement over baseline in patients receiving 12 mg doses on 
achievement of motor milestones, CHOP-INTEND motor function, and compound 
muscle action potential amplitudes in two investigated nerves, and improved 
survival compared to natural history data.118 A RCT investigating one dose level of 
nusinersen compared to a sham procedure is including patients with SMA type 1 
(excluding patients with a typical type 1 presentation of age at onset < 6 months and 
two SMN2 copies).360 One trial is including genetically confirmed, presymptomatic 
infants with probable SMA type 1.434

 Two phase 1/2 studies (an open-label phase I study and its long-term extension) in 
28 patients with SMA types II-III aged 2 to 14 years identified no safety or tolerability 
concerns associated with intrathecal nusinersen nusinersen in this group of 
participants.119,435,436 A trial in 34 children with SMA types 2 and 3, aged 2 to 14 years, 
that tested 3-times-dosing at four different dosing levels has been completed and 
results are pending.437 An open label trial in 52 children with SMA types 2 and 3 is 
testing multiple dosing at one dosing level of nusinersen is completed, but results 
are pending.438

 The phase 3 RCT in infants with SMA type 1, age < 7 months and with two SMN2 
copies, was terminated after interim analysis showed results in favour of nusinersen 
treatment, i.e. a higher proportion of motor milestone responders on the motor 
component of the Hammersmith Infant Neurological Examination (HINE)378. Then, 
the phase III RCT in children aged 2 to 12 years old with SMA type 1I was stopped 
because prespecified interim analysis showed that primary endpoints were also met, 
i.e. there had been a mean increase 4.0 points in Hammersmith Functional Motor 
Scale Expanded (HFMSE) from baseline at 15 months in the treatment arm (n = 84) 
compared to a mean decrease of 1.9 points in the sham-controlled arm (n = 42).439 
Participants from both trials, i.e. CHERISH439 and ENDEAR),378 were transitioned 
to an open-label study362 for continuous treatment. Data from ENDEAR}378 and 
CHERISH439 were not yet published at the time of this update and are not available 
for review in this Cochrane edition. The Food and Drug Administration (FDA) and 
European Medicines Agency (EMA) evaluated the interim results of both phase III 
trials,378,439 and approved its use for SMA types I-IV. Treatment of patients with SMA 
type 1 has started through an Extended Access Programme of the clinical trials.427

2 and 3 were included and treated for eight weeks with three different doses of 
hydroxyurea. This trial showed increased SMN gene expression and a trend towards 
improvement in some clinical outcome measures.402 Although hydroxyurea seems to 
be safe in patients with SMA types 2 and 3, efficacy was not established in the large 
RCT in 57 patients.298 Another randomised, double-blind, placebo-controlled trial 
in children with SMA types 2 and 3 has been completed but not yet been published 
and data are not available.376 We found no trials investigating hydroxyurea in other 
neuromuscular diseases.

Phenylbyturate
Based on the results from a pilot study with phenylbutyrate 500 mg/kg/day (maximum 
dose 19 g/day), divided in five doses (every 4 hours, skipping one night-dose) 
using an intermittent schedule (7 days on and 7 days off), a positive effect on the 
disease course of SMA was suspected.430 This uncontrolled trial, found a functional 
improvement in 10 patients with SMA type 1I after nine weeks of treatment with 
oral phenylbutyrate.430 The large RCT in SMA type 1I patients with the same dosing 
regime as Mercuri 2004 did not show any efficacy after three months of treatment.431 
A multicenter phase I/II open label trial intentionally evaluating multiple dosage 
levels of sodium phenylbutyrate to determine the maximum tolerated dose or 
the highest dose that can be safely given to children with SMA types 2 or 3 was 
terminated after the inclusion of nine participants due to poor adherence to the 
study drug administration of 500 mg/kg/day.432 Analysis of data is pending but the 
trial is probably underpowered. A multicenter, open label phase I/II trial on treatment 
with multiple dosage levels of phenylbutyrate to determine the maximum tolerated 
dose (MTD) or the highest dose that can safely be given to children with SMA type 
1 has been terminated due to extremely slow enrolment.373 A results are pending of 
a completed phase I/II open label study on sodium phenylbutyrate 450 mg/kg/day to 
600 mg/kg/day in 14 presymptomatic infants genetically confirmed to have SMA with 
suspected SMA type 1 or II according to family history and SMN2 copy number.374

Recombinant ciliary neurotrophic factor
A non-randomised uncontrolled study on the safety and tolerability of recombinant 
ciliary neurotrophic factor (CNTF) included 10 children with SMA type 1.372 Six 
children died; no change in muscle function and strength was noted and there was no 
difference in disease course and side effects between placebo and treatment groups. 

SMN1 gene therapy
A phase 1 study with intravenous AVXS-101 (scAAV9.CB.SMN) in infants with 
SMA type 1 has started and the first preliminary results, which are available as 
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Another important issue is the fact that the practice of supportive care, e.g. 
pulmonary, nutritional and orthopedic supportive therapy in children and adults 
with SMA types 2 and 3 probably differs between centres and countries.47,111 
Practice guidelines for the clinical care of children and adults with SMA are given 
in the consensus statement for standard care in SMA47. An update will be published 
in 2017. For future trials it is important that the level of supportive care is explicitly 
mentioned to avoid baseline differences in the treatment arms.

Quality of the evidence 
We included one RCT including 10 patients with SMA type 1, from which we 
concluded that there is no evidence for or against efficacy of treatment with oral 
riluzole for 9 months in SMA type 1. The included trial was not free of bias because 
possible baseline difference between intervention and control groups occured and 
the methodology of randomisation and blinding were not described. We performed 
an analysis of risk of bias, heterogeneity, imprecision and publication bias using 
GRADE,444 downgraded one level for imprecision (very small sample size) and one 
level for inconsistency (baseline differences between groups) and found the quality 
of evidence to be very low to low, for the reasons above.
 Unpublished trial results apparently showed efficacy of antisense-oligonucleotide 
therapy with nusinersen, for SMA type 1 and 2 and the FDA approved its use as the 
first treatment for SMA. We could not evaluate the effects of nusinersen in SMA 
type 1 since results of the phase 3 RCT were not published or available for analysis 
at the time of this review.

Potential biases in the review process 
There may be some potential for bias in this review process as we made changes to 
the protocol. These included additions and deletions to the outcomes, as reported 
in Differences between protocol and review. None of these changes were made as a 
result of the findings of the included studies but rather to improve the structure of 
the review.
 We are confident that we identified all clinically relevant trials, as we conducted a 
comprehensive search of all published literature and clinical trials registers and three 
of the review authors regularly attend international conferences on SMA.
 The results of our review might be biased by publication since the results of 
three completed trials on hydroxyurea,376 RO6885247380 and nusinersen378 were 
not available for analysis and review, and two trials investigating nusinersen360 and 
valproic acid370 are still ongoing. The approval by the FDA of nusinersen as the first 
treatment for SMA confirms the reports on the efficacy of nusinersen. However, 
official publications, reports and/or data analysis by personal communcation 

Small molecules
RO6885247 or RG7800
A phase I randomised, double-blind, placebo-controlled, multiple dose study to 
investigate the safety, tolerability, pharmacokinetics, and pharmacodynamics of 
RO6885247/RG7800 in patients with SMA started in November 2014, but the trial 
has been terminated in December 2016 for safety reasons.380

RO7034067 or RG7916
An open label, dose-escalating trial in infants with SMA type 1 is currently recruiting 
participants.379 A RCT with RO7034067/RG7916 has started recruiting children and 
adults with SMA types 2 and 3.440

LMI070
A phase 1, open label study with the small molecule ‘LMI070’ has started in patients 
with SMA type 1. LMI070 reportedly modulates SMN2 function, but the precise 
working mechanism of LMI070 is unknown.381

Other experimental factors
From studies on coenzyme Q10, lithium carbonate and guanidine hydrochloride, 
it was not clear on clinical grounds whether the patient population consisted of 
patients a genetically confirmed diagnosis of SMA, partially because SMN gene 
analysis was not possible prior to 1991.441-443 Therefore, we have not discussed the 
therapeutic effects of these drugs.

Overall completeness and applicability of evidence 
At the time of writing, there was no drug treatment for SMA type 1 of proven efficacy, 
based on available published trial data.
 Unpublished trial results apparently showed efficacy of antisense-oligonucleotide 
therapy with nusinersen, for SMA types 1 and 2 and the FDA has approved its use as the 
first treatment for SMA.
 A major issue in SMA irrespective of the investigated therapy is the timing of the 
treatment in relation to its potential effect. Previous experimental studies suggest that 
there is a limited window of opportunity to rescue or stabilise motor neuron function 
in the early or pre-symptomatic stages of the disease. Two trials currently investigate 
the effecacy of treatment in presymptomatic SMA patients. A phase 1/2 study with 
phenylbutyrate in presymptomatic infants genetically confirmed to have SMA, and 
suspected to have SMA type 1 or II according to family history and SMN2 copy number, 
has been completed and results are pending.374 Another trial was recently started with 
nusinersen-treatment in presymptomatic infants with genetically confirmed SMA.434
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are not yet available. Interpretation and grading of evidence was therefore not 
possible. Our final conclusions on nusinersen are therefore based on the judgment 
and interpretation by the FDA.
 One of the authors of this review (SI) is participating as investigator of different 
trials on drug treatment in SMA type 1. In the next update of the Cochrane review 
on SMA type 1 we will include an independent analyst to check the data analysis to 
avoid the suggestion of bias.

Agreements and disagreements with other studies or reviews 
To the best of our knowledge, there are no other systematic reviews reviewing the 
whole spectrum of drug treatment in SMA. Several reviews have also identified and 
discussed various drug treatments in SMA,403,445-451 with some focusing specifically on 
preclinical studies36, genetic therapies,452,453 solely HDACI-therapies,454 SMN-inducing 
therapies,455 or small molecule and molecular therapies.453 Our conclusions are in line 
with these reviews.
 Although we have tried to give an overview of the efficacy of drug treatment with 
riluzole, hydroxyurea, valproate, phenylbutyrate, recombinant ciliary neurotrophic 
factor, SMN1 gene therapy, SMN2 antisense-oligonucleotides, small molecules in 
other neuromuscular diseases and animal models of SMA (Discussion), this overview 
was not based on a systematic review and potential studies might have been missed.

Authors’ conclusions 
Implications for practice 
The results of the available published randomised, placebo-controlled trials have 
until August 2016 been disappointing, despite promising open-label or pilot studies. 
Antisense-oligonucleotide therapy with nusinersen is a reportedly efficicious drug 
therapy for SMA type 1 and 2 and was approved as the first treatment for SMA by 
the FDA and EMA. 
 We are awaiting data to be made available for analysis in this review.

Implications for research 
Since it is likely that antisense-oligonucleotide therapy with nusinersen is an efficacious 
drug therapy for SMA type 1 and 2, new therapies should preferably either be compared 
to nusinersen or be evaluated as an add-on therapy to nusinersen.
 Most trials investigating new therapies are focussed on the early phases of the 
disease, since motor improvement or lack of decline is the easiest way to establish 
drug efficacy. However, therapies for those who already have a prolonged disease 
duration should also be sought to prevent disease progression, conserve motor 
function and improve quality of life in this group of people.
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CHARACTERISTICS OF EXCLUDED STUDIES 

Study Reason for exclusion

Brichta 2006 Valproate. Not randomised. Study was on the effect of valproate on human SMN expression 
in blood.

CARNIVAL Type 1 Valproate and carnitine. Open label trial, no placebo was given.

Chang 2002 Hydroxyurea. Not randomised, not controlled. Only 2 participants.

Conceicao 2010 Valproate. Not randomised, not controlled. No placebo was given.

Finkel 2016 Nusinersen. Not randomised, not controlled (no placebo was given).

Firefish RO7034067/RG7916. Open label, not controlled.

Franz 1995 Recombinant human ciliary neurotrophic factor. Not randomised, not controlled.

JPRN-JapicCTI-163450 Sodium valproate. Open label, non-randomised. 

NCT02122952 AVXS-101. Phase I trial. Not controlled (no placebo was given).
The study is ongoing, but not recruiting.

NCT02268552 LMI070. Open-label, first-in-human study. No placebo was given for control.
The study is ongoing, but not recruiting.

NCT02855112 Allogeneic adipose derived stem cells. Pilot trial.

NCT02865109 Nusinersen. Expanded Access Program to address a high-unmet medical need. No placebo 
was given.

NPTUNE02 Sodium phenylbutyrate. Dose-escalating study. Non randomised, not controlled. No placebo 
was given.
Trial terminated due to extremely slow enrolment.

Prufer de Queiroz Campos Araujo 2010 Salbutamol. Pilot trial. Not controlled (no placebo was given), not randomised.

SHINE Nusinersen. Open label, not randomised. No placebo or sham-procedure was given.

SMART01 Valproate. Open label trial. Not randomised, not controlled (no placebo was given).
Completed study, no published data yet.

Swoboda 2009 Valproate and carnitine. Not randomised, not controlled; open label.

Villanova 2015 Allogeneic mesenchymal stem cells. Case series.

CHARACTERISTICS OF STUDIES AWAITING 
CLASSIFICATION ENDEAR 

Methods Phase 3, randomised, double-blind, sham-procedure-controlled study

Participants 111 participants with SMA type 1 < 7 months (210 days) of age at time of inclusion with genetically confirmed 
deletion or mutation of SMN1 and 2 copies of SMN2.

Interventions Randomisation 2:1
Intrathecal injection of nusinersen (IONIS-SMNRx or 396443) versus sham-procedure with placebo.

Outcomes Time to death or permanent ventilation, change from baseline in CHOP INTEND, change from baseline in motor 
milestones, percent of subjects not requiring permanent ventilation, survival rate.

Notes Study has been stopped and patients have been transitioned to the open label SHINE-study.
CHOP INTEND = Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders

CHARACTERISTICS OF INCLUDED STUDIES

Russman 2003355 

Methods Randomised (2:1 ratio), placebo-controlled trial

Participants 10 children (mean age at inclusion 10 months; range 3-15 months) who fulfilled international classification 
criteria for SMA type 1 and have a homozygous deletion of the SMN1 gene

Interventions Riluzole orally, around 107 mg/m²/d or placebo. Duration of treatment 9 months, follow-up 12 months

Outcomes Number of children who died; age at death; adverse events

Funding The study was funded in part by Rhone-Poulenc-Rorer, the manufacturer of riluzole, who provided the 
medication. Support was withdrawn when the company was taken over by Aventis. 

Conflicts of interest Not stated

Notes Enrolment goal was 30 children with SMA type 1, but only 10 children were included; until funding was withdrawn. 
Groups were not comparable at baseline, with earlier diagnosis and younger age in the placebo group. In riluzole 
group 3 children were still alive without ability to sit at the age of 30, 48, and 64 months

Risk of bias Table Russman 2003355 

Bias Authors’ judgement Support for judgement

Random sequence generation 
(selection bias)

High risk Randomly assigned (2:1), no method reported. Infants receiving riluzole 
were older at diagnosis (5.2 months) than those who received placebo 
(1.2 months) and older at entrolment (9.3 versus 4.3 months)

Allocation concealment 
(selection bias)

Unclear risk Not reported

Blinding of participants and 
personnel (performance bias)

Unclear risk Unknown for performance (blinding of personnel and participants) and 
detection bias (blinding of outcome assessment) according to current 
practice 

Blinding of outcome assessment 
(detection bias)

Unclear risk Unknown

Incomplete outcome data 
(attrition bias)

Low risk Adequate

Selective reporting (reporting 
bias)

Low risk Adequate

Other bias Low risk
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CHARACTERISTICS OF ONGOING STUDIES 
EMBRACE 

Study name A phase 2, randomized, double-blind, sham-procedure controlled study to assess the safety and 
tolerability and explore the efficacy of IONIS 396443 (BIIB058) administered intrathecally in 
subjects with spinal muscular atrophy who are not eligible to participate in the clinical studies 
IONIS 396443-CS3B or IONIS 396443-CS4

Methods Phase 2, randomised, double-blind, sham-procedure-controlled study

Participants 21 participants with genetically confirmed SMA with onset of clinical signs and symptoms consistent 
with SMA at ≤ 6 months of age and have documentation of 3 SMN2 copies OR onset of clinical signs and 
symptoms consistent with SMA at ≤6 months of age, > 7 months of age (211 days) at screening, and have 
documentation of 2 SMN2 copies OR onset of clinical signs and symptoms consistent with SMA at > 6 months 
of age, are ≤18 months of age at screening, and have documentation of 2 or 3 SMN2 copies.

Interventions Multiple intrathecal injection of nusinersen (IONIS-SMNRx or 396443) versus multiple sham-procedure with 
placebo.

Outcomes Number of adverse events and serious adverse events, change from baseline in clinical laboratory parameters, 
change form baseline in electrocardiogram, change from baseline in vital signs, change from baseline in 
neurological exam including motor function, change in plasma concentration of IONIS 396443 and change in 
cerebrospinal fluid concentration of IONIS 396443.

Starting date June 2015

Contact information Biogen

Notes The study is ongoing, but not recruiting patients.

SMART02 

Study name Multicenter cooperative and investigator initiated clinical trial using valproic acid in childhood 
onset spinal muscular atrophy: confirmatory trial (SMART02)

Methods Phase 2B, placebo-controlled, randomised, double-blind trial.

Participants 28 patients with SMA types 1 and 2, age 1-7 years.

Interventions Oral valproic acid or placebo, 12.5 mg/kg or 25 mg/kg once a day after supper. Treatment period is 40 weeks.

Outcomes HFMSE, HFMS, motor function, WHO Motor milestones.

Starting date January 2016

Contact information Kayoko Saito, Institute of Medical Genetics, Tokyo Women’s Medical University

Notes HFMS(E) = Hammersmith Functional Motor Scale (Expanded)

MOONFISH
 

Methods Phase 1, randomised, double-blind, placebo-controlled trial

Participants 64 patients with SMA types 1, 2 or 3 aged 2 to 55 years or below 7 months

Interventions RO6885247 orally once daily for 12 weeks versus placebo orally once daily for 12 weeks.

Outcomes Safety (incidence of adverse events), pharmacokinetics (plasma concentrations of RO6885247 and RO6885247 
exposure), pharmacodynamics (SMN protein levels in blood and in vivo splicing of SMN2 mRNA in blood), effect on 
CMAP, effect on electrical impedance myography.

Notes Recruitment of patients is suspended since April 2015 for safety reasons. In parallel to the Moonfish trial, Hoffmann-La 
Roche have been investigating the effects of the long term use of RG7800 in animals. These animal studies are a 
standard requirement in the development of new medicines. In this study, they observed an unexpected safety 
finding in the eye of animals and subsequently immediately suspended dosing in the Moonfish trial as a precautionary 
measure. The trial in participants with SMA was therefor terminated in December 2016.

NCT00568698 

Methods A pilot therapeutic, randomised, placebo-controlled, double-blind trial using hydroxyurea in children 
with SMA type 1.

Participants Children with SMA type 1 who never achieved independent sitting with an age of onset before 6 months and 
confirmation of a homozygous deletion or mutation of the SMN1 gene. Enrolment in study within 6 months after 
diagnosis up to 2 years of age and not requiring continuous respiratory support before the inclusion.

Interventions Hydroxyurea or placebo (dose route and duration of treatment not mentioned).

Outcomes Adverse events; length of survival (LOS) and age of ventilator dependence (AVD); Motor Unit Number Estimation 
(MUNE); biomarker assays: SMN protein and SMN mRNA.

Notes This study is completed, but results have not yet been published.



189188

Cochrane review: Drug treatment for SMA type 1

8.1

ADDITIONAL Tables

1 Diagnostic criteria for SMA type 1

Primary criteria

Age of onset before 6 months and have never been able to sit independently

Genetic analysis to confirm the diagnosis, with deletion or mutation of the SMN1 gene (5q11.2-13.3)

Supporting criteria 

Symmetrical muscle weakness of limb and trunk

Proximal muscles more affected than distal muscles and lower limbs more than upper limbs

No abnormality of sensory function

Serum creatine kinase (CK) activity not more than 5 times the upper limit of normal

Denervation on electrophysiological examination, and no nerve conduction velocities below 70% of the lower limit of normal. There are no 
abnormal sensory nerve action potentials

Muscle biopsy showing atrophic fibers of both types, hypertrophic fibers of one type (usually type 1), and in chronic cases type grouping

No involvement of the central neurological systems, like hearing or vision

2 Outcome of included study (Russman 2003)

Riluzole Placebo

Number of participants randomised 7 3

Number (%) of participants evaluable for analysis 7 (100%) 3 (100%)

Number of participants who died during the 12-month study 4 3

Number (%) of participants who died during the 12-month study 57% 100%

Median age at death (months)* 17 8

Range of ages at death (months)* 5-25 6-13

Adverse events 0 0

*Among the children who died during the 12-month study. Three of the seven children treated with riluzole were alive at 30, 48 and 64 
months’ follow-up.

SUMMARY OF FINDINGS Table

1 Riluzole compared to placebo for children with SMA type 1 

Patient or population: children with SMA type 1  
Setting:  
Intervention: riluzole  
Comparison: placebo 

Outcomes Impact № of participants 
(studies) 

Quality of the evidence 
(GRADE) 

Time from birth till death or full 
time ventilation 
assessed with: Age in months 
follow up: range 1 months to 64 
months 

In the 3 children in the placebo group the 
median age at death was 8 months (range 
6 to 13 months); 4/7 children treated with 
riluzole died during the trial, median age 
17 months (range 5 to 25 months); the 
remaining 3 children treated with riluzole 
were still alive at 30, 48 and 64 months. 

10 
(1 RCT) 

⊕⊕⊝⊝ 
LOW 1

Development of the ability to sit 
follow up: range 1 months to 64 
months 

None of the children in the riluzole or 
the placebo group acquired the ability to 
sit. Follow up was extended up to 30-64 
months in the children from the riluzole 
treated group. 

10 
(1 RCT) 

⊕⊕⊝⊝ 
LOW 1

Development of the ability to roll - 
not reported 

- - 

Development of the ability to 
stand - not reported 

- - 

Adverse events 
follow up: range 1 months to 9 
months 

No adverse events occurred in patients 
treated with placebo or riluzole 

10 
(1 RCT) 

⊕⊕⊝⊝ 
LOW 1

Severe adverse events 
follow up: range 1 months to 9 
months 

No adverse events occurred in patients 
treated with placebo or riluzole. 

10 
(1 RCT) 

⊕⊕⊝⊝ 
LOW 1

*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative 
effect of the intervention (and its 95% CI).  
CI: Confidence interval; RR: Risk ratio; OR: Odds ratio; 

GRADE Working Group grades of evidence 
High quality: We are very confident that the true effect lies close to that of the estimate of the effect 
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but 
there is a possibility that it is substantially different 
Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect 
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate 
of effect 

1 We downgraded two levels for imprecision, because of the small cohort and the baseline differences.
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Main results  Nine randomised placebo-controlled trials on treatment for SMA 
types 2 and 3 were found and included in the review. In this update we identified and 
added three of these nine trials. The tested drugs were creatine (55 participants), 
gabapentin (84 participants), hydroxyurea (57 participants), phenylbutyrate 
(107 participants), olesoxime (165 participants), somatotropin (20 participants), 
thyrotropin releasing hormone (9 participants), valproic acid (33 participants) and 
combination therapy with valproic acid and acetyl-L-carnitine (61 participants). 
None of these studies were completely free of bias. All studies had adequate 
blinding, sequence generation and reports of primary outcomes. None of the nine 
included trials showed a statistically significant effect on the outcome measures in 
participants with SMA types 2 and 3. Results of eight completed trials investigating 
4-aminopyridine, acetyl-L-carnitine, hydroxyurea, nusinersen, riluzole, RO6885247/
RG7800, salbutamol and valproic acid were awaited and not yet available for analysis 
in this review. However, the United States Food and Drug Administration (FDA) and 
European Medicines Agency (EMA) recently evaluated results of completed phase 
III trials designed to assess efficacy of nusinersen in SMA, and the FDA and EMA 
approved its use for SMA types 1-4 as of December 23th 2016 and April 21st 2017, 
respectively.

Authors’ conclusions There is no proven efficacious drug treatment for SMA types 
2 and 3 based on published trials and available data. The FDA and EMA approved 
the use of the antisense-oligonucleotide nusinersen as the first treatment for SMA 
based on results from unpublished trials.

PLAIN LANGUAGE SUMMARY

What is the aim of this review? The aim of this Cochrane Review was to look at 
the effects of drug treatments on spinal muscular atrophy types 2 and 3, in terms 
of disability, muscle strength, ability to stand or walk, quality of life, time to death 
or full time ventilation, within one year after beginning treatment. We also wanted 
to identify any adverse events that may have been caused by the treatment during 
the trial period. Cochrane review authors collected relevant studies to answer this 
question and found one study.

Key messages At the time of writing, there was no drug treatment for SMA types 2 
and 3 that had been proven to be effective, based on the available published trial data.
 There is evidence against a beneficial effect on the disease course of SMA types 
2 and 3 of creatine, phenylbutyrate, gabapentin, thyrotropin releasing hormone, 

ABSTRACT

Background Spinal muscular atrophy (SMA) is caused by a homozygous deletion of 
the survival motor neuron (SMN)1 gene on chromosome 5, or a heterozygous deletion 
in combination with a (point)mutation in the second SMN1 allele. This results in 
degeneration of anterior horn cells, which leads to progressive muscle weakness. 
Children with SMA type 2 do not develop the ability to walk without support and 
have a shortened life expectancy, whereas children with SMA type 3develop the 
ability to walk and have a normal life expectancy. There are no known efficacious drug 
treatments that influence the disease course of SMA. This is an update of a review 
first published in 2009 and previously updated in 2011.

Objectives To evaluate whether drug treatment is able to slow or arrest the 
disease progression of SMA types 2 and 3 and to assess if such therapy can be given 
safely. Drug treatment for infantile SMA (type 1) is the topic of a separate updated 
Cochrane review.

Search methods We searched the Cochrane Neuromuscular Specialised Register, 
CENTRAL, MEDLINE, Embase and ISI Web of Science conference proceedings in 
June 2017. We also searched two trials registries to identify as yet unpublished trials 
(June 2017).

Selection criteria We sought all randomised or quasi-randomised trials that 
examined the efficacy of drug treatment for SMA types 2 and 3. Participants had to 
fulfil the clinical criteria and have a homozygous deletion or hemizygous deletion in 
combination with a point mutation in the second allele of the survival motor neuron 1 
(SMN1) gene (5q11.2-13.2) that was confirmed by genetic analysis.
 The primary outcome measure was change in disability score within one year 
after the onset of treatment. Secondary outcome measures within one year after 
the onset of treatment were change in muscle strength, ability to stand or walk, 
change in quality of life, time from the start of treatment until death or full time 
ventilation and adverse events attribuTable to treatment during the trial period.

Data collection and analysis Two authors (RW and AV) independently reviewed and 
extracted data from all potentially relevant trials. Pooled relative risks and pooled 
standardised mean differences were calculated to assess treatment efficacy. Risk 
of bias was systematically analysed.



195194

Cochrane review: Drug treatment for SMA types 2 and 3

8.2

salbutamol and valproic acid are awaiting and were not available for analysis in 
this review. However, the United States Food and Drug Administration (FDA) and 
European Medicines Agency (EMA) recently evaluated results of phase III trials 
designed to assess efficacy of nusinersen, and they approved the use of nusinersen 
for SMA types 1-4 in the United States of America and Europe as of December 23th 
2016 and April 21st 2017, respectively.

How up to date is this review? We searched for studies that had been published 
up to June 2017.

BACKGROUND

Description of the condition 
Spinal muscular atrophy (SMA) is a neuromuscular disorder of childhood and 
adolescence with an annual incidence of 1 in 6000 to 12000.37,81,341 It is caused 
by degeneration of anterior horn cells in the spinal cord and characterized by 
progressive muscle weakness.342,343 Other parts of the peripheral nervous system 
such as the neuromuscular junction, and possibly muscles and other organs, may 
be affected as well.146,147,149,344 
 SMA is an autosomal recessive disease caused by the homozygous deletion of 
the SMN1 gene that has been mapped to chromosome 5q11.2-13.35,54,56-58 resulting in 
survival motor neuron (SMN) protein deficiency. Chromosome 5q11.2-13.3 contains 
the duplicated SMN1 and SMN2 genes.341,349 The SMN1 and SMN2 gene are almost 
identical, but a crucial C to T nucleotide difference in exon 7 results in its exclusion 
from most SMN2 mRNA copies.5,84 The functional SMN1 gene, transcribed into full-
length mRNA that produces the bulk of sTable SMN protein, is lacking in patients 
with SMA. The SMN2 gene, that is mostly (80-90%) transcribed into a truncated 
form lacking exon 7, only produces residual levels of full-length SMN mRNA and 
protein.84,496 The clinical severity of the disease is related to the number of copies of 
the SMN2 gene.35,71,117,161,353 
 The cellular functions of the SMN protein are multiple,354 including RNP 
assembly,62,155,259-261 motor axon outgrowth and axonal transport,104,262 protection 
against superoxide dismutase 1 (SOD1) toxicity,98 endocytosis105,106 and ubiquitin 
homeostasis.102

 Muscle weakness in SMA predominates in the axial and proximal muscle groups 
with the lower limbs more affected than the upper limbs.345,346 In more severe 
cases of SMA, intercostal muscles are also weakened, usually with relative sparing 
of the diaphragm. Survival depends primarily on respiratory function and not 

hydroxyurea, olesoxime, somatotropin, valproic acid, or combination therapy with 
valproic acid and acetyl-L-carnitin. We found all the studies to have limitations in 
design or performance that could have affected the results. Thus, there is no proven 
efficacious drug treatment for SMA types 2 and 3 based on published trials and 
available data. The FDA and EMA approved the use of the drug nusinersen as the 
first treatment for SMA based on results from unpublished trials.
 Most trials that investigate new therapies for SMA type 2 and 3 focus on the 
early phases of the disease. This is because an improvement in motor function or a 
lack of decline is the easiest way to tell if a drug is effective. However, therapies for 
patients who have already had the disease for a longer period of time should also be 
looked into, as treatment may help to prevent a worsening of their symptoms, and 
help preserve existing motor abilities.

What was studied in the review? This review is of drug treatment for SMA types 
2 and 3. SMA is a disorder with onset in childhood and adolescence that leads to 
increasing muscle weakness. Children with SMA type 2 will never be able to walk 
without support; they usually live into adolescence or longer, but with a shortened 
life expectancy. The age of onset of SMA type 2 is between six and 18 months. 
Children with SMA type 3 will walk independently but may lose the ability to walk 
at some time and they have a normal life expectancy. The age of onset of SMA type 
3 is after 18 months.
 At the moment there is no known treatment to slow down or cure SMA types 2 or 3.

What are the main results of the review? We identified nine randomised controlled 
trials. All included trials compared treatment with an inactive substance (placebo). 
The treatments studied were oral creatine (55 participants), oral gabapentin 
(84 participants), oral phenylbutyrate (107 participants), oral hydroxyurea (57 
participants), oral olesoxime (165 participants), subcutaneous somatotropin (20 
participants), intravenous thyrotropin releasing hormone (9 participants), oral 
valproic acid (33 participants) or combination therapy with oral valproic acid and 
acetyl-L-carnitine (61 participants). Treatment duration was three up to 24 months.
 There is evidence against a beneficial effect on the disease course of SMA types 
2 and 3 of creatine, phenylbutyrate, gabapentin, thyrotropin releasing hormone, 
hydroxyurea, olesoxime, somatotropin, valproic acid, or combination therapy with 
valproic acid and acetyl-L-carnitin. We found all the studies to have limitations in 
design or performance that could have affected the results. Thus, there is no proven 
efficacious drug treatment for SMA types 2 and 3 based on published trials and 
available data. Results of eight completed trials investigating 4-aminopyridine, 
acetyl-L-carnitine, hydroxyurea, nusinersen, riluzole, RO6885247/RG7800, 
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Below we describe the working mechanisms, pre-clinical studies in SMA models 
and trials in other neuromuscular diseases of the various drugs tested in trials with 
patients with SMA type 2 and 3. From studies on coenzyme Q10, lithium carbonate 
and guanidine hydrochloride, it was not clear on clinical grounds whether the 
patient population consisted of patients a genetically confirmed diagnosis of SMA, 
partially because SMN gene analysis was not possible prior to 1991.441-443 Therefore, 
we have not discussed the therapeutic effects of these drugs. Several other 
compounds have been shown to have an effect on SMN expression in in vivo and in 
vitro SMA studies, but were not (yet) tested in studies or trials with patients with 
SMA and are therefor out of the scoop of this review (See Appendix 2). 

Thyrotropin releasing hormone (TRH)
The precise mechanisms of action of thyrotropin releasing hormone (TRH), a 
tripeptide produced by the hypothalamus, are unknown. It is supposed to have a 
neurotrophic effect on spinal motor neurons499. A positive effect of TRH in SMA was 
considered since an uncontrolled study found improvement in motor function and 
electromyographic findings in participants with SMA types 2 and 3 after thyrotropin 
releasing hormone therapy.499 
 Three controlled trials with intravenous or subcutaneous administration of TRH or 
TRH analogues in the prototypical adult motor neuron disorder amyotrophic lateral 
sclerosis (ALS) did show significant improvements on some outcome measures, 
but the effect was temporary and disease progression was not halted with any of 
the TRH analogues.517-519 Other (double-)blinded controlled and crossover studies in 
ALS did not show any positive effects of intravenous, subcutaneous, intramuscular 
or intrathecal treatment with TRH or TRH analogues compared with placebo.520-522

Gabapentin
It is thought that gabapentin has a neuroprotective role by diminishing the 
excitotoxicity of glutamate.501,523,524

 An unblinded and uncontrolled randomised trial on treatment with gabapentin 
in participants with ALS showed a slower decline in muscle strength and longer 
survival in the groups treated with higher cumulative doses of gabapentin525. 
A phase II randomised controlled trial in participants with ALS observed a trend 
towards a slower decline in muscle strength.526 However, in the subsequent large 
phase III randomised-controlled trial, there was no evidence of a beneficial effect of 
gabapentin on disease progression or symptoms in participants with ALS.527

necessarily on motor ability.24,343,347 There is often a fine tremor in the fingers.349  
Although the face is often spared, tongue fasciculations and facial weakness are 
not unusual findings.348 The cognitive function of people with SMA is normal.346,349 
Electrophysiological examination shows denervation and reinnervation.161,341 
 Classification of SMA according to the International SMA Collaboration 
distinguishes 5 SMA types (0-4) and is based on age of onset and maximal acquired 
motor function.21,29,241 SMA type 0, 1 and 4 represent the two ends of the spectrum 
of SMA, which are out of the scope of this review.
 SMA type 2 is also known as intermediate SMA, juvenile SMA and chronic SMA. 
The age of onset is between six and 18 months. Children with SMA type 2 develop 
the ability to sit independently but are never able to walk without support. They 
often develop severe pulmonary and orthopaedic complications.187 The children 
generally survive beyond two years and usually live into adolescence or longer.3,4,497 
 SMA type 3 is known as Kugelberg-Welander disease, Wohlfart-Kugelberg-
Welander disease and mild SMA. The age of onset is after 18 months. Children with 
SMA type 3 develop the ability to walk independently at some time although many 
will lose this ability later in life. Most patients with SMA type 3 have a normal life 
expectancy.3,4,347 SMA type 3 is often further divided into SMA type 3a (disease onset 
before 36 months) and SMA type 3b (disease onset after the age of 36 months).3 

Description of the intervention 
Drug treatment for SMA types 2 and 3 is urgently needed.49,341,498 Management of 
SMA consists of preventing or treating the complications.47,349,355 Administration of 
agents capable of increasing the expression of SMN protein levels may improve 
the outcome in SMA.71,84,356 Transcriptional SMN2 activation, facilitation or 
correction of SMN2 splicing, translational activation and stabilisation of the full-
length SMN protein are possible therapeutic strategies for SMA. Other strategies 
are improvement of motor neuron viability by neuroprotective or neurotrophic 
agents.357-359 Recently, trials with splice-site-modulators118,119,360,362,378,381,437-439 or RNA-
degradation inhibitors363-365 and compounds that replace the SMN1-gene have 
started and have been concluded.366 

Various drugs that might slow down or cure SMA have been tested in open and (un)
controlled studies of children with SMA type 2 and 3 are TRH,499,500 gabapentin,501,502 
phenylbyturate,374,430-432 creatine,456 valproic acid,142,297,300,303,369-371,399,426,429,503 
hydroxyurea,298,375,402,504 somatropin,505 carnitine,142,303,506 salbutamol,425,507-511 
riluzole,355,367,368 lamotrigin,512 celecoxib,513 olesoxime,457,458 SMN1 gene therapy,366,377,433 
SMN2 antisende-oligonucleotides,119,362,437-439 small molecules,380,440,514,515 and NMJ-
interactors.459,516 
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Hydroxyurea
Hydroxyurea is another histone deacetylase inhibitor. In vitro, hydroxyurea increases 
SMN2 gene expression and production of SMN protein in cultured lymphocytes of SMA 
patients.401,402 We found no hydroxyurea trials in other neuromuscular diseases.

Somatropin
Somatropin, also called growth-hormone or somatomedin C, is a small polypeptic 
hormone produced in the pituitary gland. It interacts with growth hormone receptors 
primarily in muscles and liver in which it induces insuline-like growth factor-1 (IGF-1). 
Because of its primary role in liver and muscle metabolism, IGF-1 seems to play an 
important role during muscle development and induces muscle regeneration after 
injury and denervation.537 IGF-1 stimulates myoblast and motor neuron proliferation, 
induces myogenic differentiation and generates myocyte hypertrophy in vitro and in 
vivo.538,539 In vitro studies of motor neuron tissue cultures of rat spinal cord showed 
that IGF-1 was one of the neuroprotective hormones that enhanced the survival of 
motor neurons and reduced their susceptibility to glutamate induced neurotoxicity.540

 One study showed that intra-cerebroventricular injections of IGF-1 next to an SMN 
trans-splicing RNA vector had a positive effect on disease severity and increased 
survival of severe SMA mice.541 One study showed that overexpression of IGF-1 
increased muscle mass, and showed that the combination of IGF-1 and trichostatin-A 
improved survival and motor function in SMA mice.538 One study showed that 
underexpression of IGF-1-receptors alone improved motor function and life span 
of SMA mice.542 Two studies investigated intracerebral injection of AVV-IGF-1 and 
showed variable results with slight improved motor function and survival due to 
prevention of muscle atrophy and preservation of neuromuscular junctions.543,544

 Treatment with growth-hormone has been investigated in ALS. One trial in nine 
people with ALS showed differences in progression rate of motor weakness between 
low-dose 0.15 ug/kg and high-dose 3 ug/kg intrathecal IGF-1 in favour of the high 
dose.545 One RCT in 266 participants with ALS investigated subcutaneous injections 
of recombinant human IGF-1 or placebo for nine months (0.05 mg/kg/day or 0.10 mg/
kg/day) and showed slower disease progression in the high dose group compared 
to placebo.546 Next, one RCT in 183 participants with ALS treated with recombinant 
human IGF-1 subcutaneous 0.1mg/kg/day or placebo for nine months showed no 
differences in disease progression.547 A RCT in 330 participants with ALS showed no 
evidence for beneficial effects on muscle strength, pulmonary function or survival 
during 2-year treatment of subcutaneous GH-injections compared to placebo.548 
These results were confirmed by the study of Sacca 2010 who could not find 
improvement of ALSFRS in 40 participants with ALS after 12 months of subcutaneous 
growth-hormone-injections.549

Phenylbutyrate
Phenylbutyrate is one of the histone deacetylase inhibitors and a few studies have 
suggested a therapeutic role for these agents in SMA as they appeared to activate 
SMN2 transcription359,393,403.
 In fibroblast cultures and leucocytes of patients with SMA treated with 
phenylbutyrate, the drug was able to increase the SMN transcript expression.309,326,328 
An open-label, dose-escalating trial investigating the effect sodium phenylbutyrate 
(from 9 to 21 g/day) in 40 participants with ALS showed no significant effect on the 
ALSFRS-Revised, grip strength or pulmonary function. Fourteen participants did 
not complete the trial with seventy percent of them terminating their participation 
because of adverse events.404

Creatine
Creatine may have therapeutical benefit by increasing muscle mass and strength 
through its role as an energy shuttle between mitochondria and working 
musculature, and it could also exert neuroprotective effects.528-530 Two small 
randomised placebo-controlled trials and a Cochrane review on oral creatine for 
hereditary muscle diseases found muscle strength improvement in muscular 
dystrophies but no effect in metabolic myopathies.531-533 Three other Cochrane 
reviews on treatment in facioscapulohumeral dystrophy,534 Charcot-Marie-Tooth 
disease535 and ALS536 did not show any effect of creatine.

Valproic acid
Valproic acid is a histone deacetylase inhibitor that increases SMN protein in vitro 
by increasing transcription of SMN2 genes393,394 and might have a neuroprotective 
role by diminishing the excitotoxicity of glutamate.395,396

 Valproic acid has extensively been tested in SMA and showed positive results on 
SMN expression in vitro,301,308,397 in vivo302 and in open label studies.120,297,300,369,394,398,399

SMN protein levels and transcription of SMN2 genes increased in patients with SMA 
treated with valproic acid, but responses varied.302,308 Two case series and four open 
label studies showed an increase of SMN transcripts levels in almost all patients, but 
variable results on motor abilities and muscle strength and possibly a beneficial effect 
on pulmonary function.120,297,300,394,398,399

 Only one trial studying the effects of valproic acid in another neuromuscular disease 
was performed. A randomised placebo-controlled trial of valproic acid in 163 patients 
with ALS found no evidence for a beneficial effect on survival or motor function.400
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with salbutamol.558,559 Two pilot trials in (congenital) myasthenia showed effect on 
muscle strength after treatment of salbutamol.557,560

Riluzole
Riluzole is thought to have a neuroprotective effect on motor neurons by blocking 
the presynaptic release of glutamate. Surprisingly few studies have investigated the 
effect of riluzole in SMA, but riluzole has shown to attenuate disease progression in 
a SMA mouse model.384

 Riluzole has been proven to be modestly effective in slowing disease progression 
in ALS385-391 with only minimal adverse effects.392

Lamotrigine
Lamotrigine is a glutamate inhibitor. Lamotrigine did not show a clinical effect on 
a total of 97 participants with ALS in two randomised placebo-controlled trials.567,568

Celecoxib
Treatment with celecoxib resulted in an increase of SMN RNA and protein levels in 
vitro and in models of severe SMA mice by activating the p38 pathway,569 and might 
have a neuroprotective effect by inhibition of glutamate release.570 Celecoxib was 
tested in a double-blind RCT in 300 participants with ALS but did not slow down the 
decline in muscle strength, vital capacity, motor unit number estimates and ALS 
Functional Rating Scale-Revised and did not affect survival.404

Olesoxime
The experimental drug olesoxime (TRO19622) is thought to modulate the 
mitochondrial permeability transition pore (mPTP) opening influencing cell 
apoptosis of, for example, motor neurons.571,572 Olesoxime showed neuroprotective 
and neurodegenerative effects in an animal model of ALS,572,573 as well as anti-
nociceptive and neuroprotective effects in experimental models of painful peripheral 
neuropathies574. A phase 2/3 trial in 512 participants with ALS to evaluate the effect 
of olesoxime versus placebo on survival, muscle strength, motor function (ALSFRS) 
and adverse events did not show any significant effect in favour of olesoxime after 
18 months of treatment.575,576

Other neurotrophic factors
Other neurotrophic factors have been considered as potential therapies for motor 
neuron diseases.577 In a mouse model of SMA, cardiotrophin-1 seemed effective in 
slowing down disease progression.578

Carnitine
L-carnitine, an essential cofactor for the beta-oxidation of long-chain fatty acids, 
inhibits mitochondrial injury and apoptosis both in vitro and in vivo. Acetyl-L-
carnitine, the acetylated derivative of L-carnitine, shows neuroprotective and 
neurotrophic activity in motoneuron cultures.550 L-carnitine treatment restored the 
level of free carnitine in an animal model of SMA551. A decrease of carnitine was 
found in muscles of patients with SMA type 1.551 Valproic acid-mediated carnitine 
defficiency can be attenuated by L-carnitine supplementation.142,303,552

A RCT in 82 participant with ALS showed significant differences on motor function 
(ALSFRS), pulmonary function and survival in favour of acetyl-L-carnitine (dosis 
unknown) compared to placebo.553

Salbutamol
Some studies have documented positive effects of oral beta2-adrenoceptor agonists 
on human skeletal muscle.518,554-556 Improvement of motor function was shown 
by trials investigating effects of oral beta2-adrenoceptor agonists in people with 
neuromuscular junction (NMJ) disorders.557-560 Since abnormal development of the 
neuromuscular junction is an additional feature to dysfunction of neuromuscular 
synaptic transmission in SMA,146-149 one could expect effect of beta2-adrenoceptor 
agonists on muscles as well as NMJs in SMA.
In fibroblasts of patients with SMA, salbutamol has shown to increase the SMN2 
full-length mRNA and the SMN protein.561 Leukocytes of twelve patients with SMA 
types 2 and 3 were evaluated during 6-month treatment with oral salbutamol and 
showed a significant and constant increase in SMN2 full length transcript levels.299

 Efficacy of oral beta2-adrenoceptor agonists was tested in various neuromuscular 
disorders. A pilot trial with salbutamol in children with central core and multi-
minicore diseases demonstrated an increase in functional abilities and muscle 
strength.562 In a RCT involving 90 participants with facioscapulohumeral muscular 
dystrophy, salbutamol showed some effect on secondary outcome measures but 
no effect on muscle strength or function.534,563 In addition, salbutamol failed to have 
any effect on pain and fatigue in a RCT in 56 participants with facioscapulohumeral 
muscular dystrophy.564 In a pilot trial in participants with ALS, clenbuterol, another 
beta2-adrenoceptor agonist, did not demonstrate clinical effects.565 Oral clenbuterol 
(0.04 mg/d) for 12 months showed a significant effect on walking distance and 
pulmonary function, but not on muscle strength or ALSFRS, in a pilot trial in 12 
participants with Kennedy Disease.566 A case series of 18 patients with congenital 
myasthenic syndrome (3 patients with endplate AChE deficiency and 15 with Dok-7 
myasthenia) and a pilot trial of salbutamol in 5 adults with congenital myasthenia 
(DOK7-mutation) showed persistent muscle strength improvement after treatment 
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CK-2127107
CK-2127107/CK-107 (2-aminoalkyl-5-N-heteroarylpyrimidine) has been identified 
as a small-molecule fast skeletal troponin activator candidate and was tested in 
conditions of muscle weakness, fatigue and heart-failure579. A report of a phase 
1 study in healthy men reported that the drug was well tolerated and no serious 
adverse events occurred.580 

Neuromuscular junction interactors
Studies in SMN-deficient mouse models of SMA have uncovered significant 
abnormalities in the morphology of the neuromuscular junction (NMJ) in SMA, in 
addition to the well known motor neuron degeneration.146-149 In patients with SMA 
type 1, abnormal aggregation of acetylcholine receptors at the muscle endplates 
were observerd.145 Electrofysiologic studies in patients with SMA have additionally 
shown neurophysiologic alterations of the neuromuscular junction which may 
correspond with the observed symptoms of fatigability in patients.176,181,581 
Drugs that directly interact with and could facilitate the neuromuscular junction 
function are pyridostigmine and neostigmine, because of their inhibitory effect on 
acetylcholinesterase. 
 One open label pilot study found a significant effect of oral 3-4 DAP 30-100mg/
day on motor scores and the Functional Indepence Measure in seven participants 
with ALS.582 However, a follow-up double-blinded placebo controlled cross-
over study in nine participants with ALS did not show differences of clinical or 
electrophysiological scores between 3-4 DAP and placebo treated groups.583 A 
double-blind, crossover study in 20 participants (13 with ALS, four with genetically 
confirmed SMA, two with non-hereditary progressive muscular atrophy, one with 
Kennedy Disease) showed a large and moderate effect in participants with ALS and 
lower motor neuron disease on the Fatigue Severity Scale during the use of 3-4 DAP 
compared to placebo, but no significant effect on muscle strength or pulmonary 
function.584

Why it is important to do this review 
There is no treatment to slow down or cure SMA types 2 or 3.6,110 In the past 
decades many studies explored the effects of various drug in SMA animal models 
and/or patients with SMA. Currently, there are several drugs and compounds 
tested in uncontrolled, unblinded and non-randomised settings, showing a 
possible positive effect on SMA disease course through neuroprotection (e.g. 
cardiotrophin-1, creatine, gabapentin, lamotrigin, riluzole), SMN2-inducing 
activity by histone deacetylase inhibitors (e.g. valproic acid, phenylbutyrate, 
hydroxyurea), improvement of neuromuscular junction transmission function 

SMN1 Gene therapy
Genetic restoration of SMN1 through viral vectors, in particular the (self-
complementary) adeno-associated virus (AAV8 or AAV9) virus, has been 
investigated in in vitro studies in fibroblasts of SMA patients.11,419 In vivo studies 
in mice,10,11 primates and pigs with SMA phenotype12-18 have shown promising 
results on SMN1-expression with effects on motor function and survival. These 
studies also indicate that intramuscular or intravenous injection of the AAV results 
in widespread transportation of the vehicle including penetration of the central 
nervous system,10,13 although intracerebral injection might still be the most effective 
route of administration.15,420

Antisense-oligonucleotides
Antisense-oligonucleotides (ASO’s) or ‘morpholinos’, are synthetic strands of 
nucleid acids which are able to interfere (stimulate or inhibit) with mRNA products 
of the target DNA-sequence. In that way, ASO’s can modify potential splice 
sites and interfere with splicing.408 Multiple ASO’s for the SMN2 gene have been 
developed and investigated.409-417 The intronic splice silencer in intron 7 of SMN2, 
called nusinersen (formerly known as SMN Rx 39443 or IONIS SMN Rx or ISIS-SMN 
Rx), is specifically targeting the splice silencer in intron 7 and ensures the inclusion 
of SMN2 exon 7 that results in increased SMN2 full length mRNA and protein 
production418 and subsequently shows improved performance and survival in SMA 
animal models.8,9 Nusinersen is an intrathecally injected therapy.

Small molecules
RO6885247 or RG7800
The small molecule RO6885247/RG7800 selectively modulates SMN2 splicing 
toward the inclusion of exon 7 and thereby stimulates production of full-length 
SMN2 messenger RNA. Administration of RO6885247/RG7800 improved and 
almost rescued motor function and survival of SMA mice.421 

RO7034067 or RG7916
The small molecule RO7034067/RG7916 modulates SMN2 splicing, but exact details 
on structure and pharmacology are not available. A phase I trial with RO7034067/
RG7916 combined with itraconazole in healthy volunteers was completed, showing 
dose-depended increase on SMN2 mRNA transcripts, but results were only reported 
in a conference abstract with further publication of data pending.422,423 
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Primary outcomes 
• Change in disability score (for example Hammersmith Functional Motor Score, 

Motor Function Measure, and Gross Motor Function Measure) as determined by 
the original study authors.

 Secondary outcomes 
• Change in muscle strength (e.g. dynamometry, isometric strength testing, manual 

muscle testing (MMT), or Medical Research Council (MRC) score. 
• Acquiring the ability to stand within one year after the onset of treatment.
• Acquiring the ability to walk or improvement of walking within one year after the 

onset of treatment.
• Change in the quality of life as determined by quality of life scales.
• Change in forced vital capacity (FVC) as a percentage of FVC predicted for height. 

This was not stated in the original protocol, but many trials included a measure 
of pulmonary function or the strength of respiratory muscles.

• Time from beginning of treatment until death or full time ventilation (a 
requirement for 16 hours of ventilation out of 24 hours regardless of whether 
this was with tracheostomy, a tube or mask).

• Adverse effects attribuTable to treatment during the whole study period, 
separated into severe (requiring or lengthening hospitalisation, life threatening 
or fatal) and others.

Search methods for identification of studies 
Electronic searches 
We searched the following databases on June 20th, 2017

• Cochrane Neuromuscular Specialised Register (in the Cochrane Register of 
Studies (CRS)) Appendix 3

• Cochrane Central Register of Studies (CENTRAL) (in the Cochrane Register of 
Studies Online (CRSO)) Appendix 4

• MEDLINE (1991 to June Week 25 2017) Appendix 5
• Embase (1991 to June Week 25 2017) Appendix 6
• ISI Web of Science Conference Proceedings Citation Index (1991 to June 2017) 

Appendix 7

We consulted the following registries on 20 June 2017 to identify additional trials that 
had not yet been published

• clinical trials registry of the U.S. National Institute of Health (www.ClinicalTrials.
gov) Appendix 8

• the WHO international Clinical trials Registry (http://www.who.int/ictrp/en/; 
Appendix 9

(e.g. pyridostigmine), SMN2 RNA modification by antisense oligonucleotides (e.g. 
nusinersen), genetic restoration of SMN1 gene through viral vectors, improvement 
of muscle metabolism and strength (e.g. creatine) and other (unknown) mechanisms 
(e.g. somatotropin, salbutamol, thyrotropin releasing hormone). Overall, these 
studies show conflicting evidence about their effects on muscle strength, motor 
function and survival in SMA.
 In the last couple of years the number of studies and trials for drug treatment in 
SMA is rapidly expanding and a clear, thorough and systematic overview of these trials 
and their results is lacking. We used the Cochrane Systematic Review Strategy.424 and 
the GRADE approach444 to review all studies and trials on drug treatment in SMA to 
analyse their effect on disability, muscle strength, ability to stand or walk, quality of 
life, time to death or full time ventilation, and adverse effects.
 This is an update of a review first published in 2009 and its first update in 2011.6,110 
Drug treatment for SMA type 1 is the subject of a separate Cochrane review.585 

OBJECTIVES

To evaluate if drug treatment is able to slow or arrest the disease progression of 
SMA types 2 and 3, and to assess if such therapy can be given safely.

METHODS

Criteria for considering studies for this review 
Types of studies All randomised or quasi-randomised (alternate or other systematic 
treatment allocation) studies examining the effect of drug treatment designed to 
slow or arrest disease progression in children or adults with SMA types 2 and 3.

Types of participants Children or adults with SMA types 2 and 3 fulfilling the criteria 
outlined in Table 1.

Types of interventions Any drug treatment, alone or in combination, designed to 
slow or arrest the progress of the disease compared to placebo, with no restrictions 
on the route of administration.
Types of outcome measures Outcome measures were assessed within or up to one 
year after the onset of treatment and compared to baseline.
 



207206

Cochrane review: Drug treatment for SMA types 2 and 3

8.2

not relevant to a study. All studies were to be described by a precise risk of bias.
 Two authors (RW and AV) graded the risk of bias in included studies independently. 
In case of disagreement, the review authors reassessed studies and reached 
agreement by consensus.

Measures of treatment effect 
We initially intended to analyse continuous outcomes using mean differences (MD) 
in the outcome measures with standard deviation (SD) to quantify the effects of 
the drug treatment (such as change in disability scores, MRC muscle strength, 
quality of life) and dichotomous outcomes using risk ratio (RR) with 95% confidence 
intervals (CIs) (such as ability to stand or walk and adverse events). Weighted 
mean differences (WMD) were to be calculated for the pooled data if studies were 
sufficiently comparable. If data were not sufficiently comparable between studies, 
the standard Review Manager (RevMan) generic inverse variance (GIV) analysis 
using treatment effect differences with their standard errors would have been used.
 However, pooling of the results into a fully satisfactory meta-analysis was not 
possible due to the extensive variation in the drug treatments, outcomes and 
outcome measures, analyses, follow-ups, study designs and the reporting of results 
in the 9 studies included in the review.

Unit of analysis issues 
We will take into account the level at which randomisation occurred in case of 
cross-over trials. We do not anticipate on cluster-randomised trials and multiple 
observations for the same outcome and anticipate that unit of analysis issues for 
these type of studies do not occur in included studies.

Cross-over trials
If neither carry-over nor period effects are present and data are available from 
individual participants or the mean and standard deviation (or SE) of the participant-
specific differences between experimental intervention and control intervention 
measurements, we would analyse the continuous data as a paired t-test in the 
two-period, two-intervention setting. The effect estimate may be included in a 
meta-analysis using the generic inverse-variance method in RevMan. In case data is 
lacking for such an analysis, we would analyse the treatment and placebo group as 
if it were parallel treated groups with the risk of a unit-of analysis error. Secondly, 
in case of potential carry-over or period effects we would analyse data from only 
the first period.

Searches were performed from 1991 onwards because at that time genetic analysis 
of the SMN1 gene became widely available and could be used to establish the 
diagnosis of SMA.

Searching other resources 
The reference lists of relevant cited studies, reviews, meta-analyses, textbooks, and 
conference proceedings were handsearched to identify additional studies. Readers 
are invited to suggest studies, particularly in other languages, which should be 
considered for inclusion.

Data collection and analysis 
Selection of studies 
For this updated review, two authors (RW and AV) independently checked titles 
and abstracts obtained from literature searches to identify potentially relevant 
trials for full review. From the full texts, the authors independently selected the 
trials that met the selection criteria for inclusion. Authors were not blinded to 
the trial author and source institution. Disagreement between the authors was 
resolved by reaching consensus. We will present an adapted PRISMA (Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses) flowchart of study 
selection (Figure 1).

Data extraction and management 
Two authors (RW and AV) extracted data independently using a specially designed 
data extraction form. We obtained missing data from the trial authors whenever 
possible. Disagreement did not occur but would have been resolved by reaching 
consensus or with third party adjudication if necessary.

Assessment of risk of bias in included studies 
The ‘Risk of bias’ assessment took into account allocation concealment, security 
of randomisation, intention-to-treat analysis, patient blinding (parent blinding), 
observer blinding, incomplete outcome data, selective reporting and ‘other bias’. 
We also looked for explicit inclusion and exclusion criteria, explicit outcome criteria 
and how studies dealt with baseline differences between treatment groups. Each 
item was to be scored according to the Cochrane Handbook for Systematic Reviews 
of Interventions,424 as ‘low’, ‘high’ or ‘unclear’.
 Statistical considerations involved a trade-off between bias and precision. Risk 
of bias was to be assessed as ‘unclear’ when too few details were available to make 
a judgement of ‘high’ or ‘low’ risk, when the risk of bias was genuinely unknown 
despite sufficient information about the conduct of the study, or when an entry was 
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Cochrane Handbook for Systematic Reviews of Interventions424 using GRADEproGDT 
software (https://gradepro.org). We justified all decisions to down- or up-grade the 
quality of studies using footnotes and made comments to aid reader’s understanding 
of the review where necessary. Although studies might be graded as high risk in any 
of the GRADE domains, we would not exclude the particular study.

Subgroup analysis and investigation of heterogeneity 
In the event of substantial clinical, methodological or statistical heterogeneity, we 
would not report study results as the pooled effect estimate in a meta-analysis. We 
would identify heterogeneity by visual inspection of the forest plots and by using a 
standard Chi² test with a significance level of alpha= 0.1, in view of the low power 
of this test.
 We would examine heterogeneity using the I² statistic, which quantifies 
inconsistency across studies, to assess the impact of heterogeneity on the 
meta-analysis. An I² statistic of 75% or more indicates a considerable level of 
inconsistency.424 
 In case of heterogeneity, we would attempt to determine potential reasons for it 
by examining individual study and subgroup characteristics.
We would have performed sensitivity analyses as follows in order to explore the 
influence of the following factors (if applicable) on effect sizes.

Restricting the analysis by taking into account risk of bias
Restricting the analysis to outlier studies (very long, very large, very short or very 
small) to establish the extent to which they dominate the results.
Restricting the analysis to studies using the following filters: SMA type, children 
versus adults, age-range or age-group.
 We would also test the robustness of the results by repeating the analysis using 
different measures of effect size (RR, OR etc.) and different statistical models 
(fixed-effect and random-effects models).

Sensitivity analysis 
As noted above, we planned to determine the sensitivity of analyses to use of fixed-
effect or random-effects models if heterogeneity was present in any meta-analysis.

Non-randomised evidence
Non-randomised studies were not included in our final analysis. In the Discussion 
section, we reviewed the results from open and uncontrolled studies.

Dealing with missing data 
We carefully evaluate important numerical data such as screened, randomised 
participants as well as intention-to-treat (ITT), and as-treated and per-protocol 
populations. We will investigate attrition rates, e.g. drop-outs, losses to follow 
up and withdrawals, and critically appraise issues of missing data and imputation 
methods (e.g. last observation carried forward (LOCF)). In case of missing outcome 
data we would perform a intention to treat analysis. If standard deviations for 
outcomes were not reported we would impute these values by assuming the 
standard deviation of the missing outcome to be the average of the standard 
deviations from those studies where this information was reported.
 In case of missing data, the trial investigators were contacted and additional 
data was provided.303,456,502,505 

Data synthesis 
We would have pooled only results of studies with the same class of drug treatment 
and performed analysis on SMA types 2 and 3 separately. When Chi² analysis showed 
the data to be heterogeneous, we would have used a random-effects model with a 
maximum likelihood estimation, carrying out a sensitivity analysis with a fixed-effect 
model (Mantel-Haenszel risk ratio method). Formal comparisons of intervention 
effects according to risk of bias would be done using meta-regression. The major 
approach to incorporating risk of bias assessments would be to incorporate and 
restrict meta-analyses to studies at low (or lower) risk of bias.
 We created ‘Summary of findings’ Tables using the following outcomes depending 
on the outcomes used in the included studies:
• Change in disability score (e.g. Hammersmith Functional Motor Score, Motor 

Function Measure, and Gross Motor Function Measure)
• Change in muscle strength (e.g. dynamometry, isometric strength testing, 

manual muscle testing (MMT), or Medical Research Council (MRC)
• Acquiring the ability to stand or walk
• Change in the quality of life
• Pulmonary function: change in forced vital capactiy (FVC) as a percentage of FVC 

predicted for height
• Time from beginning of treatment until death or full time ventilation
• Adverse events

We used the five GRADE considerations (study limitations, consistency of effect, 
imprecision, indirectness, and publication bias) to assess the quality of a body of 
evidence (studies that contribute data for the prespecified outcomes). We used 
methods and recommendations described in Section 8.5 and Chapter 12 of the 
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Oral phenylbutyrate versus placebo431

This phase II double-blind randomised placebo-controlled trial compared oral 
phenylbutyrate 500 mg/kg/d, divided into five doses and using an intermittent 
schedule (seven days on treatment, seven days off treatment), with placebo in a 
total of 107 patients with SMA type 2. Duration of treatment was 13 weeks with 
follow-up at the end of the study period (also at 13 weeks).
 Motor function was assessed in all patients. In addition muscle strength and FVC 
were assessed in children older than five years. Muscle strength was measured by 
handheld dynamometry of elbow flexion, hand grip, three point pinch, knee flexion 
and knee extension; the best scores were added to obtain an arm megascore and a 
leg megascore.
 Treatment efficacy was evaluated by ITT analysis in 90 patients (45 in the 
treatment group and 45 in the placebo group) with continuous endpoints at five 
and 13 weeks follow-up using analysis of covariance (ANCOVA) which included 
the baseline outcome values as covariates, treatment group and age as between-
patient factors, time as a within-patient factor, and possible interaction between 
treatment group, time and age.F
 The primary endpoint was the change in Hammersmith Functional Motor Scale 
from baseline. Secondary endpoints were the change in muscle strength and FVC 
from baseline and the occurrence of side effects or adverse events. These primary 
and secondary endpoints are discussed in the Results section.

Oral creatine versus placebo456

This double-blind randomised placebo-controlled trial compared oral creatine with 
placebo in 55 patients divided into two age groups. Of the 22 participants aged two 
to five years, 10 received 2 g of creatine once a day and 12 received placebo. Of 
the 33 participants aged 5 to 18 years, 17 received 5 g of creatine once a day and 
16 received placebo. Duration of treatment was six months with follow-up at nine 
months.
 Muscle strength for knee extension, knee flexion, and elbow flexion were 
measured bilaterally with the Richmond Quantitative Measurement System. 
Hand grip strength was measured bilaterally with handheld dynamometry. The 
best scores were added to obtain a total, upper body, and lower body quantitative 
muscle testing (QMT) score.
 Treatment efficacy for each age group was evaluated by intention-to-treat 
analysis of continuous endpoints using ANCOVA, which included the qualifying 
screening measure as the baseline covariate, treatment group as between-subject 
effect, time as within-subject effect, and a subject by time interaction.

RESULTS

Description of studies 

Included studies
Intravenous thyrotropin releasing hormone (TRH) versus placebo500

This double-blind randomised placebo-controlled trial compared intravenous 
(i.v.) TRH 0.1 mg/kg once a day with placebo. Six patients were treated and three 
patients received placebo. Duration of treatment was 29 days over a 34-day period 
with follow-up and conclusion of the study at five weeks.
 Muscle strength was evaluated by dynamometry of the deltoids, biceps, triceps, 
wrist extensors, hand grip, hip flexors, quadriceps, and hamstrings.
 Comparisons of total mean muscle strength and electrodiagnostic measures 
at baseline and at the end of the five-week study period were made using paired 
t-tests.
 The primary endpoint was the change in total mean muscle strength from 
baseline, discussed in the Results section. Secondary endpoints were change 
in electrodiagnostic measures and the occurrence of side effects related to the 
treatment.

Oral gabapentin versus placebo502

This double-blind randomised placebo-controlled trial compared oral gabapentin 
1200 mg three times a day with placebo in a total of 84 patients aged at least 21 years. 
Duration of treatment was 12 months with follow-up at quarterly intervals while on 
the treatment.
 Muscle strength was measured bilaterally by maximum voluntary isometric 
contraction (MVIC) of elbow flexion and hand grip.
 Linear regression analysis was used to determine the change in muscle strength, 
forced vital capacity (FVC), Spinal Muscular Atrophy Functional Rating Scale 
(SMAFRS) and a combined measure of the functional capacity of the lower limbs and 
quality of life (mini Sickness Impact Profile: mini SIP) over time. Treatment efficacy 
was determined by comparing the average percentage change for the treatment and 
placebo groups in the intention-to-treat (ITT) population (defined as participants with 
at least two study visits: 37 participants in the treatment group and 39 participants in 
the placebo group) using the Mann-Whitney test.
 The primary endpoint was the average percentage change in muscle strength from 
baseline. Secondary endpoints were the average percentage change of FVC, SMAFRS 
and mini SIP from baseline, and the occurrence of adverse events. These primary and 
secondary endpoints are discussed in the Results section.
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Oral valproic acid (valproate) versus placebo303

This double-blind, placebo-controlled cross-over trial compared oral valproic acid 
with placebo in 33 ambulatory patients with SMA type 3 aged between >18 years old. 
Patients were divided over two cohorts. Cohort 1 (16 participants) was first treated 
with oral valproic acid 10-20mg/kg/day divided over 2-3 doses (dosis depending on 
serum levels of valproic acid with preferred levels of 50 mg/dL) for six months, after 
this period this cohort switched to equal dosage of oral placebo for 6 months. Cohort 
2 (17 participants) started with 6 months treatment with placebo and afterwards 
crossed over to oral valproic acid 10-20mg/kg/day divided over 2-3 doses (dosis 
depending on serum levels of valproic acid with preferred levels of 50 mg/dL) for 6 
months. Total duration of the trial was 12 months.
 Participants started with 2 baseline visits within a 6-week period to assure that the 
methodologies were reliable and to assure test-retest stability. Clinical assessments 
were done at three, six and 12 months. Motor abilities were assessed by maximum 
voluntary isometric contraction testing (MVICT) in bilateral elbow flexors, elbow 
extensors, knee flexors, knee extensors and grip. Functional motor abilities were tested 
with modified SMA Functional Rating Scale (SMAFRS), the ability to climb 4 standard 
stairs and endurance during the 6-minute walk test. Muscle mass was measured by 
Dual-energy X-ray absorptiometry (DEXA) scanning. The degree of innervation by the 
ulnar nerve was estimated using maximum ulnar compound muscle action potential 
(CMAP) amplitude. Pulmonary function testing was performed, which included 
FVC, forced expiratory volume and maximum inspiratory pressures. Quality-of-life 
was assessed using the mini-Sickness Illness Profile (mini SIP). Safety laboratory 
studies (chemistry profile, blood and platelet count, transaminases, carnitine profile, 
amylase, lipase, valproic acid levels) were performed at baseline, two to three weeks 
after initiation, at thee, six and 12 months and one additional time between six and 12 
months. Serum levels of SMN protein and mRNA were performed.
 The two baseline visits and the visit closest to the start of the treatment were used 
as baseline evaluation. Changes from baseline between treatment and placebo at six 
and 12 months were analysed with t-tests and mixed effects models respectively.
 The primary endpoint was the change in MVICT at 6 months. Secondary 
outcomes included laboratory safety data, adverse event data and change in muscle 
scores of upper and lower extremities, SMAFRS, CMAPs of the ulnar nerve, DEXA, 
muscle mass, pulmonary functioning tests, SMN protein levels and mRNA levels 
from baseline after six and 12 months. These primary and secondary endpoints are 
discussed in the Results section.

The primary endpoint was the change in Gross Motor Function Measure (GMFM) from 
baseline. Secondary endpoints were the changes in muscle strength and pulmonary 
function tests (for example FVC) from baseline in children five to 18 years of age, 
and change in quality of life (assessed by a neuromuscular module of the parent 
questionnaire for the paediatric quality of life (PedsQL)) from baseline. These primary 
and secondary endpoints are discussed in the Results section.

Oral valproic acid (valproate) and acetyl-L-carnitine versus placebo142

This double-blind placebo-controlled trial compared combination therapy with 
oral valproic acid and acetyl-L-carnitine to placebo in 61 non-ambulatory children 
aged between two and eight years. Thirty-one children received treatment with 125 
mg valproic acid, given in divided doses two to three times a day and sufficient to 
maintain overnight trough levels of 100 mg/dL, and acetyl-L-carnitine doses at 50 
mg/kg/day divided into two daily doses. Thirty children received a double placebo. 
The duration of treatment was 12 months in the active treatment arm and six 
months in the placebo. After six months the placebo group switched over to active 
treatment per protocol.
 In all participants the Modified Hammersmith Functional Motor Scale (MHFMS) 
and Gross Motor Function Measure (GMFM) were used to measure functional motor 
ability at baseline, three, six and 12 months after the start of treatment. The degree 
of innervation by the ulnar nerve was estimated using maximum ulnar compound 
muscle action potential (CMAP) amplitude. Myometry measurements were 
performed in children aged five years and older (24 children) with no significant 
contractures: three times for right and left elbow flexion and for right and left knee 
extension. Also in the children aged five years and older, pulmonary function testing 
was performed, which included FVC, forced expiratory volume and maximum 
inspiratory and expiratory pressures. Quality of life was assessed using the PedsQL, 
filled in by parents at each visit. Children aged five years or older completed the 
age-appropriate PedsQL. Bone mineral density and bone mineral content were 
measured with dual-energy X-ray absorptiometry (DEXA).
 All analyses were performed on an ITT population of 61 persons that was defined as all 
participants randomised to receive study medication. The analysis of variance (ANOVA) 
test was used to compare treatment groups for change in MHFMS from the baseline 
data. Non-normally distributed data were tested with the Wilcoxon rank sum test.
 The primary endpoints were laboratory safety data, adverse event data and 
change in MHFMS from baseline after six months. Secondary endpoints included 
measurement from baseline at six and 12 months in MHFMS, estimates of CMAPs, 
DEXA, body composition and bone density, quantitative SMN mRNA and quality of 
life. These primary and secondary endpoints are discussed in the Results section.
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the same dose regimen. Duration of the trial was 40 weeks. Follow-up after the last 
treatment was 8 weeks.
 Muscle strength was measured with maximum voluntary isometric contraction 
using hand-held myometry and Medical Research Council (MRC) scale in elbow 
flexion, handgrip, knee flexion and knee extension at baseline and weeks four, 12, 
20, 24 and 32. Motor function was evaluated with the Hammersmith Functional 
Motor Scale Expanded, 10-meter-walking time and Gowers time at baseline and 
weeks four, 12, 20, 24 and 32. Pulmonary functioning test were assessed with forced 
vital capacity and peak cough flow at baseline and weeks, 12, 20 and 32. Laboratory 
studies included IGF-1 serum concentrations and endocrinological measurements 
at baseline and weeks four, 12, 20, 24, 32 and 40.
 Data analysis was done with modified ITT concept using t-test en Wilcoxon test. 
The primary endpoint was the change in quantitative muscle strength of upper limb 
using hand-held myometry in elbow flexion and handgrip. Secondary outcomes 
measures were change in quantitative muscle strength of lower limb, muscle 
strength with manual muscle testing in seven muscles, change in motor function 
(HFMSE), change in Gowers time, change in qualitative Gowers manoeuvre, change 
in pulmonary function (FVC and PCF) and adverse events. These primary and 
secondary endpoints are discussed in the Results section.

Oral Olesoxime versus placebo457

This double- blind randomised, placebo-controlled trial compared oral olesoxime 
with placebo in 165 non-ambulatory participants with SMA types 2 and 3a aged 
three to 25 years old. Participants were randomised 2:1 (olesoxime: placebo) 
to receive oral liquid suspension of olesoxime 10 mg/kg once daily or oral liquid 
suspension of placebo. Treatment period was 24 months.
 Participants started with a screening and baseline visit. Follow up visits were 
scheduled four and 13 weeks after baseline, with follow up every 13 weeks during 
the treatment period of 24 months.
 Motor abilities were assessed by Motor Function Measure (MFM) at weeks 26, 
52, 78, 104, and the Hammersmith Functional Motor Scale (HMFS) at weeks 13, 
39, 65, 91 and 104. Children younger then six years of age (n=48) were assessed 
with the adapted version of the MFM 32, the MFM-20, where participants older 
then six years were tested with the MFM-32 (n=112). Electromyogrpahy, including 
compound motor action potential (CMAP) and Motor Unit Number Estimation 
(MUNE) assesments of ulnar and hypothenar nerves, were performed at weeks 26, 
52, 78 and 104. Forced vital capacity (FVC) was tested at weeks 13, 26, 39, 52, 78 and 
104. Clinical global impression and quality of life (PedsQL), were tested every visit. 
Clinical examination and EKG were performed every visit as well. Safety laboratory 

Oral hydroxyurea versus placebo298

This phase 2/3 double-blind randomised placebo-controlled trial compared oral 
hydroxyurea with placebo in 57 participants with SMA types 2 and 3 aged above five 
years. Participants received an escalated daily dose over four weeks to a final daily 
dose of 20 mg/kg/day hydroxyurea or placebo. For the first four weeks participants 
received 10 mg/kg/day and for the second four weeks the dose was escalated to 
15 mg/kg/day. Duration of treatment was 18 months. Follow-up of post-treatment 
effects was at six months.
 The safety and tolerability of hydroxyurea were measured through serum 
level measurement. Muscle strength and motor function were measured with the 
Manual Muscle Testing (MMT) and the Gross Motor Function Measure (GMFM). The 
GMFM and MMT were performed in all 57 participants. The MHFMS was performed 
in 28 participants with SMA type 1I and 10 participants with SMA type 1II who 
were already non-ambulatory at the beginning of the trial. Lung function was 
evaluated by FVC measurements. In all participants quantitative full-length SMN 
mRNA was measured. Adverse events and serious adverse events were monitored 
at each assessment by a complete blood count, chemistry profiles of liver and renal 
function, and completion of a questionnaire.
 Treatment efficacy was evaluated by ITT analysis with a last observation carried 
forward approach. Changes in GMFM, MHFMS, MMT, FVC and serum full-length 
SMN mRNA were analysed by analysis of covariance (ANCOVA). Measures at time 
points of the treatment period and the post-treatment period for primary and 
secondary endpoints were compared by mixed models with adjusted covariates. 
A 2-tailed t-test was used to compare the incidence of adverse events and serious 
adverse events during the treatment phase.
 The primary endpoints were the GMFM, MMT and serum full-length SMN mRNA 
level. Secondary endpoints were the MHFMS and FVC. These primary and secondary 
endpoints are discussed in the Results section.

Subcutaneous somatotropin versus placebo505

This double-blind randomised, placebo-controlled cross-over pilot trial compared 
subcutaneous (sc.) injections of somatropin with subcutaneous injections of placebo 
in 20 participants with SMA types 2 and 3 aged between six and 36 years old. 
Participants were randomised to two cohorts, in which one started with treatment 
for 12 weeks and crossed over to placebo for 12 weeks after a wash-out period of 8 
weeks, while the other cohort started with placebo for 12 weeks and crossed over to 
treatment for 12 weeks after a wash-out period of 8 weeks. During the 12 week period 
participants received either 0.015 mg/kg/day somatotropin sc. in the first week which 
was increased after one week up to 0.03 mg/kg/day for week two to 12 or placebo at 
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studies could be excluded beforehand because they were not randomised or were 
uncontrolled, or clinical outcome measures were not assessed, with eight of these 
studies still being ongoing362,426,438,458,503,513,514,586 and four studies being completed but 
not yet published at time of this search370,425,432,437.

Studies awaiting classification
Eight trials were completed but no data for analysis was available (See 
Characteristics of studies awaiting classification).368,380,439,504,509,516,588,589 Results of two 
trials, the EUROsmart trial with acetyl-L-carnitine506 and a trial with salbutamol509, 
were only published in conference abstracts which did not include enough data 
for analysis509,590 Results of one trial439 were only published as a press-release. We 
also could not obtain the results of 3 completed randomised placebo-controlled 
trials; the placebo controlled trial with hydroxyurea504, the placebo-controlled 
trial with riluzole in SMA types 2 and 3368 and the placebo-controlled trial with 
4-aminopyridine in adult patients with SMA type 1II516. One trial was terminated 
for safety reasons and results are not yet published380. We tried to obtain data and/
or preliminary results of all of these completed, but yet unpublished trials, but data 
was not available upon request.
 We could not obtain the trial methods or results of the completed two-armed 
trial on rat nerve growth factor588 and therefore could not decide yet to include or 
exclude the trial.

Ongoing studies
Six trials were ongoing at the time of this search.360,371,429,440,459,515

Risk of bias in included studies 
Allocation (selection bias)  
The ‘Risk of bias’ assessments for the nine included trials are shown in the 
Characteristics of included studies Tables and summarised in Figure 2 and Figure 3. 
 The randomisation method was not clear in six trials,206,298,303,500,502,505 in the 
other three trials it was adequate. Allocation concealment was not clear in five 
trials,206,298,303,456,502 adequately reported in three trials457,505 and at high risk of bias in 
one trial500, which used a coin toss method for randomization. In one trial,456 there 
were baseline differences probalby due to inadequate randomisation, since muscle 
strength in the cohort of children aged five to 18 years in the creatine treatment 
group was slightly weaker than the placebo group.

studies were performed at baseline and every consequetive visit. Serum levels of 
olesoxime were reviewed at weeks four, 13 and 52.
 Data analysis was done with ITT analyses using mixed-effects repeated measure 
model (MMRM). An interim analyse was performed at 12 months with predefined 
criteria to asses whether the trial should be continued or terminated. 
 The primary endpoint was the change from baseline between treatment groups 
in Motor Function Measure, parts D1+D2. Secondary outcome measures were 
responder analyses of change from baseline in total MFM-scores and individual 
MFM domains and change from baseline in HFMS, CMAP amplitude, MUNE, clinical 
global impression, FVC and PedsQol. These primary and secondary endpoints are 
discussed in the Results section.

Results of the search  
For this updated review the number of new references found by the searches were: 
Cochrane Neuromuscular Specialised Register 62 (32 new), CENTRAL 45 (31 new), 
MEDLINE 575 (258 new), Embase 143 (55 new), and ISI Web of Knowledge 401 (276 new).
 Studies with no published data yet and/or no acronym are named after their trial 
register code (www.clinicaltrial.gov).
 See Figure 1 for a flow diagram of the study selection process.

Included studies  
Nine trials fulfilled the selection criteria and remained for inclusion (see Included 
studies).142,298,303,431,456,457,500,502,505 There were two studies142,303 with the same class of 
drug treatment (valproic acid), but one of the these trials used L-carnitine as add-on 
medication.142 One study only included patients with SMA type 2431, one study only 
included ambulatory patients with SMA type 3 303 and one study included only non-
ambulatory children and adolescents with SMA types 2 and 3a457. Six studies did 
not make a distinction between the SMA subtypes for inclusion.142,298,303,456,500,502,505 
Results of the primary and secondary outcome measures of the included studies 
that are relevant to this review are reported in the Results section (Summary of 
Findings Tables). Otherwise, only the primary outcomes as defined by the study 
investigators of the included studies are detailed below. 

Excluded studies
We identified and assessed 57 studies (33 new) for possible inclusion in the 
review. Thirty-four studies were excluded (see Characteristics of excluded 
studies) because they were not randomised or were uncontrolled, or 
clinical outcome measures were not assessed.119,120,297,300,302,308,326,362,367,370, 

375,394,398,399,402,425,426,430,432,437,438,442,458,501,503,507,508,510,512-514,586,587 Twelve yet unpublished 
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Blinding (performance bias and detection bias)  
Blinding of parents, participants and observers were adequate in all trials but one.303

Incomplete outcome data (attrition bias)  
Follow-up was below 80% in two trials.456,502 In three studies, 17, ten and three 
participants respectively withdrew for unknown reasons, however intention to 
treat analysis possibly minimized the effect of bias.303,457,502

Selective reporting (reporting bias)  
Primary outcome measures were adequately stated in all trials. Authors provided 
data to complete analysis of primary and secondary outcomes, including muscle 
strength,303,456,502,505 disability scores, 303,456,502,505 pulmonary function,303,456,505 quality 
of life303,456,502 and adverse events.303,456,502 Risk assesment of reporting bias was high 
in one trial because first, data analysis was dichotomized post-hoc and secondly, 
some of the investigators involved in data collection and analysis were employees 
of the pharmaceutical company.457

Other potential sources of bias  
The cross-over design of two studies placed them at unclear and high risk of 
bias, respectively, from potential carry-over effect.303,505 The method for modified 
intention to treat (mITT) analysis was unknown in one trial.505

 In three trials there were baseline differences.142,456,457 In one trial,456 there were 
baseline differences in muscle strength in the cohort of children aged five to 18 years 
as the creatine treatment group was slightly weaker than the placebo group and the 
risk of bias assessment was high. In one trial,142 there were baseline differences in 
gender as the valproic acid in combination with acetyl-L-carnitine treatment group 
consisted of 36.6% females compared to 56% females in the placebo group, and 
there were differences in body mass index; we judged the risk of bias as unclear. In 
the third trial,457 we also judged the risk of bias high because there were differences 
in mean and median ages between the olesoxime and placebo group, with a higher 
mean and median age in the placebo group, and the proportion of males and 
females was uneven between the two treatment groups.

Figure 1. Flowchart of selection process
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Effects of interventions 
We could not perform meta-analysis.
We re-analysed the data from four trials according to our predefined primary and 
secondary outcome measures.303,456,500,502 To enable this analysis, the raw study data 
were obtained from the principal investigators of two studies.456,502 We performed 
additional analysis on the available data of one study to retrieve differences 
and confidence interval of data, but could not obtain data on quality of life and 
functional scores (SMA-FRS).303 We obtained additional data for one study to 
complete information on effect sizes and confidence intervals.505 The results of this 
re-analysis are shown separately for each included trial in Table 2, Table 3, Table 5, 
Table 8 and Table 9.

Primary outcome measure
Change in disability score

Change in disability was an outcome in eight trials. Six trials used it as a 
primary outcome.142,298,425,431,457,502 Two studies reported disabilty as a secondary 
outcome.303,505 The scales used were the Motor Function Measure (MFM),457 Gross 
Motor Function Measure (GMFM),142,298,456 Hammersmith Functional Motor 
Score (HFMS),142,298,431,505 and the SMA-Functional Rating Scale (SMAFRS).303,502 
It was not possible to transform the different disability scales into one and the 
same scale. There were no significant differences for change in disability scores 
between the treatment and placebo groups in any of these six trials (see Table 3; 
Table 4; Table 5; Table 6; Table 7; Table 10).

Secondary outcome measures
(1)  Change in muscle strength

Eight included trials measured muscle strength via quantitative 
myometry,142,298,303,431,456,457,500,502 but no significant differences were found for 
change in hand, arm, feet, leg or total muscle strength between the treatment 
and placebo groups.
In Miller 2001a502 some participants were not able to perform all of the muscle 
strength tests and these were therefore not included in the analyses. Moreover, 
the raw data from this trial showed several extreme values of muscle strength in 
one particular participating centre. We therefore re-analysed the data with and 
without these outliers but this did not result in a different statistical outcome. For 
a limited number of participants in this trial, data were available at 12 months’ 
follow-up. Re-analysis of these limited data (Table 3) also showed no difference 
for change in muscle strength between the treatment and placebo groups.

Figure 2.
Risk of bias graph: review authors’ judgements about each risk of bias item presented as percentages 
across all included studies.

Figure 3. Risk of bias summary: review 
authors’ judgements about each risk of bias 
item for each included study
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(7) Adverse events, separated into severe and others
Eight trials reported data on adverse events.142,298,303,431,456,457,500,505 In one trial, six 
participants treated with TRH had 12 adverse events compared to no adverse 
events in the placebo group500. In another trial, two of 54 participants treated with 
phenylbutyrate, compared with one of 53 participants who received placebo, had 
adverse events and among these in each group only one had a severe adverse 
event.431 In the third trial, 13 of 27 participants treated with creatine and 16 of 
28 participants who received placebo had an adverse event; the authors were 
not able to provide data on severe adverse events on request.456 In one trial, 
of hydroxyurea, all participants had at least one adverse event and 33% of 61 
participants had a severe adverse event. Severe adverse events occurred 19 and 
10 times in the hydroxyurea group and placebo group respectively.298 The trial 
with olesoxime, 103 participants (95%) recieving olesoxime and 57 participants 
(100%) receiving placebo had at least one adverse event, with a total of 1104 and 
612 adverse events in the olesoxime and placebo group, respectively. Severe 
adverse events occured in 18 participants (17%) in the olesoxime group and in 
14 participants (25%) in the placebo group.457 In one trial, 11 participants (55%) 
receiving somatotropin experienced 7 adverse events attributed as side effects 
of treatment. Five events were classified as ‘moderate’ and two were ‘severe’ 
which resulted in termination of trial participation.505 The trial of valproic acid 
treatment in 33 adults reported 96 adverse events, 30 in the valproic acid 
treatment period and 60 in the placebo treatment period. Two of the events 
lead to early termination of trial participation. Additionally, 5 serious adverse 
events were reported, 2 in the valproic acid treatment period and 3 in the 
placebo treatment period, but all 5 were classified as not treatment related.303 
In Swoboda 2010 77% of 30 participants receiving treatment with valproic acid 
and acetyl-L-carnitine had one or more adverse event compared to 58% of the 
31 participants in the placebo group.142 Severe adverse events occurred in 20% 
of the participants treated with valproic acid and acetyl-L-carnitine and in 6% 
of the placebo group. The authors of one trial, which investigated the effects of 
gabapentin, did not provide data on adverse effects.502

Tzeng 2000500 reported a significant improvement in muscle strength in 
one participant treated with TRH. No comparison was made by the study 
investigators between the treatment and placebo groups because the study 
size was considered too small and our re-analysis of their published data did not 
show a significant difference for change in muscle strength.

(2)  Development of standing
There were no data on standing in any of the nine included trials.

(3)  Development of walking
Data on the development of walking were available in only one trial.502 None of 
the participants who were unable to walk before treatment acquired this ability 
after treatment, and none of the participants who could walk lost this ability in 
either the treatment or placebo group.

(4) Change in quality of life
Quality of life was measured in five trials142,303,456,457,502 with the use of mini-
Sickness Impact Profile 303,502 or Pediatric Quality of Life Inventory.142,456,457 No 
significant differences were found for a change in quality of life between the 
treatment and placebo groups. In one trial142 there was no statistically significant 
association between quality of life and change in MHFMS, but there was a non-
significant trend towards deterioration of quality of life as MHFMS declined. 
Quality of life data were not available for interpretation in one trial.303

(5) Change in pulmonary function
The change in forced vital capacity (FVC), in percentage of normal values, was 
measured in participants more than five years old in seven trials142,298,303,431,456,457,505 
and in all participants in another trial.502 No significant differences were found 
between the treatment and placebo groups in any of these eight trials. One 
trial142 noted to have insufficient power (24 participants aged five years and 
older) to observe a statistically significant association. Data of pulmonary 
function were not available for interpretation in one trial.303

(6) Time from beginning of treatment until death or full time ventilation
Deaths occured in three trials298,456,457. In one trial two patients died, one in the 
olesoxime group and one in the placebo group. In the trial with creatine one 
participant in the placebo group died.456 In the trial with hydroxyurea in which 
one participant in the treatment group died.298 All deaths were reported not to 
be related to the study treatment. No other deaths were reported and none of 
the participants reached the state of more than 16 hours ventilation a day.
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Gabapentin
In a large randomised, unblinded and uncontrolled trial with gabapentin in 120 
participants with SMA types 2 and 3, a trend for improvement in the strength in 
favour of gabapentin treatment was observed after 12 months, with no effect on 
forced vital capacity (FVC) or other functional tests.501 However, the RCT included 
in this review did not demonstrate efficacy of gabapentin in adult participants aged 
21 years and older with SMA types 2 and 3.502

Phenylbutyrate
A pilot study with phenylbutyrate 500 mg/kg per day using an intermittent schedule 
(seven days on and seven days off) in participants with SMA type 2 suggested positive 
effects on motor function after nine weeks of treatment with oral phenylbutyrate.430 
The large RCT in SMA type 1I participants included in this review with the same 
dosing regime as Mercuri 2004 did not show any efficacy after three months of 
treatment.431 A multicenter phase 1/2 open label trial intentionally evaluating 
multiple dosage levels of sodium phenylbutyrate to determine the maximum 
tolerated dose or the highest dose that can be safely given to children with SMA 
types 2 or 3 was terminated after the inclusion of nine participants due to poor 
compliance to the study drug administration of 500mg/kg/day.432 Analysis of data is 
pending but is probably underpowered. A multicenter, open label phase 1/2 trial on 
treatment with multiple dosage levels of phenylbutyrate in children with SMA type 
1 was terminated due to extremely slow enrolment.373 A phase 1/2 open label study 
on sodium phenylbutyrate 450-600mg/kg/day in fourteen presymptomatic infants 
genetically confirmed to have SMA with suspected SMA type 1 or 2 according to 
family history and SMN2 copy number, has been completed, but results are pending 
(see STOPSMA study374).

Creatine
In the RCT in participants with SMA types 2 and 3 that was included in this review, 
there was no evidence for a therapeutic effect of oral creatine.456

Valproic acid
Two case series and four open label studies showed an increase of SMN transcripts 
levels in almost all patients, but variable results on motor abilities and muscle 
strength and possibly a beneficial effect on pulmonary function.120,297,300,394,398,399 A 
retrospective uncontrolled case series reported improvement of motor function 
in seven adults with SMA types 3 and 4 during treatment with valproic acid.394 In 
another retrospective case series, global muscle strength improved in two children 
and one adolescent with SMA types 2 and 3, but no effect was observed in three 

DISCUSSION

Summary of main results 
Nine randomised controlled trials (RCTs) [including 591 participants] have been 
performed with data available to evaluate the efficacy of drug treatment in 
participants with SMA types 2 and 3.142,298,303,431,456,457,500,502,505 One of these trials 
included only patients with SMA type 2431 and another trial only included ambulatory 
participants with SMA type 3.303 Two trials included solely non-ambulatory 
participants with SMA types 2 and 3142 and types 2 and 3a,457 respectively. The 
treatments investigated were intravenous thyrotropin releasing hormone (TRH), 
oral gabapentin, oral phenylbutyrate, oral creatine, oral hydroxyurea, oral 
olesoxime, subcutaneous injections of somatropin and oral therapy with valproic 
acid with or without oral acetyl-L-carnitine. Although open and uncontrolled trials 
with these drugs had seemed promising, none of the nine RCTs showed any efficacy 
on any of the primary outcome measures.142,298,303,431,456,457,500,502,505

 Eight additional randomised controlled trials trials were completed but 
no data for analysis was available and they could not be included in the final 
assessment.368,380,439,504,509,516,588,589

Evidence from other studies in SMA and other neuromuscular diseases
We discuss the results of treatment with each of these drugs from trials in SMA 
types 2 and 3 and in other neuromuscular diseases, specifically other motor neuron 
diseases.

Evidence from other studies in SMA 
We discuss the results of treatment with each of these drugs from trials in SMA 
types 2 and 3.

Thyrotropin releasing hormone (TRH)
A positive effect of TRH in SMA was considered since an uncontrolled study found 
improvement in motor function and electromyographic findings in participants with 
SMA types 2 and 3 after thyrotropin releasing hormone therapy.499 The small RCT 
with TRH in participants with SMA types 2 and 3 that was included in this review 
did not show differences between the TRH treatment group and the placebo group, 
but the trial was too small to draw any conclusions about the efficacy of treatment 
with TRH.500
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trial in children with SMA types 2 and 3 is completed but not yet published and data 
are not available.504 
 We found no hydroxyurea trials in other neuromuscular diseases.

Somatropin
There is only one trial on growth hormones/somatropin in patients with SMA types 
2 and 3,505 which is included in this review. This RCT with cross-over design of 12-
week treatment of subcutaneous injections of somatropin (0.03 mg/kg/day) versus 
subcutaneous injections with placebo showed no effect on muscle strength, motor 
function or pulmonary function, while adverse events were more frequent in the 
treatment period and lead to termination of the trial in two patients. Three patients 
reported deterioration of muscle function during treatment of somatropin.

Carnitine
A decrease of carnitine was found in muscles of patients with SMA type 1.551 
Valproic acid-mediated carnitine defficiency can be attenuated by L-carnitine 
supplementation.142,303,552 A RCT of treatment with acetyl-L-carnitine in 110 patients 
with SMA types 2 and 3 is completed but results are not yet available.506

Salbutamol
A case series of nine patients with SMA type 2 showed positive effects on 
pulmonary function and patient perception of motor function.511 In an pilot trial 
with 13 participants with SMA types 2 and 3, a significant increase was observed 
in muscle strength and pulmonary function after six months of salbutamol 
treatment.508 The next open label trial involving 23 participants with SMA type 2, 
presented a significant improvement in functional scores after six and 12 months 
of treatment with salbutamol without any major side effects.510 An open label trial 
with 28 participants with SMA types 1-3, aged 1-20 years, showed an increase in 
motor function (HFMS) and pulmonary function in 25% of participants and stability 
of functional scores in the rest of participants. The results of this study have not 
yet been published and are only available through conference reports.425 A pilot 
study in 10 participants with SMA types 2-4reported an improvement on perceived 
motor function, disability and fatigue after salbutamol treatment.507 Only one RCT 
with salbutamol is completed and suggest that salbutamol induces improvement 
of motor performance in the majority of the 45 adult participants with SMA type 
3. However, this trial has not been published yet and information is only available 
through conference abstracts.509

other participants.120 One retrospective study in 15 infants with SMA type 1 showed 
a sTable motor function over months suggesting effect of valproic acid treatment, 
but analysis of effect was done only in five patients who survived the two year 
study period.369 A prospective case series of seven patients showed increased 
SMN transcripts, overall improvement of pulmonary function and improved motor 
function.399 An open-label trial with 12-month treatment of valproic acid and 
L-carnitine in 33 children with SMA type 3 did not show effects on motor function.297 
An open-label trial with valproic acid in 42 children and adults with SMA types 1, 
2 and 3 showed only slight improvement in gross motor function in younger non-
ambulatory type 2 children, variable responses of SMN transcripts in blood and 
carnitine depletion during treatment.300 Results from the open label study in 13 
participants aged one to seven years with SMA types 1-3 are pending.370

 The phase 2 trial of combination therapy with valproic acid and acetyl-L-carnitine 
in non-ambulatory patients with SMA types 2 and 3 included in this review, showed 
no significant improvement of motor function and muscle strength compared to 
placebo treatment.142 A recent RCT with valproic acid versus placebo in ambulatory 
adults with SMA type 3 included in this review showed no improvement of any of 
the included outcome measures.303

 Valproic acid was well tolerated in all trials. The most described side-effect was 
weight gain. which could have negative effects on motor function and mobility. 
Adverse events in the two RCTs included in this review were less frequent in the 
valproate cohort compared to placebo and and most events could be attributed to 
the natural course of the disease.
 There are four ongoing studies with valproic acid in SMA, including two RCTs 
investigating monotherapy with valproic acid in children with SMA types 1 and 2 
aged one to seven years old371 and combined therapy of valproic acid and L-carnitine 
in children aged 2 to 15 years old with SMA types 2 and 3,429 respectively, and two 
open label trials.426,503

Hydroxyurea
In an uncontrolled pilot trial in two patients with SMA type 1, five patients with SMA 
type 2 and two patients with SMA type 3, hydroxyurea showed an improvement in 
muscle strength without side effects.375 In a larger randomised uncontrolled trial 
from the same investigators 33 patients with SMA types 2 and 3 were included and 
treated for eight weeks with three different doses of hydroxyurea. This trial showed 
increased SMN gene expression and a trend towards improvement in clinical 
outcome measures402. Although hydroxyurea seems to be safe in patients with SMA 
types 2 and 3, efficacy was not established in the large RCT in 57 patients that was 
included in this review.298 Another randomised, double-blind, placebo-controlled 
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Other neurotrophic factors
Other neurotrophic factors have been considered as potential therapies for motor 
neuron diseases.577 In a mouse model of SMA, cardiotrophin-1 seemed effective in 
slowing down disease progression.578

SMN1 Gene therapy
A phase I study in infants with SMA type 1 has started and the first preliminary results 
on 13 participants are available through conference abstracts showing promising 
results on the functional scores (CHOP-INTEND) with few adverse effects.366,377,433

Antisense-oligonucleotides
A phase II open label study in participants with SMA type 1 investigating two different 
dosages of nusinersen (multiple intrathecal doses 6 mg and/or 12 mg respectively), the 
higher dose showed significant improvement on achievement of motor milestones, 
CHOP-INTEND motor function and compound muscle action potential amplitudes in 
two investigated nerves compared with baseline and survival improving compared to 
natural history data.118 A RCT investigating 1 dose level of nusinersen compared to a 
sham procedure is including participants with atypical SMA type 1, excluding patients 
with a typical type 1 presentation of age at onset <6 months and 2 SMN2 copies.360 
One trial is including genetically confirmed, presymptomatic infants with probable 
SMA type 1.434 Two phase 1/2 studies (an open-label phase I study and its long-term 
extension) in 28 participants with SMA types II-III aged two to 14 years show that 
intrathecal nusinersen is not associated with safety or tolerability concerns.119,435,436 
One trial in 34 children with SMA types 2 and 3, aged two to 14 years, testing 3-times-
dosing at four different dosing levels has been completed and results are pending.437 
An open label trial in 52 children with SMA types 2 and 3 is testing multiple dosing at 
one dosing level of nusinersen is completed, but results are pending.438

 The phase 3 RCT in infants with SMA type 1, age <7 months and 2 SMN2 copies, 
was terminated after interim analysis showed results in favour of nusinersen 
treatment, i.e. a higher proportion of motor milestone responders on the motor 
component of the Hammersmith Infant Neurological Examination (HINE).378 
Next, the phase 3 RCT in children aged two to 12 years old with SMA type 2439 was 
stopped because pre-specified interim-analysis showed that primary endpoints 
were also met, i.e. a mean increase 4.0 points in Hammersmith Functional Motor 
Scale Expanded (HFMSE) from baseline at 15 months in the treatment arm (n=84) 
compared to a mean decrease of 1.9 points in the sham-controlled arm (n=42). 
Participants from both trials,378,439 were transitioned to an open label study362 for 
continuous treatment. Data on the studies378,439  studies were not yet published at 
the time of this update and not available upon request for review in this Cochrane 

Riluzole
There is one randomised controlled study investigating riluzole in participants with 
SMA type 1355 and this trial is comprehensively discussed in a separate Cochrane 
Review.585 Three children with SMA type 1 who were treated with riluzole were still 
alive at the age of 30, 48 and 64 months, respectively, whereas in the placebo group 
all children had died before the age of 13 months. However, this trial could not 
demonstrate efficacy of riluzole in SMA type 1 because the study was underpowered 
and treatment and placebo groups were not comparable at baseline.355 One study 
on pharmacokinetics of oral riluzole in fourteen participants aged 6-20 years with 
SMA types 2 and 3 indicated that a dosis of 50mg/day of riluzole shows the same 
daily exposure of riluzole as in the previous ALS- trials.367 A RCT with riluzole in 141 
participants with SMA types 2 and 3 is completed but has not yet been published 
and data are not available.368

Lamotrigine
A caseserie oftwo patients with SMA types 2 and 3, aged 28 and 37 years old 
respectively, described lamotrigine 50mg/day for 10 years and reportedno 
deterioration in motor function over five years of treatment.512

Celecoxib
An open label trial in children and adults with SMA types 2 and 3 is planned to 
investigate the effect of different dosages of celecoxib on SMN protein levels in 
peripheral leukocytes.513

Olesoxime
A randomised placebo-controlled trial of olesoxime in 165 non-ambulant children 
and adolescents with SMA types 2 and 3 aged 3-25 years was performed and included 
in this review, and although analysis suggest a beneficiary effect of olesoxime with 
stabilisation or slight improvement of motor function in post-hoc responder analysis 
(dichotomous analysis), there was no effect on the original primary or secondary 
outcomes.457 One of the problems in this trial was an unbalanced randomisation, with 
a lower mean and median age in the olesoxime group which might have influenced 
the responder analysis since younger children with SMA are known to gain motor 
functions early in their natural disease course. Treatment with olesoxime was well 
tolerated and safe. An open label-extension study with olesoxime has started458 to 
analyse long term effects in non-ambulator yparticipants with SMA types 2 and 3 
who participated in the previous study457.
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Overall completeness and applicability of evidence 
At the time of writing, there was no proven efficacious drug treatment for SMA 
types 2 and 3 based on available published trial data. Unpublished trial results 
apparently showed efficacy of antisense-oligonucleotide therapy with nusinersen 
in patients with SMA types 1 and 2 and the FDA and EMA approved its use as the 
first treatment for SMA.
 All included trials investigated the effects of drug treatment in children and/or 
adults with SMA types 2 and 3, in terms of disability, muscle strength, ability to stand 
or walk, quality of life, time to death or full time ventilation, and adverse effects. 
Apart from different treatments, the inclusion criteria and outcome measure varied 
between trials, which makes it impossible to compare trials.
 A major issue in SMA irrespective of the investigated therapy is the timing of the 
treatment in relation to its potential effect. Previous experimental studies suggest 
that there is a limited window of opportunity to rescue or stabilise motor neuron 
function in the early or pre-symptomatic stages of the disease. None of the nine trials 
identified for this review included primarily patients who had just been diagnosed. 
A phase I/II study with phenylbutyrate in presymptomatic infants genetically 
confirmed to have SMA, and suspected to have SMA type 1 or 2 according to family 
history and SMN2 copy number, has been completed and results are pending.374 
Recently a trial was started with nusinersen-treatment in presymptomatic infants 
with genetically confirmed SMA.434

 The practice of supportive care, e.g. pulmonary, nutritional and orthopedic 
supportive therapy, in children and adults with SMA types 2 and 3 probably differs 
between centres and countries47,111. Practice guidelines for the clinical care of 
children and adults with SMA are given in the consensus statement for standard 
care in SMA.47 An update will be published in 2017. For future trials it is important 
that the level of supportive care is explicitly mentioned to avoid baseline differences 
in the treatment arms and between participating centers.

Quality of the evidence 
None of the trials were completely free of bias according to Cochrane Handbook 
guidelines424. Level of risk of bias assessed by the GRADE criteria was downgraded 
for all outcomes in 2 trials because of incomplete or insufficient outcome 
reporting.431,502 In one trial all outcomes were downgraded one level for risk of bias 
because some of the investigators involved in data collection and analysis were 
employees of the pharmaceutical company.457 Incomplete data reporting was 
present for adverse event reporting in one trial.456 Five trials must be interpreted 
with caution as they were assessed with a high risk of bias because of potential 
baseline differences142,456,457 or a limited follow-up due to drop outs or loss to follow-

edition. The United States Food and Drug Administration (FDA) and European 
Medicines Agency (EMA) evaluated the interim results of both phase III trials378,439 
and approved its use for SMA types 1-4.

Small molecules
RO6885247 or RG7800
A phase 1 randomised, double blind, placebo controlled, multiple dose study to 
investigate the safety, tolerability, pharmacokinetics and pharmacodynamics of 
RO6885247/RG7800 in patients with SMA types 1, 2 and 3 was started in November 
2014, but the trial was terminated due to potential safety reasons in December 
2016 (For details see Characteristics of ongoing studies380).

RO7034067 or RG7916
A phase 1 trial with RO7034067/RG7916 combined with itraconazole in healthy 
volunteers was completed, showing dose-depended increase on SMN2 mRNA 
transcripts, but results were only reported in a conference abstract with further 
publication of data pending.422,423 An open label, dose-escalating trial in infants 
with SMA type 1 is currently recruiting participants.379 An open label trial including 
children and adults age 12 to 60 years with SMA type 2 and 3, previously treated 
with an SMN2 anti-senseoligonucleotide, will start recruiting participants in 2017.514 
A RCT with RO7034067/RG7916 has started recruiting children and adults with SMA 
types 2 and 3.440

CK-2127107
A phase 2 RCT in 72 participants with SMA types 2, 3 and 4 has started to investigate 
safety and efficacy of 150 mg or 450 mg daily use of CK-2127107 compared to 
placebo (see Characteristics of ongoing studies515).

Neuromuscular junction interactors
Two patients with SMA reported improved endurance in daily activities after taking 
pyridostigmine 4mg/day divided over multiple doses.181 One placebo-controlled 
cross-over trial in patients with SMA types 2-4 on the effect of the acetylcholine 
esterase inhibitor pyridostigmine versus placebo is ongoing459. Other potential 
NMJ-interactors are 3-4 diaminopyridine (3-4 DAP) and 4-aminopyridine (4-AP), 
which are potassium channel inhibitors that are presumed to prolong repolarization 
and to facilitate the generation of action potential. One double-blind RCT in 12 
participants with SMA type 3 aged 18-50 years investigates the effect of 4-AP 
10mg/twice daily versus placebo. This trial is completed and results are pending.516
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by their involvement in these trials. Data analysis on the creatine trial (Wong 2007 
with Dr Iannaccone as investigator and author456) was performed by Drs Wadman 
and Vrancken. Data analysis on the olesoxime trial was checked by Dr Iannaccone, 
as Drs Wadman, van der Pol and Vrankcen were site investigators in the trial.457 In 
the next update of the Cochrane review on SMA types 2 and 3 we will incorporate an 
independent analyst to check the data analysis of trials360,362,378,437-439,458,459  to avoid 
the suggestion of bias.

Agreements and disagreements with other studies or reviews 
To the best of our knowledge, there are no other systematic reviews reviewing the 
whole spectrum of drug treatments in SMA. Several reviews have also identified and 
discussed various drug treatments in SMA403,445-451 with some focusing specifically 
on preclinical studies,36 genetic therapies,452,453 solely HDACI-therapies,454 SMN-
inducing therapies,455 or small molecule and molecular therapies.453 Our conclusions 
are in line with these reviews.
 Although we have tried to give an overview of the efficacy of drug treatment 
with gabapentin, creatine, valproic acid +/- acetylcarnitine, somatotropin, TRH, 
phenylbutyrate, olesoxime and hydroxyurea in other neuromuscular diseases and 
animal models of SMA (Discussion), this overview was not based on a systematic 
review and potential studies might have been missed.

Authors’ conclusions 
Implications for practice 
The results of the available published randomised placebo-controlled trials have 
until recently been disappointing despite promising open-label or pilot studies. 
Antisense-oligonucleotide therapy with nusinersen is a reportedly efficacious drug 
therapy for SMA types I and II and was approved as the first treatment for SMA in 
the USA and Europe. 

Implications for research 
Since it is likely that antisense-oligonucleotide therapy with nusinersen is an 
efficacious drug therapy for SMA type 1 and 2, new therapies should preferably 
either be compared to nusinersen or be evaluated as an add-on therapy to 
nusinersen.
 Most trials investigating new therapies are focussed on the early phases of the 
disease, since motor improvement or lack of decline is the easiest way to establish 
drug efficacy. However, therapies for patientsthose who already have with already 
a prolonged disease duration should also be sought to prevent disease progression, 
conserve motor function and improve quality of life in this group of patientspeople.

up.456,502 In one trial risk of bias was suspected because of subset analysis in quality 
of life and pulmonary function and limited data representation.142 In one trial the 
primary outcome consists of a combined analysis of two outcome measures and 
subset analysis was not available.457 We downgraded one trial in risk of bias because 
its cross-over design with a potential risk of a carry-over effect505.
 Grading unexplained heterogeneity or inconsistency of results was not possible, 
since no drug treatment was evaluated by meta-analysis or pooled data. Level 
of imprecision was downgraded in case of an insufficient number of participants 
according to the power analysis of the study.
 One issue that is noteworthy and unique for SMA is that the phenotype of 
patients varies significantly among and within SMA types 2 and 3. Additionally, 
SMN2 copy number correlates with disease severity. Therefore studies should 
consider SMA type and SMN2 copy number as a stratification criterion. None of 
the included studies incorporated SMN2 copy number in the inclusion criteria or 
subgroup analyses, which might have influenced results.
 The disability scores and techniques to measure muscle strength that are 
currently used, are possibly not sensitive enough to detect subtle changes in 
muscle strength and motor function and therefore underestimating or neglecting a 
potential beneficial effect of treatment (type 2 error).

Potential biases in the review process 
There may be some potential for bias in this review process as there were changes to 
the protocol. These included additions and deletions to the outcomes, as reported 
in ‘Differences between protocol and review’. None of these changes were made as 
a result of the findings of the included studies but rather to improve the structure 
of the review. We are confident that we have identified all clinically relevant trials, 
as we conducted a comprehensive search of all published literature and clinical 
trials registers for potentially relevant clinical trials, and three of the review authors 
regularly attend international conferences on SMA.
 The results of our review might be biased since the results are pending of 
eight completed trials investigating 4-AP,516 acetyl-L-carnitine,589 hydroxyurea,504 
nusinersen,439 riluzole,368 rat nerve growth factor,588 RO06885247/RG7800380 and 
salbutamol.509 The approval by the FDA and EMA of nusinersen as the first treatment 
for SMA seems to confirm the efficacy of nusinersen. However, official publications, 
reports and/or data analysis upon request were not yet available. Interpretation and 
grading of evidence is therefore not possible. Our final conclusions on nusinersen 
are therefore based on the judgment and interpretation by the FDA and EMA.
 The authors of the review are participating as investigators of different trials on 
drug treatment in SMA. Trial selection and search for trials was however not biased 
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CHARACTERISTICS OF INCLUDED STUDIES

Bertini 2017 

Methods Randomised, placebo-controlled, double-blind trial.

Participants 165 non-ambulatory patients with SMA types 2 or 3a with aged 3 to 25 years.

Interventions Oral liquid olesoxime (TRO19622: cholest-4-en-3-one, oxime) 10 mg/kg once a day versus placebo. Treatment 
duration of 24 months. 

Outcomes Primary outcome was change over 24 months in functional outcome score D1+D2 of MFM. Secondary outcomes 
were change in total MFM score, HFMS, electrophysiologic measures (CMAP and MUNE), pulmonary function 
(FVC), quality of life (PedsQL) and global clinical impression from baseline, responder analysis of MFM, laboratory 
assessments, EKG and adverse events.

Notes MFM = Motor Function Measure; HFMS = odified Hammersmith Functional Motor Scale; CMAP= compound 
muscle action potential; MUNE = motor unit number estimation; FVC = forced vital capacity; PedsQL = Pediatric 
Quality of Life Inventory

Risk of bias Table Bertini 2017 

Bias Authors’ judgement Support for judgement

Random sequence generation 
(selection bias)

Low risk Randomly assigned, centrally generated with validated randomisation 
software (SAS vesion 9.2))

Allocation concealment  
(selection bias)

Low risk Computer generated allocation by independent statician

Blinding (performance bias and 
detection bias)

Low risk Blinding of participants and all investigators, site personel and sponsor 
study personel was ensured. 

Incomplete outcome data 
(attrition bias)

Low risk Adequate

Selective reporting (reporting 
bias)

High risk Data was post-hoc dichotomized. Investigators were employees of the 
pharmaceutical company and they were involved in data collection and 
analysis

Other bias High risk Primary outcome measrue was used in two different forms (MFM-32 and 
MFM-20) and therefor not truele comparable. Treatment groups have 
differences in included age ranges. Employes of pharmeutical company 
involved in data analysis. 

Chen 2010 

Methods Randomised, placebo-controlled double-blind trial.

Participants 57 patients above 5 years old who fulfilled international classification criteria for SMA types 2 or 3 and with a 
homozygous deletion of the SMN1 gene.

Interventions Oral hydroxyurea in escalating dose from 10 mg/kg to 20 mg/kg over 8 weeks (5 mg/kg increase per 4 weeks) or 
placebo in increasing dose over 8 weeks. Duration of treatment 18 months, follow-up time 6 months post-treatment.

Outcomes Change in functional score (GMFM), change in functional score in non-ambulatory patients (HMFS), change in muscle 
strength (MMT), change in pulmonary function (FVC), adverse events.

Notes Randomisation procedures were not clear.
GMFM = Gross Motor Function Manual; HFMS = Hammersmith Funtional Motor Scale; MMT = Manual Muscle Testing; 
FVC = forced vital capacity
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Kissel 2014 

Methods Randomised, double-blind, placebo-controlled crossover trial.

Participants 33 ambulatory patients SMA type 3, genetically confirmed with SMN1 deletion or mutation, aged >18 years.

Interventions Oral valproic acid 10-20mg/kg/day (dosis adequate to reach serum levels 50-100 mg/dL) divided over 2-3 doses and 
placebo orally. Crossover of treatment after 6 months for a consecutive period of 6 months.

Outcomes Change in MVICT for separate muscles (bilateral elbow flexors, elbow extensors, knee flexors, knee extensors, and 
grip) and total muscle score, change in muscle strength measured by hand-held dynamometer of elbow flexors/
extensors and knee flexors/extensor, change in SMAFRS, change in CMAP of ulnar nerve, change in mRNA levels, 
change in SMN protein levels, change in pulmonary function (FVC, FEV1, MIP), change in muscle mass measured 
by DEXA, change in endurance assessed through 6-minute walk test, change in function assessed in time to climb 4 
standard stairs, change in mini-Sickness Illness Profile, adverse events.

Notes MVICT= maximum voluntary isometric contraction; SMAFRS= spinal muscular atrophy Functional Rating Scale; 
CMAP= compound muscle action potential; SMN= survival motor neuron; FVC= forced vital capacity; FEV= forced 
expiratory volume; MIP= maximum inspiratory pressure; DEXA= dual energy X-ray

Risk of bias Table Kissel 2014 

Bias Authors’ 
judgement

Support for judgement

Random sequence generation 
(selection bias)

Unclear risk Randomly assigned. Unknown method. Since the trial is part of the previous 
Carni-VAL-I trial and most procedures are the same, one could suppose there 
has been a central randomisation by phone, however this is not exactly 
stated in the article or supplementary material.

Allocation concealment 
(selection bias)

Unclear risk Randomly assigned. Unknown method. Since the trial is part of the previous 
Carni-VAL-I trial and most procedures are the same, one could suppose there 
has been a central randomisation by phone, however this is not exactly 
stated in the article or supplementary material.

Blinding (performance bias 
and detection bias)

Unclear risk Participants, physicians and investigators were blinded. One investigator was 
not blinded. Study compliance (pill counts and VPA levels) were checked by 
unblinded investigator.

Incomplete outcome data 
(attrition bias)

High risk Incomplete data reported in article, but data available on request.. Four 
participants withdrew, but were included in ITT analysis.

Selective reporting 
(reporting bias)

Unclear risk No data available on disability scores, pulmonary function and quality of life. 
No statics presented on final 12-month analysis.

Other bias High risk Potential bias by design: cross-over design implies risk of carry over effect. No 
report on a wash-out period between the two treatment periods.

Risk of bias Table Chen 2010 

Bias Authors’ judgement Support for judgement

Random sequence generation
(selection bias)

Unclear risk Randomly assigned. No methods of randomisation described.

Allocation concealment
(selection bias)

Unclear risk No details of randomisation were given

Blinding
(performance bias and detection bias)

Low risk Patients, families, investigators, study coordinators, evaluators 
and statisticians were blinded Randomisation unit and study 
pharmacist were not blinded

Incomplete outcome data
(attrition bias)

Low risk No missing outcome data

Selective reporting
(reporting bias)

High risk Data was post-hoc dichotomized. 

Other bias Low risk

Kirschner 2014 

Methods Randomised, double-blind, placebo-controlled cross-over trial.

Participants Twenty patients with SMA types 2 and 3, genetically confirmed with SMN1 deletion or mutation, aged 6-36 years.

Interventions Subcutaneous somatotropin (first week 0.015mg/kg/day; week 2-12 0.03mg/kg/d) and placebo subcutaneous 
(first week 0.015mg/kg/day; week 2-12 0.03mg/kg/d). Treatment of 12 weeks with one treatment (somatropin or 
placebo) is followed by 8 weeks wash-out, afterwards second cross-over treatment period (somatropin or placebo) 
of 12 weeks is started. 

Outcomes Change in quantitative muscle strength of upper limb using hand-held myometry in elbow flexion and handgrip, 
change in quantitative muscle strength of lower limb, muscle strength with manual muscle testing in seven 
muscles, change in motor function (HFMSE), change in Gowers time, change in qualitative Gowers manoeuvre, 
change in pulmonary function (FVC and PCF), adverse events.

Notes HFSME= Hammersmith Funcitonal Motor Scale Expanded; FVC= Forced vital capacity; PCF= Peak cough flow

Risk of bias Table Kirschner 2014 

Bias Authors’ judgement Support for judgement

Random sequence generation 
(selection bias)

Unclear risk Randomly assigned. No methods of randomisation described.

Allocation concealment 
(selection bias)

Low risk Computer generated allocation by central pharmacy.

Blinding (performance bias and 
detection bias)

Low risk Patients, physicians and physiotherapists were blinded. Statistical analysis 
of primary outcome was blinded.

Incomplete outcome data 
(attrition bias)

High risk Three patients withdraw during somatotropin treatment. They were 
included in the modifief ITT (unknown method) analysis

Selective reporting
(reporting bias)

Low risk Adequate

Other bias Unclear risk Potential bias by design: cross-over design implies risk of carry over effect
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Risk of bias Table Miller 2001a 

Bias Authors’ judgement Support for judgement

Random sequence generation 
(selection bias)

Low risk Randomly assigned. No methods of randomisation described.

Allocation concealment 
(selection bias)

Unclear risk Randomisation performed by research pharmacist. Randomisation in blocks of 
4 patients (2 placebo, 2 gabapentin) with equalised randomisation per center. 
Precise method of allocation not known

Blinding (performance bias 
and detection bias)

Low risk Only research pharmacist was not blinded

Incomplete outcome data 
(attrition bias)

High risk Drop-out reasons not mentioned. Adverse events not reported.

Selective reporting 
(reporting bias)

Unclear risk Adverse events were not reported.

Other bias Unclear risk Intention-to-treat analysis performed with a different number of patients 
then initially included
Randomisation per site (2 by 2)

Swoboda 2010 

Methods Randomised, placebo-controlled, double-blind trial.

Participants 61 non-ambulatory patients with SMA types 2 or 3 aged 2 to 8 years with confirmed genetic diagnosis of SMA.

Interventions Oral liquid carnitine 50 mg/kg/day in 2 doses in combination with oral Valproic acid capsules in 2 to 3 doses to maintain 
overnight serum level trough 50 to 100 mg/dL or liquid placebo twice daily in combination with placebo capsule 2 to 
3 time a day. Duration of treatment 12 months in active treatment and 6 months in placebo group. The placebo group 
switched to active treatment after 6 months per protocol. Total follow-up 12 months.

Outcomes Change in functional score (MHFMS), change in quality of life (PedsQL), change in innervation via maximum ulnar 
compound muscle action potentials (CMAP), adverse events. Change in muscle strength and change in pulmonary 
function was measured in patient 5 years and older.

Notes Baseline differences in body mass index and gender between the different treatment groups
MHFMS = Modified Hammersmith Functional Motor Scale; PedsQL = Pediatric Quality of Life Inventory

Risk of bias Table Swoboda 2010 

Bias Authors’ judgement Support for judgement

Random sequence generation 
(selection bias)

Low risk Randomly assigned using a permuted block design balancing for institution

Allocation concealment 
(selection bias)

Low risk Randomisation was performed using a permuted block design balancing 
for institution.
Randomisation was performed central by telephone

Blinding 
(performance bias and 
detection bias)

Low risk Blinding of participants and key study personnel. Medical monitor was 
unblinded.

Incomplete outcome data 
(attrition bias)

Unclear risk Not all outcome measures are available. Missing data were not fully 
explained.

Selective reporting 
(reporting bias)

Unclear risk No information on missing data.

Other bias Unclear risk Partial cross-over design after 6 months.

Mercuri 2007 

Methods Randomised, placebo-controlled, double-blind trial.

Participants 107 patients who fulfilled international classification criteria for SMA type 2 and have a homozygous deletion of the 
SMN1 gene.

Interventions Phenylbutyrate 500 mg/kg/d 7 days orally, divided in 5 doses using an intermittent schedule (7 days on and 7 days off) 
or placebo. Duration of treatment 3 months, follow-up 3 months.

Outcomes Functional score (HFMS), change in functional score. Subgroup above 5 years: change in muscle strength arm and leg 
(myometry), change in pulmonary function (FVC), adverse events.

Notes Muscle strength was measured bilaterally for elbow flexion, hand grip, and three point pinch. Muscle strength was 
measured bilaterally for knee flexion and knee extension
HFMS = Hammersmith functional motor scale; FVC = forced vital capacity

Risk of bias Table Mercuri 2007 

Bias Authors’ judgement Support for judgement

Random sequence generation 
(selection bias)

Unclear risk Randomly assigned. No methods of randomisation described.

Allocation concealment 
(selection bias)

Unclear risk Central allocation. Method of randomisation not known.

Blinding (performance bias 
and detection bias)

Low risk Only randomisation unit and pharmacy had access to assignment

Incomplete outcome data 
(attrition bias)

High risk Myometry and FVC were measured in children above the age of 5 years, but 
a different number of children are reported in the 2 groups. No report on 
explaining this difference. Unclear reports on adverse events. 

Selective reporting (reporting 
bias)

Low risk Adequate

Other bias Unclear risk Medication provided by pharmaceutical company, but no details about the 
involvement of the company in study procedures 

Miller 2001a 

Methods Randomised, placebo-controlled, double-blind trial (2 x 2 block design).

Participants 84 patients who fulfilled international classification criteria for SMA types 2 or 3 and have an homozygous deletion of 
the SMN1 gene.

Interventions Gabapentin 1200 mg three times a day or placebo. Duration of treatment 12 months; follow-up at quarterly time 
intervals while on treatment.

Outcomes Change in disability score (SMAFRS), change in muscle strength, development of walking, change in pulmonary 
function (FVC), change in quality of life (SIP), adverse events.

Notes Muscle strength of elbow flexion and hand grip was measured bilaterally
SMAFRS = spinal muscular atrophy functional rating scale; FVC = forced vital capacity; SIP= sickness impact profile
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Risk of bias Table Wong 2007 

Bias Authors’ judgement Support for judgement

Random sequence generation 
(selection bias)

Unclear risk Randomly assigned, method of randomisation unknown.

Allocation concealment 
(selection bias)

Unclear risk Randomisation at central site. Method not known.

Blinding (performance bias 
and detection bias)

Low risk Patients, their families, investigators, evaluators, and study coordinators 
were blinded; the study statistician was blinded to group membership.

Incomplete outcome data 
(attrition bias)

Unclear risk High drop-out rate is partially described.

Selective reporting 
(reporting bias)

Unclear risk Additional raw data was available for analysis.

Other bias High risk Lack of power and high rate of drop-outs (>20%).

CHARACTERISTICS OF EXCLUDED STUDIES

Study Reason for exclusion

Abbara 2011 Riluzole. Non-randomised, open label. Study was to assess pharmacokinetics of riluzole in patients with SMA 
types 2 and 3.

Brahe 2005 Phenylbutyrate. Not randomised, not controlled. Pilot trial. Study on the effect of phenylbutyrate on human SMN 
expression in blood.

Brichta 2006 Valproic acid. Not randomised, not controlled. Pilot trial. Study on the effect of Valproic acid on human SMN 
expression in blood.

Chang 2002 Hydroxyurea. Not randomised, not controlled. Pilot trial. Study on the effect of hydroxyurea on clinical 
manifestations and human SMN expression in blood.

Chiriboga 2016 Nusinersen. Phase 1, single-dose-escalating trial. Not randomised, not controlled.

Darbar 2011 Valproic acid. Open label, not controlled. No placebo was given.

EMOTAS Pyridostigmine. Open label trial. Not randomised, not controlled.
Study ongoing, but can be excluded.

Folkers 1995 Coenzyme Q10. Not randomised, not controlled. Observational study that included 1 patient with SMA type 3/4.

Giovanetti 2016 Salbutamol. No placebo given.

JEWELFISH RG7916 or RO7034067. Open label, no placebo given. Study ongoing, but can be excluded.

JPRN-
JapicCTI-163450

Sodium Valproic acid. Open label, no placebo was given. Study ongoing, but csn be excluded.

Kato 2009 Thyrotropin. Case report.

Kinali 2002 Albuterol. Not randomised, not controlled. Pilot trial.

Kissel 2011 Valproic acid. Open label, not controlled.

Liang 2008 Hydroxyurea. Not controlled.

McMillan 2016 Celecoxib. Open label, non randomised. Primary outcome SMN protein level, no clinical scores or evaluation. 
Study ongoing, but can be excluded.

Mercuri 2004 Phenylbutyrate. Not randomised, not controlled. Pilot trial.

Merlini 2003 Gabapentin. Not controlled (no placebo was given, compared treatment with no treatment, not blinded).

Tzeng 2000 

Methods Randomised (ratio 2:1), placebo-controlled, double-blind trial.

Participants 9 patients who fulfilled international classification criteria for SMA types 2 or 3 and have an homozygous deletion of the 
SMN1 gene.

Interventions Thyrotropin releasing hormone 0.1 mg/kg intravenous once a day or placebo. Duration of treatment 29 days of 
treatment over a 34-day period, follow-up 35 days.

Outcomes Change in muscle strength (dynamometry), adverse events.

Notes Groups were not equal at baseline, with only women, only SMA II and older patients in the placebo group. Muscle 
strength was measured bilaterally of deltoid, biceps, triceps, wrist extension, hand grip, hip flexion, knee extension, and 
knee flexion.

Risk of bias Table Tzeng 2000 

Bias Authors’ judgement Support for judgement

Random sequence generation 
(selection bias)

Unclear risk Randomly assigned (2:1). Potential bias by inclusion of first-arrival-method.

Allocation concealment 
(selection bias)

High risk Patients were subsequently randomised by double coin flip for each patient. 
Any heads-tails combination was a participant; a tails-tails combination was 
a control; and a heads-heads combination was rejected and the flip repeated. 
The randomisation was done on a first arrival basis.

Blinding (performance bias 
and detection bias)

Low risk All investigators and participants were blinded. Only the pharmacist was 
unblinded.

Incomplete outcome data 
(attrition bias)

Low risk Adequate

Selective reporting 
(reporting bias)

Low risk Adequate

Other bias Low risk

Wong 2007 

Methods Randomised, placebo-controlled, double-blind trial.

Participants 55 patients who fulfilled international classification criteria for SMA types 2 or 3 and have an homozygous deletion of 
the SMN1 gene.

Interventions Creatine, age 2 to 5 years: 2 g once a day or placebo. Age 5 to 18 years: 5 gram once a day or placebo. Duration of 
treatment 6 months, follow-up 9 months.

Outcomes 2 to 5 years and 5 to 18 years: change in disability score (GMFM), change in quality of life, adverse events. 5 to 18 years: 
change in muscle strength (QMT), change in pulmonary function.

Notes Creatine group at baseline slightly weaker; follow-up inadequate (> 20% drop-out rate and less than 9 months follow-
up). Muscle strength was measured bilaterally for hand grip, elbow flexion, knee extension, and knee flexion according 
to the Richmond Quantitative Measurement System.
GMFM = gross motor function measure; QMT= quantitative muscle testing; PedQL = Pediatric Quality of Life Inventory; 
FVC = forced vital capacity
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CHERISH 

Methods Randomised sham-procedure controlled, double-blind trial. Randomisation 2:1. 

Participants 117 patients with SMA types 2 or 3 aged 2-12 years with HFMSE performance between 10-54 points at time of 
inclusion.

Interventions Intrathecal injection with nusinersen (also called IONIS-SMN Rx or IONIS 396443) vs sham procedure.

Outcomes Change in HFMSE, achievement of new motor milestones, change in Upper Limb Module Test.

Notes As of December 2016 the study was stopped and patients are transitioned to the open-label SHINE study. Full trial 
results have not been published yet. Available data on the interim analysis are descibed below (data extracted from 
Summary review Center for Drug Evaluation and Research. application number 209531Orig1s000). 
Interim analysis was conducted based on data from 126 included participants (84 nusinersen group versus 42 
sham-controlled grou[). Mean change in HFMSE score was significantly different between treatment groups (+4.0 in 
nusinersen group versus -1.9 in sham-controlled group (p<0.001)). In total 57% of participants treated with nusinersen 
showed an increase of 3-points or greater over a 15-month period compared to 21% of participants in the sham-
controlled group. Averse events related to nusinersen treatment were reported, including increased bleeding risk due 
to trombocytopenia (11%) and renal toxicity reflected by elevated urine protein (69%). Full reports on adverse events 
were not yet available.
HMFSE= Hammersmith Functional Motor Scale Expanded

CHI-CTR-TRC-10001093 

Methods Randomized, parallel controlled trail. Placebo is mentioned, but unknown if the trial is placebo-
controlled.

Participants 40 participants with SMA type 2, aged 3 to 8 years.

Interventions Rat nerve growth factor injection for six months.

Outcomes Change in Pediatric Evaluation of Disability Inventory, change in electromyogram presentation.

Notes Study is completed, but no results are available. 

Merlini 2007 

Methods Randomised, placebo-controlled, double-blind trial.

Participants 110 patients with SMA types 2 or 3 aged 4 years and up.

Interventions Acetyl-L-carnitine 50 mg/kg/day (maximum 3 g/day) (route not mentioned) or placebo. Duration of treatment 9 
months, follow-up 12 months.

Outcomes Change in muscle strength arm end leg (myometry), change in functional score (time to walk 10 meters and to arise 
from floor), change in pulmonary function (FVC), change in quality of life (SF-36 or CHAQ).

Notes Study status is unknown. No results are available.
FVC = forced vital capacity; SF-36 = short form 36; CHAQ = Childhood Health Assesment Questionnaire

Nascimento 2010 Lamotrigin. Case series. Not controlled, not randomised.

NCT01703988 Nusinersen. Open label. Study completed, but results pending.

NCT02052791 Nusinersen. Open label. Study is completed, but results are pending.

NCT02628743 Olesoxime. Not randomised, not controlled. No placebo given. Only people who participated in previous trials 
(TRO19622CLEQ11150-1 or TRO19622CLEQ1275-1) to be included. 
Study ongoing, but can be excluded.

NPTUNE01 Sodium phenylbutyrate. Dose-escalating study. Non randomised, not controlled. No placebo given. Trial 
terminated due to poor compliance with study drug administration.

Pane 2008 Salbutamol. Not randomised, not controlled. Pilot trial.

Piepers 2010 Valproic acid. Not controlled, not randomised. Case series.

Prufer de Queiroz 
Campos Araujo 2010

Salbutamol. Pilot trial. Not controlled (no placebo given), not randomised.

Saito 2014 Valproic acid. Case series. Not controlled (no placebo was given), not randomised.

SHINE Nusinersen. Open label, not randomised. No placebo or sham-procedure given.
Study is ongoing, but could be excluded beforehand.

SMART01 Valproic acid. Open label trial. Not randomised, not controlled (no placebo given).
Study is completed, no published data yet.

SMART03 Valproic acid. Open label trial. Not randomised, not controlled (no placebo given).
Study is recruiting participants, but could be excluded beforehand.

Swoboda 2009 Valproic acid and carnitine. Not controlled (no placebo was given). Open label trial.

Tan 2011 Salbutamol. Not randomised, not controlled. Case series.

Tsai 2007 Valproic acid. Not randomised, not controlled.

Weihl 2006 Valproic acid. Not randomised, not controlled. Retrospective study on patients with SMA types 3 and 4.

CHARACTERISTICS OF STUDIES AWAITING 
CLASSIFICATION

ASIRI 

Methods Randomised, placebo-controlled, double-blind trial.

Participants Patients with SMA types 2 or 3, aged 6 to 20 years.

Interventions Riluzole 50 mg/day orally or placebo. Duration of treatment 24 months, follow-up 24 months.

Outcomes Motor function (MFM scale), FVC (spirometry), measure of functional independence (MFI), adverse events and 
tolerance evaluation.

Notes Study is completed, but no results are available.
MFM = Motor Function Measure; FVC = forced vital capacity; MFI = measure of functional independence
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NCT01645787 

Methods Randomised, double-blind, placebo-controlled cross-over trial.

Participants 12 patients with SMA type 3 and aged 18 to 50 years.

Interventions 4-AP 10mg/twice daily vs placebo twice daily (sugar pill).
The study comprises a short term treatment trial in which participants are treated for 2 weeks with 4-AP and placebo 
in random sequence followed by a long treatment trial of 6 weeks in which patients are also treated with placebo and 
4 AP.

Outcomes Six minute walk test, Hammersmith functional motor scale expanded. Manual muscle testing, change in motor unit 
estimation and nerve conduction studies.

Notes Study is completed, but no results are available yet.
4-AP= 4-aminopyridine

CHARACTERISTIC OF ONGOING STUDIES

EMBRACE 

Study name A Phase 2, Randomized, Double-blind, Sham-procedure Controlled Study to Assess the Safety 
and Tolerability and Explore the Efficacy of IONIS 396443 (BIIB058) Administered Intrathecally in 
Subjects With Spinal Muscular Atrophy Who Are Not Eligible to Participate in the Clinical Studies 
IONIS 396443-CS3B or IONIS 396443-CS4.

Methods Phase 2, randomised, double-blind, sham-procedure-controlled study.

Participants 21 participants with genetically confirmed SMA with onset of clinical signs and symptoms consistent with 
SMA at ≤6 months of age and have documentation of 3 SMN2 copies OR onset of clinical signs and symptoms 
consistent with SMA at ≤6 months of age, >7 months of age (211 days) at screening, and have documentation 
of 2 SMN2 copies OR onset of clinical signs and symptoms consistent with SMA at >6 months of age, are ≤18 
months of age at screening, and have documentation of 2 or 3 SMN2 copies.

Interventions Multiple intrathecal injection of nusinersen (also called IONIS-SMN Rx or IONIS 396443) versus multiple sham-
procedure with placebo.

Outcomes Number of adverse events and serious adverse events, change from baseline in clinical laboratory parameters, 
change form baseline in electrocardiogram, change from baseline in vital signs, change from baseline in 
neurological exam including motor function, change in plasma concentration of nusinersen and change in 
cerebrospinal fluid concentration of nusinersen.

Starting date June 2015

Contact information Biogen

Notes The study is ongoing, but not recruiting patients.

MOONFISH 

Methods Phase I, randomised, double-blind, placebo-controlled trial.

Participants 64 patients with SMA types 1, 2 or 3 aged 2 to 55 years or below 7 months.

Interventions RO6885247 orally once daily for 12 weeks vs placebo orally once daily for 12 weeks.

Outcomes Safety (incidence of adverse events), pharmacokinetics (plasma concentrations of RO6885247 and RO6885247 
exposure), pharmacodynamics (SMN protein levels in blood and in vivo splicing of SMN2 mRNA in blood), effect on 
CMAP, effect on Electrical impedance myography.

Notes Recruitment of patients was suspended since April 2015 for safety reasons. In parallel to the Moonfish trial, Hoffmann-
La Roche have been investigating the effects of the long term use of RG7800 in animals. These animal studies are 
a standard requirement in the development of new medicines. In this study, they observed an unexpected safety 
finding in the eye of animals and subsequently immediately suspended dosing in the Moonfish trial as a precautionary 
measure. The trial was terminated in December 2016. No results are available yet. 
SMN= survival motor neuron; CMAP= compound muscle action potential

Morandi 2008 

Methods Randomised, placebo-controlled, double-blind trial.

Participants 45 adult patients with SMA type 3

Interventions Salbutamol or identical placebo Tablets at the same dosing 
schedule

Outcomes Change in Manual Muscle Testing, North Star Ambulatory 
Assessment scale, 6-Minute Walk Test and forced vital capacity. 
Molecular analyses included SMN2 gene copy number, SMN2 transcript, 
and SMN protein levels.

Notes Study is completed, but results are awaiting.

NCT00568802 

Methods Randomised, placebo-controlled, double-blind trial.

Participants Patients with SMA types 2 and 3 aged 1 to 10 years.

Interventions Hydroxyurea (dose and route) or placebo. Duration of treatment not mentioned.

Outcomes Motor function (GMFM and timed motor tests), adverse events, pulmonary function, motor unit number estimation, 
SMN Protein and SMN mRNA.

Notes Study is completed, not enough data or results available for analysis and/or inclusion.
GMFM = Gross Motor Function Measure; SMN protein = survival motor neuron protein



247246

Cochrane review: Drug treatment for SMA types 2 and 3

8.2

SMART02 

Study name Multicenter cooperative and investigator initiated clinical trial using valproic acid in childhood 
onset spinal muscular atrophy : Confirmatory Trial (SMART02).

Methods Phase 2B, placebo-controlled trial, randomised, double blind.

Participants 28 patients with SMA types 1 and 2, aged 1-7 years.

Interventions Oral valproic acid or placebo, 12.5 mg/kg or 25 mg/kg once a day after supper. Treatmentperiod is 40 weeks.

Outcomes HFMSE, HFMS, Motor function, WHO Motor milestones

Starting date January 2016

Contact information Kayoko Saito, Institute of Medical Genetics, Tokyo Women’s Medical University.

Notes Study is ongoing and recruiting participants.
HFMS(E)= Hammersmiths Functional Motor Scale (Expanded).

SPACE 

Study name SMA and Pyridostigmine in Adults and Children: Experimental trial to asses effect of pyridostigmine 
compared to placebo in patients with spinal muscular atrophy type 2, 3 and 4 (SPACE trial).

Methods Phase 2, randomised, double-blind, placebo-controlled cross- over trial.

Participants 45 patients with SMA types 2, 3 and 4, aged 12 years and older.

Interventions Oral pyridostigmine (day 1-3: 2mg/kg/day over 4 doses per day; day 4-7: 4mg/kg/day over 4 doses per day; 
week 2-8 6mg/kg/day over 5 doses per day) vs oral placebo (day 1-3: 2mg/kg/day over 4 doses per day; day 4-7: 
4mg/kg/day over 4 doses per day; week 2-8 6mg/kg/day over 5 doses per day). Cross-over takes place after 8 
weeks with one week of wash-out.

Outcomes Change in time to complete repeated nine hole peg test, change in MFM scores, change in time to complete 
shuttle walk test, change tot complete shuttle box and block test, change in pulmonary function (FVC), change 
in SMA-FRS, change in PedsQL, fatigue and fatigability questionnaires, VAS scores, change in CMAP en change in 
decremental response during repetitive nerve stimulation.

Starting date November 2015

Contact information University Medical Center Utrecht, The Netherlands.
Principal investigator: W.L. van der Pol, MD, PhD.

Notes Study is ongoing and recruiting participants.
MFM= Motor Function Measure; FVC= Forced vital capacity; SMA-FRS= Spinal muscular atrophy Functional 
Rating Scale; PedsQL= Pediatric Quality of Life Inventory; VAS= visual analogue scale ; CMAP= compound 
muscle action potential.

NCT01671384 

Study name Randomised Placebo Controlled Trial of Valproic acid and Levocarnitine in Children With Spinal 
Muscular Atrophy Aged 2-15 Years.

Methods Randomised, double-blind, placebo-controlled trial

Participants 60 patients with SMA types 2 or 3, aged 2-15 years at time if inclusion.
Diagnosis of SMA has been made by the presence of exon7 deletion of SMNT gene OR by normal/ mildly elevated 
CPK with electrodiagnostic characteristics suggestive of neurogenic weakness, normal motor and sensory nerve 
conduction velocities and muscle biopsy showing neurogenic atrophy and /or evidence of reinnervation. 

Interventions Valproic acid (dosis unknown) and Levocarnitine 50mg/kg/day (maximum 1000mg) divided over 2 doses 
combined with physiotherapy versus placebo combined with physiotherapy

Outcomes Change in muscle strength (manual muscle testing on a 5-point scale), change in modified Hammersmith 
Functionale Motor Scale, change in pulmonary function (FVC), side-effects, change in hematology en liver 
function and change in Valproic acid levels.

Starting date August 2013

Contact information G Sheffali, MD, Additional Professor
Department of Pediatrics, All India Institute of Medical Sciences, New Delhi 

Notes Study is ongoing and recruiting participants.
FVC= forced vital capacity

NCT02644668 

Study name A Phase 2, Double-Blind, Randomized, Placebo-Controlled, Multiple Dose Study of CK-2127107 in 
Two Ascending Dose Cohorts of Patients With Spinal Muscular Atrophy (SMA).

Methods Phase 2, randomised, double-blind, placebo-controlled, 2 dose cohorts
CK-2127107 150mg or 450mg or placebo with a single dose the first day, thereafter twice daily during 8weeks.

Participants 72 participants at least 12 years of age with a genetically confirmed diagnosis of SMA and clinically SMA types 
2, 3or 4.

Interventions Cohort 1: 36 patients with SMA type 2, 3 or 4 randomised 2:1 to CK-2127107 150 mg versus placebo.
Cohort 2: 36 patients with SMA type 2, 3 or 4 randomised 2:1 to CK-2127107 450 mg (or lower) versus placebo.
Both cohorts are also divided into 18 vs 18 ambulatory or non-ambulatory patients.

Outcomes Change from baseline and slope of change from baseline in FVC, MIP, MEP, HHD, HFMSE, RULUM, TUG, 6MWT and 
safety and tolerability measurements.

Starting date December 2015

Contact information MD Cytokinetics, Cytokinetics Inc
Astellas Pharma Global Development, Inc. (medicalaffairs@cytokinetics.com)

Notes Study is ongoing and recruiting participants.
FVC= Focerd vital capacity; MIP= Maximum Inspiratory Pressure; MEP=Maximum Expiratory Pressure; 
HHD=Hand-Held Dynamometry; HFMSE= Hammersmith Functional Motor Scale-Expanded; RULUM=Revised 
Upper Limb Module; TUG= Time Up and Go; 6MWT= six minute walking test.
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ADDITIONAL TABLES

1 Diagnostic criteria for SMA types 2 and 3

Primary criteria

Age of onset between 6 and 18 months and have been able to sit independently, but never been able to walk without assistance for SMA 
type 2; age of onset after 18 months and has/had the ability to walk without assistance for SMA type 3

Genetic analysis to confirm the diagnosis, with deletion or mutation of the SMN1 gene (5q11.2-13.3)

Supporting criteria 

Symmetrical muscle weakness of limb and trunk

Proximal muscles more affected than distal muscles and lower limbs more than upper limbs

No abnormality of sensory function

Serum creatine kinase (CK) activity not more than 5 times the upper limit of normal

Denervation on electrophysiological examination, and no nerve conduction velocities below 70% of the lower limit of normal. There are no 
abnormal sensory nerve action potentials

Muscle biopsy showing atrophic fibers of both types, hypertrophic fibers of one type (usually type 1), and in chronic cases type grouping

No involvement of the central neurological systems, like hearing or vision

SUMMARY OF FINDINGS TABLES

*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the 
comparison group and the relative effect of the intervention (and its 95% CI). CI: Confidence interval; RE: 
Relative Effect; RR: Risk ratio; OR: Odds ratio
GRADE Working Group grades of evidence: High quality: We are very confident that the true effect lies 
close to that of the estimate of the effect; Moderate quality: We are moderately confident in the effect 
estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is 
substantially different; Low quality: Our confidence in the effect estimate is limited: The true effect may be 
substantially different from the estimate of the effect; Very low quality: We have very little confidence in 
the effect estimate: The true effect is likely to be substantially different from the estimate of effect

SUNFISH 

Study name A Study to Investigate the Safety, Tolerability, Pharmacokinetics, Pharmacodynamics and Efficacy 
of RO7034067 in Type 2 and 3 Spinal Muscular Atrophy Participants (Sunfish)

Methods Randomized, placebo-controlled, double-blind trial

Participants 186 patients with SMA types 2 and 3 aged 2-25 years old with a confirmed diagnosis of 5q-autosomal recessive 
SMA

Interventions Patients start with treatment in part 1 of the study:
Part 1A includes adolescents and adults (age 12-25 years) with SMA type 2 or 3, ambulatory or non-ambulatory, 
receiving 12 weeks of placebo or RO7034067
Part 1B: children with SMA type 2 or 3 (age 2-11 years), ambulatory or non-ambulatory, receiving 12 weeks of 
placebo or RO7034067
After 12 weeks of treatment patients can participate in part 2 of the trial in case they match with inclusion 
criteria.
Part 2: patients aged 2-25years with SMA type 2 or 3, non-ambulatory with revised upper limb module(RULM) 
entry item A greater than or equal to [>=] 2; 2) ability to sit independently as assessed by item 9 of the motor 
function measure (MFM). One group will start with 12 months treatment with placebo and will switch to 
treatment with RO7034067. One group will be treated for 24 months with RO7034067. All participants of Part 2 
will be offered the opportunity to enter the open label extended phase after completing Part 2. 

Outcomes Safety (incidence of adverse events), pharmacokinetics (plasma concentrations of RO6885247 and RO6885247 
exposure), pharmacodynamics (SMN protein levels in blood and in vivo splicing of SMN2 mRNA in blood), 
change from baseline in motor scores (MFM-32, HFMSE, RULM), change from baseline in pulmonary function 
(FVC, SNIP, FEV1, PCF), change from baseline in quality of life (PEDsQL) and (severe) adverse events

Starting date October 2016

Contact information Hoffmann-La Roche

Notes Study is ongoing and recruiting participants.
MFM-32= motor function measure 32; HFMSE=Hammersmith Functional Motor Scale Expanded; 
RULM=Revised Upper Limb Module; FVC=Forced vital capacity; SNIP=Sniff nasal inspiratory; FEV1=Forced 
expiratory volume; PCF=Peak cough flow
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Table 3. Oral gabapentin compared to placebo for adults with SMA types 2 and 3

Patient or population: adults with SMA types 2 and 3 
Setting: outpatient clinic 
Intervention: oral gabapentin 
Comparison: placebo

Outcomes Anticipated absolute effects* (95% CI) RE
(95% CI)

№ of 
participants
(studies)

Quality of the 
evidence
(GRADE)

Comments

Risk with placebo Risk with oral 
gabapentin

Change in disability score
assessed with: SMA 
Functional Rating Scale 
(SMAFRS)
follow up: 12 months

The median change on the SMAFRS was 0 
in the gabapentin group (N = 37) and -2 
in the placebo group (N = 34)

- 71
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Higher scores 
on the SMAFRS 
indicate better 
function

Change (%) in total muscle 
strength from baseline
follow up: 12 months

The mean change 
(%) in total muscle 
strength from 
baseline was -2.2

MD 3.3 higher
(6.9 lower to 14 
higher)

- 50
(1 RCT)

⊕⊕⊝⊝
LOW 1 2

Development of walking
follow up: 12 months

No participants in the placebo (N = 35) or 
the gabapentin group (N = 38) developed 
the ability to walk at 9 or 12 months 
follow-up.

- 73
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Change in quality of life 
(mini SIP)
assessed with: Change (%) 
from baseline in Sickness 
Impact Profile
follow up: 12 months

The mean change in 
quality of life was 
-0.26

MD 0.36 higher
(0.29 lower to 1 
higher)

- 73
(1 RCT)

⊕⊕⊝⊝
LOW 1

Change in pulmonary 
function
assessed with: forced vital 
capacity (% of predicted)
follow up: 12 months

The mean change in 
pulmonary function 
was -2.9 %

MD 1.1 % lower
(4.1 lower to 1.9 
higher)

- 65
(1 RCT)

⊕⊕⊝⊝
LOW 1 2

Data from 
analysis of 
participants who 
completed 2 or 
more visits.

Time to death or full-time 
ventilation
follow up: 12 months

No reported deaths and none of the 
participants required full-time ventilation

- 84
(1 RCT)

⊕⊕⊕⊕
HIGH

Adverse events
follow up: median 12 
months

Adverse events were reported to be 
ínfrequent and not statistically different 
between treatment groups. Data on 
adverse events was not available.

- 65
(1 RCT)

⊕⊕⊝⊝
LOW 3

1  We downgraded one level for risk of bias. Incomplete data at 12 month follow up and it is unclear why 
cases have dropped-out. 3 cases (2 treated, 1 placebo) were excluded from analysis because of extreme 
outcomes (>3SD)

2  We downgraded on level because of impression; small sample size, inadequate for optimal information 
size (OIS).

3  We downgraded two levels because no data on adverse events were available.

Table 2. Intravenous thyrotropin releasing hormone compared to placebo for children with 

SMA types 2 and 3

Patient or population: children with SMA types 2 and 3 
Setting: in hospital treatment 
Intervention: intravenous thyrotropin releasing hormone 
Comparison: placebo

Outcomes Anticipated absolute effects* 
(95% CI)

RE
(95% CI)

№ of 
participants
(studies)

Quality of the 
evidence
(GRADE)

Comments

Risk with 
placebo

Risk with 
intravenous 
thyrotropin 
releasing hormone

Change in disability score - 
not reported

- - - - -

Change in muscle strength
assessed with: Handheld 
dynamometry (CSD-500, 
Amitec; in pounds)
Scale from: 0 to 6
follow up: 5 weeks

The mean 
change 
in muscle 
strength 
was 0.48

MD 0.34 higher
(0.54 lower to 1.22 
higher)

- 9
(1 RCT)

⊕⊝⊝⊝
VERY LOW 1 2

Acquiring the ability 
to stand or walk - not 
measured

- - - - -

Change in quality of life - 
not measured

- - - - -

Change in pulmonary 
function (FVC%) - not 
measured

- - - - -

Time to death or full-time 
ventilation - not measured

- - - - -

Adverse events 12 events in 6 participants treated 
with TRH. No events in 3 participants 
on placebo.

- 9
(1 RCT)

⊕⊝⊝⊝
VERY LOW 1 2

Including 
abdominal 
discomfort, 
flushing, nausea 
and vomiting

1 We downgraded one level for sample size.
2 We downgraded two levels for baseline imbalance (only women, only SMA 2 and older patients in the 
placebo group) and lack of allocation concealment
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Table 5. Oral creatine compared to placebo for children with SMA types 2 and 3

Patient or population: children with SMA types 2 and 3 
Setting: outpatient clinic 
Intervention: oral creatine 
Comparison: placebo

Outcomes Anticipated absolute effects* (95% CI) RE
(95% CI)

№ of 
participants
(studies)

Quality of the 
evidence
(GRADE)

Comments

Risk with placebo Risk with oral 
creatine

Change in disability score 
(GMFM)
assessed with: Gross Motor 
Function Measure
Scale from: 0 to 264
follow up: 9 months

The mean change in 
disability score was -1

median difference 
1 higher
(1 lower to 2 
higher)

- 40
(1 RCT)

⊕⊕⊕⊕
HIGH

Change in total muscle strength
assessed with: Quantitative 
muscle testing
follow up: 9 months

The mean change in 
total muscle strength 
was 2.42

MD 1.25 lower
(10.1 lower to 7.6 
higher)

- 22
(1 RCT)

⊕⊕⊝⊝
LOW 1 2

Only patients 
5 years and 
older.

Acquiring the ability to stand or 
walk - not measured

- - - - -

Change in Quality of life (QoL)
assessed with: Parent 
Questionnaire for the PedsQL 
Neuromuscular Module
follow up: 9 months

The mean change in 
Quality of life was 2

median change 7 
lower
(11 lower to 3 
higher)

- 38
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Change in pulmonary function
assessed with: forced vital 
capacity (% of predicted)
follow up: 9 months

The mean change in 
pulmonary function 
was -0.83 %

MD 0.56 % higher
(10.8 lower to 
11.9 higher)

- 23
(1 RCT)

⊕⊕⊝⊝
LOW 1 2

Only patients 
5 years and 
older.

Time to death or full-time 
ventilation

1 death occurred in the placebo group, none 
in the treatment group

- 40
(1 RCT)

⊕⊕⊕⊕
HIGH

Adverse events 43 events in 16 out of 28 patients in placebo 
group and 55 events in 13 out of 27 patients 
treated with creatine (RR 0.84; 95% CI 0.51 
to 1.40).

- 40
(1 RCT)

⊕⊕⊕⊝
MODERATE 3

Mainly 
respiratory 
infections.

1 We downgraded one level due to inconsistency. Unknown cohort representation.
2  We downgraded on level because of impression. Small sample size, inadequately for optimal information 

size (OIS). Cut off for OIS was the calculated sample size of the trial.
3 We downgraded one level for risk of bias. No information on type of adverse events included.

Table 4. Oral phenylbutyrate compared to placebo for children with SMA type 2

Patient or population: children with SMA type 2 
Setting: outpatient clinic 
Intervention: oral phenylbutyrate 
Comparison: placebo

Outcomes Anticipated absolute effects* (95% CI) RE
(95% CI)

№ of 
participants
(studies)

Quality of the 
evidence
(GRADE)

Comments

Risk with placebo Risk with oral 
phenylbutyrate

Change in disability score
assessed with: 
Hammersmith Functional 
Motor Scale (HFMS)
Scale from: 0 to 40
follow up: 13 weeks

The mean change 
in disability score 
was 0.73

MD 0.13 lower
(0.84 lower to 0.58 
higher)

- 90
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Higher scores on the 
HFMS indicate better 
function.

Change in muscle strength  
(leg megascore)
assessed with: Handheld 
dynamometer
follow up: 13 weeks

The mean change 
in muscle strength 
(leg megascore) was 
3.22 N

MD 1.04 N higher
(2.46 lower to 4.54 
higher)

- 70
(1 RCT)

⊕⊕⊝⊝
LOW 1 2

Children older than 
age 5 years had 
additional assessment 
ofmuscle strength by 
myometry.

Change in muscle strength  
(arm megascore)
assessed with: Handheld 
dynamometer
follow up: 13 weeks

The mean change 
in muscle strength 
(arm megascore) 
was -0.42 N

MD 1.98 N higher
(1.67 lower to 5.63 
higher)

- 72
(1 RCT)

⊕⊕⊝⊝
LOW 1 2

Children older than 
age 5 years had 
additional assessment 
ofmuscle strength by 
myometry.

Acquiring the ability to stand 
or walk - not measured

- - - - -

Change in the quality of life - 
not measured

- - - - -

Change in pulmonary 
function
assessed with: forced vital 
capacity (in % of predicted)
follow up: 13 weeks

The mean change in 
pulmonary function 
was -0.01 %

MD 0.04 % higher
(0.07 lower to 0.15 
higher)

- 67
(1 RCT)

⊕⊕⊝⊝
LOW 1 2

Children older than 
age 5 years had 
additional assessment 
of FVC.

Adverse events
follow up: 13 weeks

19 and 5 participants had one or more 
adverse event in the phenylbyturate and 
placebo group respectively (RR3.1 95% CI 
1.25 to 7.84)

- 107
(1 RCT)

⊕⊕⊕⊝
MODERATE 2

Including rash, 
drowsiness with 
hallucinations, 
nausea and 
constipation. No full 
report on types of 
adverse events was 
available.

Severe adverse events
follow up: 13 weeks

Three particapants discontinued treatment 
because of severe adverse events, one in the 
phenylbyturate group and two in the placebo 
group (RR 1.96; 95% CI 0.18 to 21.0)

- 107
(1 RCT)

⊕⊕⊕⊝
MODERATE 2

Discontinuation of 
trial because of severe 
drowsiness, rash or 
consitpation

1  We downgraded one level because of risk of bias. Incomplete patient outcomes with 2 protocol violations 
and 2 participants with unreliable results

2  We downgraded on level because of imprecision. Small sample size, inadequate for optimal information 
size (OIS). Cut off for OIS was the calculated sample size of the trial.
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5 We downgraded one level due to risk of bias. Data on pulmonary function was not available.

Table 7. Oral hydroxyurea compared to placebo for patients with SMA types 2 and 3

Patient or population: children and adults with SMA types 2 and 3 
Setting: outpatient clinic Intervention: oral hydroxyurea Comparison: placebo

Outcomes Anticipated absolute effects* 
(95% CI)

RE
(95% CI)

№ of 
participants
(studies)

Quality of the 
evidence
(GRADE)

Comments

Risk with 
placebo

Risk with oral 
hydroxyurea

Change in disability score (Gross Motor 
Functional Measure (GMFM))
Scale from: 0 to 264
follow up: 18 months

The mean 
change in 
disability score 
was 2.02

MD 1.88 lower
(3.89 lower to 
0.13 higher)

- 57
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Higher scores on the 
GMFM indicate better 
function

Change in disability score 
assessed with: Modified Hammersmith 
Functional Motor Scale (MHFMS)
Scale from: 0 to 40
follow up: 18 months

The mean 
change in 
disability score 
was 0.04

MD 0.02 lower
(0.12 lower to 
0.07 higher)

- 38
(1 RCT)

⊕⊕⊕⊝
MODERATE 2

Only performed in non-
ambulatory patients.

Change in muscle strength
assessed with: Manual muscle testing 
(MMT)
Scale from: 16 to 80
follow up: 18 months

The mean 
change in 
muscle strength 
was -0.03

MD 0.55 lower
(2.65 lower to 
1.55 higher)

- 57
(1 RCT)

⊕⊕⊕⊕
HIGH

Acquiring the ability to stand or walk - 
not measured

- - - - -

Change in quality of life - not 
measured

- - - - -

Pulmonary function
assessed with: forced vital capacity 
(in L)
follow up: 18 months

The mean 
pulmonary 
function was 
-0.22 L

MD 0.01 L higher
(0.25 lower to 
0.26 higher)

- 57
(1 RCT)

⊕⊕⊕⊝
MODERATE 3

Time to death or ventilation One participant died in the 
treatment group after 5 visits due to 
respiratory complications.

- 57
(1 RCT)

⊕⊕⊕⊕
HIGH

Also reported as the 
one serious adverse 
event

Adverse events
follow up: 18 months

129 events occurred in the 20 
participants in the placebo group. 
224 events occurred in the 37 
participants in the hydroxyurea 
group (all participants experienced 
adverse events)

- 57
(1 RCT)

⊕⊕⊕⊕
HIGH

Adverse events: 
laboratory disturbances 
(e.g. neutropenia, 
trombocytopenia, 
high transaminases), 
respiratory complaint, 
gastrointestinal 
complaints, rash, 
neurologic symptoms, 
unspecified

Serious adverse events (29 events in 
19 patients)
follow up: 18 months

19 participants had 1 or more serious 
adverse event out of a total of 29 
serious adverse events. 19 events 
occured in 37 participants in the 
hydroxyurea group and 10 events 
occured in the 20 participants in the 
placebo group.

- 57
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

One participant died 
in the treatment group 
due to respiratory 
complications.

Table 6. Oral valproic acid and acetyl-L-carnitine compared to placebo for non-ambulatory 

children with SMA types 2 and 3

Patient or population: non-ambulatory children with SMA types 2 and 3 
Setting: outpatient clinic 
Intervention: oral valproic acid and acetyl-L-carnitine 
Comparison: placebo

Outcomes Anticipated absolute effects* (95% CI) RE
(95% CI)

№ of 
participants
(studies)

Quality of 
the evidence
(GRADE)

Comments

Risk with 
placebo

Risk with oral 
valproic acid and 
acetyl-L-carnitine

Change in disability score
assessed with: Modified 
Hammersmith Functional Motor 
Scale (MHFMS)
Scale from: 0 to 40
follow up: 6 months

The mean change 
in disability score 
was 0.18

MD 0.64 higher
(1.1 lower to 2.38 
higher)

- 61
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Higher scores on the 
MHFMS indicate better 
function

Change in muscle strength 
(Myometry)
assessed with: Myometry with 
myometer (kg)
follow up: 6 months

The mean 
change in muscle 
strength was 
-0.25

MD 1.43 higher
(0.69 lower to 3.56 
higher)

- 16
(1 RCT)

⊕⊕⊕⊝
MODERATE 2

Only performed in 
participants aged > 
5years old.

Acquiring the ability to stand or 
walk - not measured

- - - - -

Change in quality of life (QoL)
assessed with: PedsQL
follow up: 6 months

The mean change 
in quality of life 
was 0.3

MD 2.2 lower
(9.27 lower to 4.87 
higher)

- 54
(1 RCT)

⊕⊝⊝⊝
VERY LOW 1 3 4

Only a subset of 
participants (n = 54) 
completed PedsQL 
at follow-up. Patient 
characteristics of this 
subset are unknown.

Pulmonary function
assessed with: FVC (% of 
predicted)
follow up: 6 months

No numerical data available for analysis. - 24
(1 RCT)

⊕⊕⊝⊝
LOW 2 5

Only performed in 
participants age > 
5years old.

Time to death or full-time 
ventilation
follow up: 6 months

There were no deaths or any need for full-
time ventilation

- 61
(1 RCT)

⊕⊕⊕⊕
HIGH

Adverse events
follow up: 12 months

18/31 participants in the placebo group 
had one or more adverse events. 23/30 
participants in the valproic acid and acetyl-
L-carnitine group had one or more adverse 
events (RR 1.32; 95% CI 0.92 to 1.89)

- 61
(1 RCT)

⊕⊕⊕⊕
HIGH

Serious adverse events
follow up: 12 months

Study population RR 2.75
(0.60 to 
12.69)

61
(1 RCT)

⊕⊕⊕⊕
HIGH6 per 100 18 per 100

(4 to 82)
1 We downgraded one level due to imprecision. CI was very wide.
2  Small sample size, inadequately for optimal information size (OIS). Cut off for OIS was the calculated 

sample size of the trial.
3  We downgraded one level due to risk of bias. Only a subset of patienst completed PedsQL at follow-up.
4 We downgraded one level due to inconsistency. Only a subset of patients completed follow-up.
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Adverse events
follow up: 40 weeks

Eleven participants experienced an adverse event 
during the somatotropin treatment and seven 
participants experienced an adverse events during 
the placebo treatment (RR 1.57 95% CI 0.78 to 
3.17).A total of 23 adverse events occured, 14 of 
them during somatotropin treatmen and 9 during 
placebo treatment.

- 38
(1 RCT)

⊕⊕⊕⊝
MODERATE 3

Including 
headache, 
athralgia, 
myalgia, 
oedema, 
elevated 
serum TSH and 
myalgia

1 We downgraded one level due to risk of bias. HFMSE ranges were not available.
2 We downgraded two levels because for imprecision because of very small study size.
3 We downgraded one level because of potential bias from cross-over effects.

Table 9. Oral valproic acid compared to placebo for ambulatory adults with SMA type 3

Patient or population: ambulatory adults with SMA type 3
Setting: outpatient clinic
Intervention: oral valproaic acid
Comparison: placebo

Outcomes Anticipated absolute effects* 
(95% CI)

RE
(95% CI)

№ of 
participants
(studies)

Quality of the 
evidence
(GRADE)

Comments

Risk with 
placebo

Risk with oral 
valproaic acid

Change in disability score 
(SMAFRS)
assessed with: Spinal Muscular 
Atrophy Rating Scale (0-50)
Scale from: 0 to 50
follow up: 6 months

The mean 
change in 
disability score 
was -0.35

MD 0.06 higher
(1.32 lower to 1.44 
higher)

- 31
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Higher scores on the 
SMAFRS indicate 
better function.

Change in muscle strength of arms 
(MVICT)
follow up: 6 months

The mean 
change in muscle 
strength of arms 
was -0.01

MD 0.23 lower
(1.03 lower to 0.57 
higher)

- 30
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Change in muscle strength of legs 
(MVICT)
follow up: 6 months

The mean 
change in muscle 
strength of legs 
was 0.35

MD 0.37 lower
(1.09 lower to 0.35 
higher)

- 30
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Acquiring the ability to stand or 
walk - not measured

- - - - -

Quality of life
assessed with: mini-sickness 
impact profile (SIP)
follow up: 6 months

The mean quality 
of life was 0.91

MD 1.1 lower
(3.8 lower to 1.6 
higher)

- 31
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Pulmonary function
assessed with: forced vital capacity 
(in % of predicted)
follow up: 6 months

The mean 
pulmonary 
function was 
0.53 %

MD 1.24 % lower
(4.71 lower to 2.23 
higher)

- 24
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

1 We downgraded the evidence for imprecision. CIs were very wide.
2 Small sample size, inadequately for optimal information size (OIS). Cut off for OIS was the calculated 
sample size of the trial.
3 We downgraded the evidence for indirectness, because of discrepancy in results of respiratory failure 
(results in text and figures appear to be different)

Table 8. Subcutaneous somatotropin compared to placebo for children and adults with SMA 

types 2 and 3

Patient or population: children and adults with SMA types 2 and 3
Setting: outpatient clinic
Intervention: subcutaneous somatotropin
Comparison: placebo

Outcomes Anticipated absolute effects* (95% CI) RE
(95% CI)

№ of 
participants
(studies)

Quality of the 
evidence
(GRADE)

Comments

Risk with placebo Risk with subcutaneous 
somatotropin

Change in disability score
assessed with: 
Hammersmith Functional 
Motor Score (HFMSE)
Scale from: 0 to 66
follow up: 3 months

The median change 
in disability score 
was -1.05

median difference 0.25 
higher
(1 lower to 2.5 higher)

- 38
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Higher scores 
on the HFMSE 
indicate better 
function

Change in muscle strength 
(upper limbs)
assessed with: Manual 
Muscle Testing (MMT) with 
hand-held myometry from 
Citec in Newtons
follow up: 3 months

The mean change 
in muscle strength 
(upper limbs) was 
0.30 N

MD 0.08 N lower
(3.79 lower to 3.95 higher)

- 38
(1 RCT)

⊕⊕⊕⊕
HIGH

Change in muscle strength 
(lower limbs)
assessed with: Manual 
Muscle Testing with hand-
held myometry from Citec 
in Newtons
follow up: 3 months

The mean change 
in muscle strength 
(lower limbs) was 
0.95

MD 2.23 higher
(2.19 lower to 6.63 higher)

- 38
(1 RCT)

⊕⊕⊕⊕
HIGH

Acquiring the ability 
to stand or walk - not 
measured

- - - - -

Change in quality of life - 
not measured

- - - - -

Pulmonary function
assessed with: forced vital 
capacity (in Liters)
follow up: 3 months

The mean pulmonary 
function was -0.11 L

MD 0.22 L higher
(0.02 lower to 0.4 higher)

- 38
(1 RCT)

⊕⊕⊕⊕
HIGH

Time to death or full-time 
ventilation
follow up: mean 40 weeks

No participant died or required full-time 
ventilation in either group

- 38
(1 RCT)

⊕⊕⊝⊝
LOW 2
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Table 10. Oral olesoxime compared to placebo for non-ambulatory children and adolescents with SMA 

types 2 and 3

Patient or population: non-ambulatory children and adolescents with SMA types 2 and 3 
Setting: outpatient clinic 
Intervention: oral olesoxime 
Comparison: placebo

Outcomes Anticipated absolute effects* 
(95% CI)

RE
(95% CI)

№ of 
participants
(studies)

Quality of the 
evidence
(GRADE)

Comments

Risk with 
placebo

Risk with oral 
olesoxime

Change in motor function
assessed with: MFM 
(D1+D2)
Scale from: 0 to 75
follow up: 24 months

The mean 
change in 
motor function 
was -1.82

MD 2 higher
(0.25 lower to 
4.25 higher)

- 160
(1 RCT)

⊕⊝⊝⊝
VERY LOW 1

Higher scores on the MFM 
indicate better function. 
Combined analysis of 
participants assessed with 
MFM-32 or MFM 20.

Change in motor function
assessed with: MFM total 
score
Scale from: 0 to 96
follow up: 24 months

The mean 
change in 
motor function 
was -1.45

MD 2.04 higher
(0.21 lower to 
4.28 higher)

- 160
(1 RCT)

⊕⊕⊝⊝
LOW 1 2

Higher scores on the MFM 
indicate better function. 
Combined analysis of 
participants assessed with 
MFM-32 or MFM 20.

Change in muscle strength
assessed with: MFM 
responder analysis
follow up: 24 months

Study population RR 1.43
(-0.98 to 2.08)

160
(1 RCT)

⊕⊝⊝⊝
VERY LOW 1 2 3

Higher scores on the MFM 
indicate better function. 
Participants were classified 
as ‘responders’ in case 
MFM-32 or MFM-20 showed 
no change or better scores 
compared to baseline, and 
‘non-respond

39 per 100 55 per 100
(-38 to 80)

Change in motor function
assessed with: HFMS
Scale from: 0 to 40
follow up: 24 months

The mean 
change in 
motor function 
was -1.72

MD 0.94 higher
(0.28 lower to 
2.17 higher)

- 160
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

2

Pulmonary function
assessed with: forced vital 
capacity (% of predicted)
follow up: 24 months

The mean 
pulmonary 
function was 
+6.16 %

MD 1.88 % lower
(0 to 0 )

- 102
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Time to death or 
ventilation
follow up: 24 months

Two patients died; one of a cardiac 
arrest (olesoxime group) and one 
of increased bronchial secretion 
(placebo group). Deaths were nog 
deemed to be related to treatment.

- 160
(1 RCT)

⊕⊕⊕⊕
HIGH

Adverse events
follow up: 24 months

57/57 participants in the placebo 
group had 1 or more adverse 
event, compared to 103/108 in the 
olesoxime group (RR 0.95; CI 95% 
0.91 to 0.99). 612 events occurred 
in 57 participants in the placebo 
group. 1104 events occurred in the 
108 participants in the olesoxime 
group.

- 165
(1 RCT)

⊕⊕⊕⊕
HIGH

Adverse events: (upper) 
respiratory tract infection, 
gastroenteritis, influenza, 
vomiting, abdominal pain, 
diarrhoea, cough, pyrexia, 
pain in extremity, scoliosis, 
arthralgia, fall, headache.

Adverse events
follow up: 12 months

15 and 12 participants experienced 1 
or more adverse events in the placebo 
and valproic acid group, rexepectively 
(RR 0.8; 95% CI 0.44 to 1.44) A total of 
96 adverse events occured, 66 in the 
placebo group and 30 in the valproic 
acid group.

- 66
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Including upper 
airway tract infection 
or symptoms, 
dizziness, headache, 
peripheral 
neuropathy, tremor, 
fatigue, pain, 
abdominal pain, 
nausea, vomiting, 
decreased platelet 
count, weight gain, 
alopeci

Severe adverse events
follow up: 12 months

2 participants experienced 1 or more 
serious adverse events in each of 
treatment groups (RR 1.0; 95% CI 0.15 
to 6.69) A total of 5 adverse events 
occured, 3 in the placebo group and 2 in 
the valproic acid group.

- 66
(1 RCT)

⊕⊕⊕⊝
MODERATE 1

Including fatigue, 
pneumonia and sleep 
apnea syndrome.

Time to death or full-time 
ventilation
follow up: 6 months

No death or full-time ventilation - 66
(1 RCT)

⊕⊕⊕⊕
HIGH

1 We downgraded one level because of potential carry-over effect due to the cross-over design
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Serious adverse events
follow up: 24 months

14/57 participants in the placebo 
group and 18/108 participants in 
the olesoxime group had 1 or more 
serious adverse event (RR 0.67; 95% 
CI 0.37 to 1.26)

- 165
(1 RCT)

⊕⊕⊕⊕
HIGH

1 We downgraded one level for study limitation because of differences between baseline groups
2 We downgraded one level for indirectness because trial authors combined two different outcome 
measures (MFM-32 and MFM20) to assess the primary outcome with no correction in analysis.
3 We downgraded one level because data was post-hoc dichotomized.
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ABSTRACT

Introduction Hereditary proximal spinal muscular atrophy (SMA) is caused by 
homozygous deletion of the survival motor neuron 1 (SMN1) gene. The main 
characteristic of SMA is degeneration of alpha motor neurons in the anterior horn of 
the spinal cord, but recent studies in animal models and patients have shown additional 
anatomical abnormalities and dysfunction of the neuromuscular junction (NMJ). NMJ 
dysfunction could contribute to symptoms of weakness and fatigability in patients with 
SMA. We hypothesize that pyridostigmine, an acetylcholine esterase inhibitor that 
improves neuromuscular transmission, could improve neuromuscular junction function 
and thereby muscle strength and endurance in patients with SMA.

Methods and analysis We designed a monocenter, placebo-controlled, double-blind 
crossover trial with pyridostigmine and placebo to investigate the effect and efficacy of 
pyridostigmine on muscle strength and fatigability in patients with genetically confirmed 
SMA. We aim to include 45 patients with SMA types 2, 3 and 4, aged 12 years and older 
in the Netherlands. Participants receive 8 weeks of treatment with pyridostigmine and 
8 weeks of treatment with placebo in a random order separated by one week wash-
out. Treatment allocation is double blinded. The dose of the treatment will be gradually 
increased from 2 mg/kg to the maximum dose of 6 mg/kg four times daily in the first 
week of each treatment period. The primary outcome measures are a change in the 
Motor Function Measure and Nine- hole peg test before and after treatment. Secondary 
outcome measures are changes in recently developed motor scales, i.e. the endurance 
shuttle nine hole peg test, the endurance shuttle box and block test, the endurance 
shuttle walk test, level of daily activities, quality of and activity in life scores, presence of 
decrement upon repetitive nerve stimulation, and adverse events.

Ethics and dissemination The protocol is approved by the local medical ethical review 
committee at the University Medical Center Utrecht and by the national Central 
Committee on Research Involving Human Subjects. Findings will be shared with the 
academic and medical community, funding and patient organizations in order to 
contribute to optimization of medical care and quality of life for SMA patients. 

Trial registration
US registry NCT02941328 (www.clinicaltrials.gov)
European registry 2011-004368-34 (www.eudract.ema.europa.eu)
Dutch registry NL38048.041.14 (www.ccmo.nl)
Start date: 24-11-2015
Planned End date: 31-12-2017

INTRODUCTION

Hereditary proximal Spinal Muscular Atrophy (SMA) is a motor neuron disease in 
children and adults caused by a homozygous deletion of the survival motor neuron 
1 (SMN1) gene, resulting in a significant reduction of full length functional SMN 
protein.5,23 The main characteristic of SMA is the degeneration of alpha motor neurons 
in the anterior horns of the spinal cord, resulting in progressive muscle weakness of 
axial muscles and muscles of the arms and legs with a mild to severely reduced life 
expectancy in the majority of patients.3,47,113 
 SMN protein is ubiquitously expressed and is involved in the pre-mRNA splicing 
pathway, ubiquitin and cytoskeleton homeostasis, endocytosis and axonal 
transport.102,105 Although motor neurons are most sensitive to the disruption of cellular 
pathways caused by SMN deficiency, other cell types and tissues may be affected as 
well.174,591 Histological and electrophysiological studies have shown that sufficient levels 
of SMN protein are essential for the development,  maturation and function of the 
neuromuscular junction (NMJ).144,181

 SMN-deficient mice display both presynaptic (i.e. abnormal density and distribution 
of synaptic vesicles and abnormal accumulation of neurofilaments at the nerve terminal 
of the NMJ) and postsynaptic (i.e. shrinkage of motor endplates) abnormalities.145-147,149 
In patients with SMA type 1, abnormal aggregation of acetylcholine receptors at the 
muscle endplates has been reported.145,305 Repetitive nerve stimulation (NCS-RNS) 
in patients with SMA types 2 and 3, a specific but not very sensitive test for NMJ 
dysfunction, showed an abnormal decremental response in 49% of patients.181

 There is a clear need for low cost treatment that is easy to administer in patients 
with longer disease duration. Intrathecal administration of SMN-specific anti-sense 
oligonucleotides that augment cellular SMN levels improves motor development 
in infants and children with SMA, but efficacy has not been tested in adults.118,119 The 
finding of post-synaptic dysfunction of the neuromuscular junction in SMA suggests 
that patients may benefit from drugs that facilitate neuromuscular transmission. 
Acetylcholine esterase inhibitors may represent a new category of candidate drugs 
for the treatment of SMA. Pyridostigmine, an acetylcholine-esterase inhibitor with 
relatively long half-life is an FDA and EMA approved first line treatment of disorders 
of the post-synaptic neuromuscular junction, i.e. myasthenia gravis. Pyridostigmine 
inhibits the natural decay of acetylcholine and thereby increases its biological 
availability in the neuromuscular junction enhancing neuromuscular transmission.592

 Our aim in this study is to investigate the efficacy and effect of pyridostigmine 
on muscle strength and fatigability in SMA. We designed a placebo-controlled, 
crossover trial in patients with SMA types 2, 3 and 4, with double-blind treatment 
allocation. The crossover design is an ideal design for this rare disease with striking 
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Inclusion criteria

Clinical diagnosis of SMA types 2, 3 or 4
type 2:  age at onset >6 months and ability to sit unsupported but not to walk unsupported
type 3: age at onset >18 months and the ability to walk unsupported at any point of life
type 4: age at onset 30 years and the ability to walk unsupported at any point of life

In case of discrepancy between age at onset and highest acquired motor milestone, the latter was used to define SMA type

Genetically confirmed homozygous SMN1 deletion

Given oral and written informed consent when ≥18 years old or given informed consent by the parents or legal representative in 
case of patients aged ≥12 till <18 years old

Ability of performing at least 2 subsequent rounds of the Nine Hole Peg test188,193

A maximum Motor Function Measure182 score of 80%

Exclusion criteria

Known concomitant disorders of the NMJ (Lambert Eaton myasthenic syndrome, myasthenia gravis)

Use of drugs that may alter NMJ function
cholinergic medication (e.g. rivastigmine, neostigmine, galantamine, fysostigmine, succinylcholine)
non-depolarising musclerelaxans (e.g. (cis)atracurium, gallamine, mivacurium, pancuronium, rocurpnium, vecuronium)
other antagonizing medication of pryidostimine (procainamide, quinidine, propranolol, lithium, chloroquine, 
hydrocxychloroquine, aminoglycoside antibiotics, clindomycine, polymixine)

SMA type 1 (never been able to sit unsupported)

Apprehension against participation in nerve conduction studies

Inability to meet study visits

Mechanical gastro-intestinal, urinary or biliary obstruction

Clinical significant alterations of blood tests drawn within 14 days prior to start of study entry

Electro cardio physiology abnormalities known as a contraindication for pyridostigmine use

Current pregnancy or breast-feeding

Allergy to bromides

Severe bronchial asthma (in case of uncertainty of diagnosis we will contact treating pulmonologist or physician)

If a total of 40 patients will enter this two-treatment crossover study, the probability 
is 80 percent that the study will detect a treatment difference at a two-sided 0.05 
significance level, if the true difference between treatments is 1.093 units. This is 
based on the assumption that the within-patient standard deviation of the response 
variable is 1.7.
 If a total of 40 patients will enter this two-treatment crossover study, the 
probability is 80 percent that the study will detect a treatment difference at a two-
sided 0.05 significance level, if the true difference between treatments is 1.409 
units. This is based on the assumption that the standard deviation of the difference 
in the response variables is 3.1.
 Both calculations show similar results in terms of the detecTable difference based 
on 80% power, a two-sided significance level of 0.05 and 40 patients in total in the trial. 
Five additional patients will be recruited to compensate for potential dropouts. The 
total number of included patients will be 45 patients with SMA types 2-4.

variability, because patients will be their own controls, and the short half-life of 
pyridostigmine excludes carry-over effects. 

METHODS AND DESIGN

Study setting and design
We conduct this study at the neuromuscular department of the University Medical 
Center Utrecht, a tertiary referral center for neuromuscular diseases in The 
Netherlands. All members of the study team, consisting of physicians, physical 
therapists and nurses, have broad experience with SMA due to the national cohort 
study that is carried out in this center since 2010.117 
 This investigator-initiated, monocenter, placebo-controlled study has a crossover, 
double-blinded design, with blinding of patients and investigators. The pharmacist 
is not blinded for allocation of treatment. The study protocol was designed using 
the recommendations of the Standard Protocol Items: Recommendations for 
Interventional Trials (SPIRIT) guidelines. (See Additional file 1 for the SPIRIT checklist 
2013 statement). 
 The study is currently ongoing; the first participant was included on November 25, 
2015. We expect study completion by the end of 2017.

Participants
The details of the inclusion and exclusion criteria are provided in Table 1. The main 
criteria are SMA type 2, 3a, 3b or 4, a genetically confirmed homozygous SMN1 
deletion and age 12 years or older. We recruit patients with SMA types 2-4 through the 
national SMA registry that contains detailed clinical information of approximately 300 
patients.117

 Withdrawn or unblinded patients will not be replaced and will not be included in the 
study again. Their identification number and treatment will not be re-used. Patients 
withdrawn form treatment will be asked to visit our clinic within one week after withdrawal 
again, to discuss reason of withdrawal and get a final medical check-up. 

Sample size calculation
We aim to recruit 45 patients with SMA types 2-4 based on two power calculations that 
we performed based on the crossover design using pilot data on repeated measures of 
the total score of the Motr Function Measure - 32 (MFM-32) test (unpublished data). 
First we calculated the within-patient standard deviation, and next the standard 
deviation of the difference between subsequent measurements of the patients. 
Table 1. Selection criteria
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Group A will start with 8 weeks of treatment with pyridostigmine at a final dose 
of 6mg/kg a day. After a one week wash out they will start an 8-week period with 
placebo treatment. 
 Group B will start with 8 weeks of treatment with placebo. After a one week wash 
out they will start an 8-week period with pyridostigmine at a final dose of 6mg/kg 
treatment a day.
 Each treatment is given 4 times a day and dosage is gradually increased in the 
first week of each treatment period to minimalize side-effects; starting at 2 mg/kg a 
day in the first 3 days after the first administration. When this dose is well tolerated, 
the dose will be increased to 4mg/kg a day during day 4 up till day 7.  When this 
dose is well tolerated, the dose will be increased to the full dose of 4 times 6mg/kg 
after one week. In case of unfavourable side-effects of the medicinal product 6mg/
kg per day, the participant will stay on the highest achievable dose (2 or 4 mg/kg/
day). The investigator will give the approval for increase of the dosage after the first 
three days and after seven days by phone, after the investigator has checked for 
invalidating side effects. If there are side effects the investigator can decide to not 
increase the dosage or to stop the medication depending on the extent of the side 
effects. Pyridostigmine can cause a cholinergic crisis when overdosed due to the 
parasympathicomimetic induction. Symptoms of a cholinergic crisis are excessive 
salivation, urinary urgency, diarrhoea, muscle weakness, fasciculations, cramps 
of striated muscles and respiratory problems. In case of symptoms of diarrhoea, 
excessive salivation and or sweating atropinesulphate can be given orally, 0.125 
mg 1-2 per day. In case of severe symptoms, these symptoms can be treated with 
intravenous 1-2 mg atropinesulphate on slow infusion and supportive care of 
respiratory function, if needed.
 To monitor therapy adherence we inquire patients about any problems taking 
the medication and we manually count residual study medication and compare this 
to the expected amount based on their individual treatment schedule.
 Prohibited concomitant medication can be found in the exclusion criteria. We 
ask participants to contact us before starting (prescribed) medication, vitamins or 
supplements during the study to check for compatibility and to register this change 
in medication. We also register other events that may influence fatigability (e.g. 
changes in work or school schedules).

Outcome measures
This study will investigate the effect and efficacy of pyridostigmine on muscle 
strength and fatigability in patients SMA. The test battery will be performed in the 
same order, at all 5 visits. 

Intervention and participant timeline
Once eligibility is confirmed by the investigator, the patient will be assigned to one 
of the two treatment groups (pyridostigmine or placebo) and will cross-over during 
the trial. 
 Randomization to start with treatment or placebo will be done through a 
permuted 4-block design. Permuted block randomization ensures treatment group 
numbers are evenly balanced at the end of each block and at the end of the study 
with this relatively small amount of participants. 
 Figure 1 shows the participant timeline. At the screening visit we will investigate 
whether patients are eligible for participation in the trial concerning all in- and 
exclusion criteria. 
 As a safety measure, patients are screened for clinical significant alterations 
in blood tests (sodium, potassium, hemoglobuline, hematocrite, CRP, ureum, 
creatinine, estimated glomerular filtration rate (eGFR), ASAT, ALAT, gammaGT, 
anti-acetylcholine receptor (AChR) antibodies), for EKG alterations and a pregnancy 
test (Beta-HCG level) is done, to ensure that included patients have no kidney 
dysfunction, liver function alterations, bradycardia or arrhythmias and/or a present 
pregnancy. If any of the screening tests results in a clinical significant alteration, the 
patient will be excluded from participation.

Figure 1. Flow chart of study protocol

The study schedule is presented in Table 2. At the start of the study, patients will 
be randomized to one of two intervention groups (double-blinded; A or B). Each 
patient will receive pyridostigmine (capsule) and placebo (matching capsule with 
no pharmacological ingredients) in consecutive periods.
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Grade 5= Muscle contracts normally against full resistance)
Endurance Shuttle Nine Hole Peg Test (ESNHPT). Participants will perform 
the ESNHPT. The ESNHPT is a sub-maximal fatigability test, which makes it 
complementary to the NHPT in assessing different aspects of fatigability. The 
reproducibility and validity of the ESNHPT for fatigability in SMA patients 
was tested in a pilot trial (unpublished data) and was well tolerated by SMA 
patients and is reproducible in both SMA patients and healthy controls. We 
will assess ESNHPT endurance time and the change in hand strength before 
and after the ESNHPT. At the screening visit the intensity of the Endurance 
Shuttle Nine Hole Peg Test (ESNHPT) will be determined with the Nine Hole 
Peg Test (NHPT). Subjects are asked to place and return 9 pegs as fast as 
possible. The test is repeated five times with a short rest in between. The lowest 
Nine Hole Peg Test time reflects the maximum field exercise performance and 
is expressed as NHPTtime (sec.). The intensity of the ESNHPT will be based on 
a fixed submaximal percentage of the individual subjects NHPTtime. Subjects 
will perform a practice test of 1 minute to become familiar with the procedures. 
Muscle strength assessment will be assessed prior and directly after completion 
of the ESNHPT. Between the first strength assessment and start of the ESNHPT 
there will be a 5 minutes resting period. Perceived exertion will be evaluated with 
the OMNI scale prior and directly after completion of the ESNHPT. The ESNHPT 
will be performed with an original Rolyan® NHPT (Patterson Medical, Homecraft 
Rolyan; Sutton-in-Ashfield, United Kingdom). Subjects are instructed to place 
and return 9 pegs in time with the audio signals from a metronome set at a 
submaximal speed. The instructions are to continue placing the pegs until they 
are too tired or breathless to continue. A cut off time at 10 minutes is used but 
subjects will be unaware of any time limit and are discouraged from estimating 
how long they are performing the test. 
Endurance Shuttle Walk Test (ESWT). The ESWT, a standardized field test of 
endurance capacity using constant walking speeds, external regulation of 
pace, and in which all patients experience a similar level of exercise intensity 
relative to their individual maximal capacity has demonstrated good validity and 
excellent responsiveness to measure endurance in other patient groups.596-598 
The reproducibility and validity of the ESWT for fatigability in SMA patients was 
tested in a pilot trial (unpublished data) and was well tolerated by SMA patients 
and is reproducible in both SMA patients and healthy controls. The ESWT seems 
to truly reflect fatigability experienced during daily life activities. At the screening 
visit the intensity of the Endurance Shuttle Walk Test (ESWT) will be determined 
with the 10 Meter Walk Test in participants who are able to walk. Subjects are 
asked to walk as fast as possible on a 10 meter track. The test is repeated five 

Primary endpoint is the change in strength and fatigability using the Nine hole peg 
test (NHPT) (change in seconds and amount of pins) and Motor Function Measure 
(MFM) (change in functionality). 
 Motor function and fatigability

Motor Function Measure - 32 (MFM-32). The MFM is a quantitative scale 
allowing to measure the functional motor abilities of an individual affected 
by a neuromuscular disease, whatever the diagnosis and the extent of motor 
deficiencies. The MFM has been validated in patients with neuromuscular 
disorders with an age of 6-60 years old as well as in patients with SMA. The 
MFM contains 3 domains reflecting distal muscle strength, axial/proximal 
muscle strength and total muscle strength. Studies in patients with SMA show 
striking differences in subscores and total scores between patients with a 
different subtypes of SMA.182 We use the validated Dutch version of the MFM.
Nine hole peg test (NHPT). The NHPT is a brief, standardized, quantitative test 
of upper extremity function.188,193 The patient is seated at a Table with a small, 
shallow container holding nine pegs and a wood or plastic block containing 
nine empty holes. On a start command when a stopwatch is started, the 
patient picks up the nine pegs one at a time as quickly as possible, puts them 
in the nine holes, and, once they are in the holes, removes them again as 
quickly as possible one at a time, replacing them into the shallow container. 
The total time to complete the task is recorded. Participants will perform 
five consecutive trials with the same hand of choice wih the Rolyan® NHPT 
(Patterson Medical, Homecraft Rolyan; Sutton-in-Ashfield, United Kingdom). 
The score for the NHPT is an average of the five trials.  We will also look at the 
change in score per trial, suspecting an increase in time needed to perform 
the test in consecutive trials when patient do not use pyridostigmine, as a 
result of the muscle fatigability. The traditional NHPT has a high interrater 
reliability and good test-retest reliability. There is evidence for concurrent and 
convergent validity as well as sensitivity to detect minor impairments of hand 
function.593

Secondary endpoints to additionally investigate the effect of treatment on muscle 
strength and daily life functions using the following tests:
 Motor function and fatigability

MRC Scale. The Medical Research Council Scale is widely accepted and 
frequently used in the neurology and rehabilitation practice to objectively 
validate and follow up on muscle strength.594,595 Multiple studies on SMA have 
successfully used the MRC scale in trials with SMA types 2, 3 and 4.33-35 The 
patient’s effort is graded on a scale of 0-5 (Grade 0= no movement observed, 
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times with short rest in between. The lowest 10 meter walk time reflects the 
maximum field exercise performance and is expressed as 10MWTtime (sec.). 
The intensity of the ESWT will be based on a fixed submaximal percentage of 
the individual subjects 10MWTtime. Subjects will perform a practice test of 1 
minute to become familiar with the procedures. Muscle strength assessment 
of the dominant leg will be assessed prior and directly after completion of the 
ESWT. Between the 1st strength assessment and start of the ESWT there will be 
a 5 minutes resting period. Perceived exertion will be evaluated with the OMNI 
scale prior and directly after completion of the ESWT. The ESWT walk test will 
be performed on a 10 meter track in a straight corridor. Subjects are instructed 
to walk along the course, turning around the cones at either end in time with 
the audio signals from a metronome set at 75% of 10MWTtime. The instructions 
are to continue walking until too tired or breathless to continue. A cut off time 
at 10 minutes is used but subjects will be unaware of any time limit and are 
discouraged from estimating how long they are walking. Prior and during ESWT, 
physiologic responses are measured using a heart rate (HR) monitor (Polar). 
Endurance Shuttle Box and Block Test (ESBBT). In SMA patients with relatively 
spared hand function no fatigability occurred during the five rounds of the 
NHPT that we conducted in an earlier pilot study, possibly reflecting a ceiling 
effect. Therefore, participants with sufficient hand function will perform the 
ESBBT that is more challenging for non-ambulant patients with SMA.188 In 
this test 10 blocks have to be transported from one container to another. The 
blocks have to be lifted over a panel dividing the two containers. 

 
 Questionnaires

Short Form Health Survey (SF-36). The SF-36 is a standardized, generic health-
related quality of life measure in motor neuron599-601 and other diseases.602 The 
SF-36 covers eight dimensions (physical functioning, role limitations due to 
physical health problems, bodily pain, generic health perceptions, vitality, 
social functioning, role limitations due to emotional problems and mental 
health). The validated Dutch version of the SF-36 will be used.602

Pediatric Quality of Life Inventory (PedsQLT). The PedsQLT M 3.0 Neuromuscular 
Module has been developed in the last decade to measure quality of life 
dimensions specific to children ages 2-18 years with neuromuscular disorders, in 
particular, Duchenne and SMA.603-605 The PedsQLT encompasses three domains: 
items on disease process and associated symptomatology, items related to the 
patient’s ability to communicate with health care providers and others about his/
her illness and items related to family financial and social support systems)
SMA- Functional Rating Scale (SMAFRS). The SMA- Functional Rating Scale 

Table 2. Trial schedule of enrolment, interventions, and assessments

STUDY PERIOD

Enrolment Allocation Post-allocation Close-out

TIMEPOINT -V1 0 V1 V2
Wash out V3 V4 Vx

ENROLMENT:

Eligibility screen

Informed consent

Inclusion

Allocation

INTERVENTIONS:

[Intervention group A]

[Intervention group B]

ASSESSMENTS:

Blood tests

EKG

FUNCTIONAL TESTS

MFM

NHPT

MRC score

EDNHPT

ESBBT

QUESTIONAIRES

SMAFRS

SF-36 or PedsQL

FSS

Fatigability

VAS

NERVE CONDUCTION STUDIES

NCS-RNS
Legend Table 2. Visit activities are presented by grey boxes. Patients will be asked to take the study 
medication 1-1.5 hour before the test battery on the day the will have their study visit. This way we will be 
sure the maximum effect of the pyridostigmine is shown. The tests will be performed in the same order, at 
all 5 visits. Visit 1 has to take place 5 to 14 days after the baseline visit. Visit 2 has to take place 7 to 9 weeks 
after visit 1. The washout period consists of at least 7 days up to a maximum of 14 days. Visit 3 is planned 
at the end of the wash-out period. Visit 4 has to take place 7 to 9 weeks after visit 3. There is no physical 
close out visit. Patients are instructed to contact the study team if any events occur in the first week after 
last intake of study medication.



275274

SPACE trial protocol - Pyridostigmine in SMA

8.3

ETHICS, DISSEMINATION AND SAFETY MONITORING

The local and national medical ethical committees, Medical Ethical Committee of 
the University Medical Center Utrecht and Central Committee on Research Involving 
Human Subjects respectively, approved the study protocol (dates: 21-04-2015 and 
03-11-2014). This study was registered at the Dutch registry for clinical studies and 
trials (NL38048.041.14; http://www.ccmo-online.nl), the European registry for 
clinical studies and trials (2011-004368-34; https://www.clinicaltrialsregister.eu) 
and at the American registry for clinical studies and trials (NCT02941328; https://
clinicaltrials.gov). We obtain written informed consent by the investigator before 
study participation from participants and/or from parents if the participant is <18 
years old. 
 The trial is monitored by an external independent party (Jullius Clinical; 
Broederplein 41-43  3703 CD Zeist The Netherlands). Because of the short trial period, 
consecutive monitor visits are only separated by a few months, therefore monitoring 
is intense and extensive. Because of the short study period of study intervals, mild 
potential risks of the study medication and intensive monitoring, an interim analysis 
or safety surveillance by a data safety monitoring board is not indicated. 
 The study will be conducted according to the principles of the Declaration of 
Helsinki (latest version WMA General Assembly 2008, Seoul) and in accordance with 
the Medical Research Involving Human Subjects Act (WMO).
 The results of this study will be shared with the academic and medical community, 
funding and patient organizations in order to contribute to optimization of medical 
care and quality of life for SMA patients.

STRENGTH AND LIMITATIONS

At the start of this trial, no treatment to cure or slow down SMA was available. 
Various treatment strategies have been tested to prolong survival in SMA type 1 
and improve motor function and strength in SMA types 1-3, but none of them had 
showed efficacy.6,7

 The discovery of structural and physiological dysfunction of the 
neuromuscular junction resulted in new treatment opportunities to improve motor 
strength, endurance and consequently quality of life. Even if pyridostigmine is 
capable of improvement of the NMJ function and shows to be effective in improving 
strength and/or endurance it will not resolve all symptoms of SMA, but hopefully 
improve daily functioning with minimal side effects. 

(SMAFRS) is a functional scale modified from the ALSFRS and the WeeFim 
protocol.606,607 It reflects important aspects of daily functioning. 
Perceptions of Fatigue. In subjects aged 12-17 year, fatigue will be assessed with 
the PedsQL Multidimensional Fatigue Scale.608-610 In subjects aged ≥18 years, 
fatigue will be assessed with the Fatigue Severity Scale.611

Questionnaire Fatigability. Perceived fatigability during daily life activities will 
be administered with a questionnaires in all subjects. We use the fatigability 
questionnaire developed for patients with peripheral nerve disorders by 
Straver et al for adult participants and an adjusted form combined with the 
Child Health Assessment Questionnaire for children.612,613

 
 Nerve conduction studies 

Nerve conduction studies with repetitive nerve stimulation (NCS-RNS). Four 
different muscles will be tested (musculus abductor digiti minimi, musculus 
flexor carpi radialis, musculus trapezius, and musculus nasalis) for supramaximal 
CMAP recording and 3Hz repetitive stimulation (train of 10) in rest and after 60 
seconds of maximal voluntary muscle activation.181 

 Adverse effects
All adverse events reported spontaneously by the subject or observed by the 
investiga tor or his staff will be recorded. 

STATISTICAL ANALYSIS

We will analyze differences in baseline characteristics between subjects for single 
measures (i.e. age, disease duration) by t-tests or non-parametric tests, depending 
on the distribution of data. A linear mixed effects model will analyze differences 
in outcome for the different treatment arms. Treatment arms will be entered as 
fixed effect, while the repeated measurements on the subjects will be entered 
as random effects. A linear mixed effects model for repeated measures allows us 
to additionally adjust for age, disease duration, gender, SMA subtype, and other 
possible influencing factors.
 We will use frequency Tables to summarize the incidence of AEs by treatment 
group and all treatment groups combined.
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Efficacy of the antisense oligonucleotide nusinersen defined as improvement of 
motor function in infants and children with SMA was reported by autumn 2016.118,119 
The FDA and EMA have approved treatment of patients with SMA types 1-4. 
Evidence for effects in patients with milder onset disease and longstanding disease 
course is currently lacking. There remains a need for low cost, easy-to-administer 
drugs that improve motor function or stamina and quality of life of patients with 
longer disease duration who can’t or do not want to be treated with (repetitive) 
intrathecal injections. More in general, expanding treatment options for all types 
of SMA in all ages and life stages is essential and pyridostigmine is a safe and low 
cost option. 
 One of the major challenges in SMA research is the development and use of 
outcome measures that can capture the wide variability between and within SMA 
types and monitor (small) changes of muscle strength or function in this slowly 
progressive disease. We developed various new instruments to measure fatigability 
and endurance. (unpublished data) The incorrect use of instruments or measurement 
of irrelevant parameters could result in unnecessary type 2 errors in trials. 
 The crossover design allows patients to act as their own control and is an ideal 
design for rare diseases with a wide range of disease severity including SMA. The 
cross over design requires specific attention to possible carry-over effect and 
medication-specific adjustment of the wash out period. In our study, the short half-
life of pyridostigmine results in no or minimal carry-over effect and the wash out 
period could therefore be minimized to 1 week. 
 In conclusion, we expect the results of this placebo-controlled cross-over trial 
to confirm that pyridostigmine could be used as an (add-on) therapy to improve 
the function of neuromuscular junction defects in patients with SMA resulting in 
improved strength and/or endurance and/or fatigability.
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INTRODUCTION

Hereditary proximal spinal muscular atrophy (SMA) is caused by homozygous 
deletions of the survival motor neuron (SMN) 1 gene.5,23 It has a broad range of 
severity, which is reflected in the distinction of 4 SMA types based on age at onset 
and acquired motor milestones.3,113 Onset in patients with SMA type 1 is before 
age 6 months, and they never learn to sit. SMA type 2 is characterized by onset 
between 6 and 18 months, and patients learn to sit but not to walk. Patients with 
SMA type 3 experience onset of symptoms after 18 months and learn to walk, but 
they may lose ambulation during life. Onset after age 30 years is classified as SMA 
type 4.35 SMA is associated with significant disability. Many patients will need non 
invasive ventilation, scoliosis surgery, or placement of a feeding tube at young age, 
and natural history studies have shown that slow progression of weakness occurs in 
patients with SMA types 2 and 3.33,85 A guideline for standards of care for SMA has 
been published, but it focuses on physical complications in childhood and does not 
address health related quality of life (HRQoL).47

 The previous studies on HRQoL in adult patients with SMA were limited in 
scope or sample size and did not identify possible determinants.614-617 The aim of 
this study was to assess HRQoL in adult patients with the full spectrum of SMA 
and to investigate its correlates. To this end, we used the physical component 
score (PCS; reflecting physical quality of life) and mental component score (MCS; 
reflecting mental quality of life) of the Short Form-36 questionnaire (SF-36). We 
studied the impact of sociodemographic factors, emotional distress, and disease 
severity, which were previously found to influence HRQoL in patients with other 
neuromuscular diseases.618,619

MATERIALS AND METHODS

Participants
Adult (age > 18 years) patients with genetically confirmed SMA were included in the 
study between September 2010 and December 2012. The only exclusion criterion 
was inability to read Dutch. All patients were recruited through the Dutch national 
SMA database (www.treat-nmd.eu/resources/patient-registries/SMA-national-
registries/) and were seen in the outpatient clinic of the Department of Neurology 
at the University Medical Center, Utrecht. We documented demographics with 
a standardized questionnaire. One author (RIW) documented muscle strength 
bilaterally in 17 muscle groups of arms and legs (arm abduction, external rotation 
of the shoulder, flexion and extension of the elbow, extension and flexion of the 

ABSTRACT

Introduction To improve care for patients with spinal muscular atrophy (SMA), we 
assessed the physical and mental quality of life (QoL) in 62 adult patients with SMA. 

Methods Physical component scores (PCS) and mental component scores (MCS) 
of the Short Form -36 Health Survey (SF-36) were obtained. Correlations with 
demographics, disease severity, and emotional distress were assessed.  We used 
hierarchical multiple regression analysis to identify determinants of QoL. 

Results PCS scores were lower, and MCS scores higher than in the healthy reference 
population. Patients with milder SMA types reported lower scores on several MCS 
domains. Motor skills scores and emotional distress explained 16% of the variance 
in PCS. SMA type and emotional distress explained 10% and 45% of the variance of 
MCS.

Discussion Patients with milder forms of SMA tend to have a reduced mental QoL. 
Psychological intervention to reduce emotional distress may improve both mental 
and physical QoL. 
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Data analysis
To compare the scores of the sub-domains of the SF-36 of the study population 
with the reference population, we calculated standard scores by dividing the 
differences between the study population and the reference population (mean 
score by age group) by the standard deviation of the reference population. These 
standardized scores indicate the difference in terms of standard deviations. We 
used 1.5 SD as the cut-off for normal values in line with previous findings.627 MCS 
and PCS scores were calculated and compared to the Dutch reference population. 
The mean reference score is 50 with an SD of 10; scores below 40 and above 60 are 
considered lower and higher than the reference population.619 Where non-normal 
distributions were observed, correlations between variables were investigated 
using Spearman rank order analysis. Significance level was set at 0.05.  Factors 
that showed significant correlations with the PCS and the MCS were entered into a 
hierarchical linear regression model (Multi-step entry method). If the assumptions 
for linear regression were not met, robust regression procedures (bootstrapping) 
were employed.628 SPSS version 20 for Windows was used for analysis.

RESULTS

Participants
Sixty-two of 80 (78%) invited patients participated. Patient characteristics are 
summarized in Table 1. Four patients had an early onset and had never been 
able to sit independently. By definition, these patients have SMA type 1 despite 
an unusually long survival.86 All patients with type 1, 90% of patients with type 2, 
and 46 % of patients with type 3a had undergone scoliosis surgery.  Two patients 
with SMA type 1, 1 patient with SMA type 2, and 1 patient with SMA type 3a used 
daytime ventilation.

Health related quality of life scores
SF-36 scores are summarized in Table 2. Mean PCS (physical QoL) for the total 
population was 30. The MCS scores were distributed non-normally, and the median 
score was 62 (range 24-72). 

wrist, finger extension and flexion, finger abduction, flexion and extension of the 
hips, adduction and abduction of upper legs, flexion and extension of the knees, 
dorsal and plantar flexion of the ankles) using the 5-point Medical Research Council 
(MRC) scale and motor skills using the validated Hammersmith Functional Motor 
Scale Expanded(HFMSE).132 This study was registered at the Central Committee 
on Research involving Human Subjects, the Dutch registry for clinical trials. The 
Medical Ethical Committee of the University Medical Center Utrecht approved the 
research protocol. All patients gave informed consent prior to inclusion. 

Health Related Quality of Life assessment
HRQoL was assessed using the validated Dutch version of the Short Form 36–item Health 
Survey (SF-36).602,620 The SF-36 is a generic HRQoL questionnaire, and is composed of 36 
items organized into 8 domains. For each domain the item scores are coded, summed, 
and transformed into a scale ranging from 0-100, where 100 is the best possible rating. 
Four domains (physical functioning, role limitations due to physical problems, bodily 
pain, and general health perception) are summarized in the physical health component 
score (PCS), a measure for physical QoL.621 Social functioning, role limitations due to 
emotional problems, mental health, and vitality are summarized in the mental health 
component score (MCS), a measure for mental QoL. PCS and MCS were calculated 
according to guidelines as described by Ware et al., using age-correlated means and 
standard deviations of a healthy Dutch population.620,621 

Determinants of HRQoL
We selected gender, SMA severity (i.e. SMA type), motor skills, muscle strength, 
and emotional distress as possible determinants of HRQoL.618 SMA type was defined 
according to previously published criteria. The subdivision into SMA types 3a and 3b 
with age at onset before and after 18 months was used, because it reflects differences 
in prognosis for remaining ambulatory later in life.3,35 The HFMSE consists of 33 items 
with a total score ranging from 0 to 66  points. We calculated MRC sum scores for 
arms and legs by adding MRC scores of individual muscle groups. The presence of 
emotional distress was assessed with the Dutch version of the Hospital Anxiety and 
Depression Scale (HADS).622,623 The HADS is designed to assess feelings of distress 
without contamination of scores by reports of physical symptomatology and has 
been used in several studies involving patients with neuromuscular diseases.624,625 It 
consists of 14 questions, 7 items focusing on feelings of anxiety and 7 on feelings of 
depression. Scores for each question range between 0 and 3. The total score is the 
sum of the anxiety and depression scores and ranges from 0 to 42.  A score of 11 or 
higher suggests symptoms of emotional distress.626 
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Table 2. SF-36 domain scores per SMA type

SMA type Total
N=62

SMA type 1
n=4

SMA type 2
n=21

SMA type 3a
n=13

SMA type 3b
n=20

SMA type 4
n=4

SF-36 domains*

PF (n=61) 12.9 (24.2) 0 5.0
(21.8)

11.5 (29.0) 17.8 (18.2) 47.5 (31.2)

RF (n=60) 59.6 (40.9) 43.8 (51.5) 64.3 (40.8) 60.4 (41.9) 52.6 (42.4) 81.3 (23.9)

BP 72.1 (26.4) 72.8 (13.0) 80.6 (23.4) 76.3 (25.6) 60.5 (29.9) 71.8 (25.7)

GH 55.4 (23.2) 51.5 (20.0) 55.3 (23.2) 64.0 (18.3) 51.2 (27.9) 52.8 (13.7)

VIT 62.9 (22.4) 65.0 (13.5) 71.7 (18.9) 71.5 (27.2) 47.5 (16.7) 63.8 (21.7)

SF (n=61) 72.5 (29.8) 81.3 (21.7) 77.4 (26.7) 72.9 (28.6) 63.1 (36.2) 84.4 (15.7)

RE (n=59) 91.0 (24.6) 100.0 92.1 (23.3) 88.9 (29.6) 88.9 (28.0) 91.7 (16.7)

MH 82.0 (14.3) 79.0 (3.8) 82.9 (12.5) 82.7 (17.4) 80.4 (16.8) 86.0 (8.3)

PCS (n=58) 30.4 (9.3)

MCS (n=58) 60.4 (8.1)  
Legend Table 2. Scores are expressed as mean score (SD). SF-36= Short Form -36. SF-36 domains: PF= 
physical functioning; RP= Role functioning-physical; BP= bodily pain; GH= general health, VIT= vitality; SF= 
social functioning; RE= role functioning- emotional; MH= mental health; PCS= physical component scale 
(SF-36); MCS= mental component scale (SF-36); n=number; PCS scores and MCS scores are calculated only 
for the total population.

Table 3. Spearman rank order correlations with PCS and MCS

N=62 PCS rho P MCS rho P

Gender 0.151  NS 0.247 NS

SMA type 0.137 NS 0.321 0.014

Total strength, arms  (n=57) 0.198 NS 0.318 0.020

Total strength, legs  (n=49) 0.198 NS 0.187 NS

Motor skills (HFMSE) (n=60) 0.309 0.020 0.168 NS

Emotional distress (Total HADS)  -0.394 0.002 0.462 0.000
Legend Table 3. Total number of included patients = 62. NS = not significant; P>0.05. PCS= physical 
component scale (SF-36); MCS= mental component scale (SF-36); HFMSE= Expanded Hammersmith 
Functional Motor Scale; HADS= Hospital Anxiety and Depression Scale. 

The differences between the study population and the general population in the 
domains of the SF-36 expressed as standard mean scores corrected for age are 
depicted in Figure 1.  
 All patients scored low in the SF-36 domain “physical functioning”. Scores in the 
other domains of the SF-36 were within the limit of 1.5 SD, although patients with 
SMA types 3b/4 scored markedly lower than patients with SMA types 1-3a in the 
domains “role emotional” and “mental health”. 

Figure 1. SF-36 profile of the patient population 
Note: deviations of the patient population from the reference population are expressed as mean 
standardized scores. Zero = reference level. More negative scores indicate lower SF-36 scores in the 
specific domain. Accepted deviation from normal value is between 1.5 and -1.5 SD. SMA, spinal muscular 
atrophy. SF-36 domains: PF= physical functioning; RP= Role functioning-physical; BP= bodily pain; GH= 
general health; VIT= vitality; SF= social functioning; RE= role functioning-emotional; MH= mental health.

Table 1. Patient characteristics.

Total
n=62

SMA type 1
n=4

SMA type 2
n=21

SMA type 3a
n=13

SMA type 3b
n=20

SMA type 4
n=4

Demographics

Gender, n (%) ‡ 36 (55%) 3 (75%) 13 (62%) 8 (62%) 9 (45%) 3 (60%)

Age (Y) * 41.7 (14.5) 39.0 (11.5) 33.8 (13.9) 47.3 (14.2) 44.3 (13.2) 54.5 (10.9)

Disease severity

Motor skills (HFMSE) † 3.5 (0-66) 0 2.0 (0-20) 4.0 (0-35) 29.0 (0-66) 48.0 (43-53)

Strength arms * (MRC score) 54.8 (18.0) 20.3 (4.0) 42.9 (11.8) 52.4 (14.2) 68.6 (10.6) 72.0 (10.9)

Strength legs†   (MRC score) 32.5 (16-78) 17.0 (16-24) 22.0 (16-54) 32.0 (16-65) 62.0 (25-78) 66.0 (57-72)

Wheelchair § 46 (74%) 4 (100%) 20 (95%) 12 (92%) 9 (45%) 1 (25%)

Emotional distress 

Total HADS † 6.0 (0-33) 7.0 (4-12) 7.0 (0-16) 5.0 (1-23) 6.5 (2-33) 5.0 (3-7)

% HADS >11 # 13% 25% 19% 15% 5% 0
Legend Table 1. n= number; ‡ shows percentage of women; Y= in years; *= mean (SD); HFMSE, Expanded 
Hammersmith Functional Motor Scale; †= median (range); MRC= Medical Research Council scale; §= 
percentage of patients using a wheelchair during activities at any time of the day; HADS= Hospital Anxiety 
and Depression Scale; #= Percentage of patients with HADS-score > 11
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were determinants of HRQoL. These findings suggest that patients with milder 
disease and later onset and those who reported feelings of anxiety and depression 
are at risk to experience a reduced mental QoL (i.e. low MCS score). We used the 
generic HRQoL instrument SF-36 in the absence of a specific HRQoL instrument 
for adults with SMA. Although its validity and reliability have not been investigated 
formally in patients with SMA, the SF-36 has been used in a large number of studies, 
including patients with other neuromuscular diseases.629-633 Previous studies on 
HRQoL in children and adults with SMA showed that they generally report an 
accepTable QoL despite their physical limitations.615 Previous HRQoL studies all had 
methodological limitations, since they were performed before the era of genetic 
testing,614 were limited in sample size,615-617 or were restricted to a particular SMA 
type.616,634 Moreover, none of these studies analyzed possible determinants of 
HRQoL in adult patients. 
Comparison of HRQoL of patients with the full spectrum of SMA, ranging from 
those with an extraordinarily mild SMA type 1 phenotype to those with SMA type 4, 
suggests important differences in experienced mental QoL between patients with 
early and late onset. This may be explained by differences in the adaptation process 
between early- and late-onset patients. In patients with SMA types 1-3a, physical 
limitations are present from a very early age, which allows patients to adapt to their 
situation, adjust expectations, and redefine concepts related to mental health.634 

Patients with SMA types 3b-4 initially have normal gross motor development with 
later onset of muscle weakness,   and serious limitations due to disease progression 

may occur as late as middle-age.35,85 Their adaptation process thus occurs at a later 
stage in life. Lower mental QoL scores in these patients may therefore reflect a 
response to an experience of functional deterioration and continuous distress during 
adaptation attempts, as has also been observed in patients with spina bifida.617,635 
Patients with relatively mild impairment might also be accustomed to comparing 
themselves with healthy people, which would raise the bar of expectations about 
functioning. Alternatively, the relatively high mental QoL in patients with more 
severe SMA may also be explained by the fact that they make a distinction between 
the concepts of “health” and “disability”, resulting in inflated HRQoL scores. For 
example, patients with early-onset SMA may not experience common complications 
as a sign of impaired health and report next-to-normal physical HRQoL scores.636 
These are examples of the phenomenon known as response shift that refers to 
a change in QoL as a result of either a change in a person’s internal standards of 
measurement (recalibration), a change in values (reprioritization), or a redefinition 
of QoL (reconceptualization).637,638 As a result of these shifts, individuals can sustain 
a high QoL despite negative changes in physical health. 

Determinants of quality of life
Correlations of demographics, disease severity, and emotional distress with 
physical and mental QoL are summarized in Table 3. PCS scores of patients with 
SMA correlated significantly with HFMSE scores and inversely with emotional 
distress (HADS) scores. MCS scores of patients with SMA correlated inversely with 
SMA type [patients with severe physical limitations report better MCS scores ( than 
patients with less physical limitations), arm strength, and emotional distress.
 Results of bootstrap linear hierarchical regression analysis of both PCS and MCS 
are shown in Table 4. Motor skills (HFMSE scores) and emotional distress together 
explained 16% of the variance in physical QoL, with emotional distress accounting 
for 9 %. SMA type and emotional distress explained 10% and 45% of the variance in 
mental QoL, together explaining 55 % of the variance in mental QoL. 

Table 4.  Hierarchical linear regression (Multi-step entry method)

PCS MCS

Δ R2‡ β Δ R2 β

Step 1
HFMSE

0.064
0.252

Step 1
SMA type

0.102
-0.320*

Step 2
HFMSE
Emotional distress (HADS)

0.092
0.240

-0.303*

Step 2
Type
Strength arms

0.005
-0.232
-0.114

Step 3
Type
Strength arms
Emotional distress

0.469
-0.248
-0.036

-0.688*

R2†= 15.6 % R2 = 57.7 %
Legend Table 4. * =P<0.05; † =R2 , explained variance; Δ R2 =change in R2 between 2 equations. PCS= 
physical component scale (Short Form-36); MCS= mental component scale (Short Form-36); HFMSE= 
Expanded Hammersmith Functional Motor Scale; HADS= Hospital Anxiety and Depression Scale.

DISCUSSION

Adult patients with SMA, on average, experience a low physical QoL but normal 
mental QoL in comparison with a reference population from the Netherlands. 
However, several MCS domain scores, in particular “role limitations due to 
emotional problems” and “mental health”, showed a high degree of variation and 
were markedly lower in patients with SMA types 3b and 4 (i.e. those with relatively 
mild disease and late onset) than in patients with SMA types 1-3a. Disease severity 
(inverse correlation) and emotional distress as reflected by higher HADS scores 
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We aimed at identifying correlates of mental and physical QoL in order to design 
interventions that could improve care for patients with SMA. Emotional distress 
emerged as the most important determinant of both physical and mental QoL, 
despite the fact that only 13 % of the SMA patients had total HADS scores higher 
than 11, which is an indicator of the existence of an anxiety or depressive disorder.626 
We did not formally exclude the possibility that mental health disorders may have 
confounded the findings, but this was not suggested by patients’ medical history 
or clinical impression. We can also not exclude the possibility that factors such 
as ethnicity, socioeconomic status, and educational level or other unmeasured 
demographic characteristics may have accounted for differences in mental QoL 
scores. Nevertheless, the effect of mood on both physical and mental QoL has 
been reported previously in patients with other neuromuscular disorders, such as 
inclusion body myositis.625,631

Other potential determinants that were not included in this study are the types 
of support services or medications patients were receiving for their physical or 
mental well-being. We cannot exclude the possibility that higher mental QoL scores 
in a subset of patients could reflect better access to, or at least more frequent 
use of effective mental health treatments, such as counselling and medication. 
Although we did not have the impression that there were important differences 
in the availability of assistive devices and durable medical equipment, unrecorded 
differences in their use may have varied between those with different types of 
SMA and have influenced physical QoL. It is possible that conceptual overlap in 
questionnaire items of the SF-36 and HADS may have led to an overestimation of 
the correlation level between emotional distress and the MCS. 
 Moreover, we cannot exclude the possibility that this study reflects HRQoL of a 
particular population of patients with SMA. Nevertheless, exploring feelings of anxiety 
and depression might help at least a subgroup of patients to cope with functional 
deterioration and changing perspectives in life.639
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The longer survival in patients with type 1 has been best documented.37,38,116,641,642 
The prospective natural history studies that have been published in the past 10 
years have been very important for our insight into the pace of progression and 
the design of clinical trials to test efficacy of SMN augmenting treatments.6,7,118-120 
The most common measures to document natural history were survival or the need 
for ventilator support, and specifically designed motor scales for infants (CHOP-
INTEND,184,640  TIMPSI643) and for children with SMA types 2 and 3 (mostly the HF
MS(E)132).33,49,50,85,121-131,134 These studies do not provide insight into factors that 
determine the occurrence of important ‘medical milestones’ such as the age at 
which scoliosis surgery or (non-)invasive ventilation become necessary, or when 
patients lose ambulation. 
 Our approach to study the predictive value of gross motor milestones in relation to 
outcome is relatively novel. We have shown that the highest acquired motor milestone 
is an important predictor of disease severity in symptomatic patients (chapter 2.1). 
We think that motor milestones are more robust and less likely to be influenced by 
recall bias than age at onset, especially in childhood cases that are characterized 
by an often gradual onset of symptoms. Incorporation of the milestones of rolling, 
sitting, standing and walking in this classification would improve the predictive 
value of the classification system in terms of prognosis of survival, motor function, 
respiratory complications and development of scoliosis (chapter 2.1). We, therefore, 
proposed a refinement of the classification into SMA types 1abc/2ab/3ab/4 based on 
the milestones of head balance rolling and standing in addition to sitting and walking 
(chapter 2.1). 
 The (unpublished) results of the phase 3 studies on efficacy of nusinersen, an 
intrathecal SMN2 ASO therapy, suggest that at least a subgroup of patients may 
acquire new motor milestones during treatment.378,439 As yet, one does not know 
how treatment will shift the developmental curve,644 but our observations may 
eventually be helpful in predicting future disease course and complications, even 
during treatment. For example, infants with type 1 who would develop the ability 
to stand without support are likely to encounter fewer complications than children 
who will only learn to sit. Given the fact that SMN protein, as a product of the 
SMA causing gene is ubiquitously expressed, it is not surprising that alterations 
and dysfunction of organs and tissues other than motor neurons are also found in 
patients with SMA.144-146,174,181,645 Since we do not know if the intrathecal injected drugs 
also reach tissues other than motor neurons, the current ASO therapy might bring 
new phenotypes to light, due to SMN depletion in non-motor tissue. Anticipating 
on such new phenotypes and comorbidities is important, but predicting the kind of 
signs and symptoms that might develop, e.g. cardiac changes,39,174,645-648 cognitive 
impairment,649-652 metabolic disturbances, 43,46,653 is at best a wild guess based on 

In December 2016 the anti-sense-oligonucleotide (ASO) nusinersen, a modulator of 
alternate splicing in intron 7 of SMN2 resulting in SMN augmentation, was approved 
for the treatment of SMA. The approval of nusinersen as the first treatment ever for 
SMA is a major milestone. It not only symbolizes the start of a new era of treatment 
possibilities, but also provides proof of principle for other strategies to augment SMN 
protein levels. In this general discussion I will attempt to place my previously described 
studies in a broader perspective, in particular their relevance in the treatment era. 

Phenotype, natural history and outcome
SMA is characterized by a broad range of severity. The existence of ‘severe’, 
‘intermediate’ and ‘mild’ phenotypes was already acknowledged decades ago.20 In 
the 1990s this distinction was formalized with the SMA classification system that is 
currently in use and which recognizes three SMA types based on age at onset and 
the (lack of) acquisition of two important motor milestones, i.e. sitting and walking 
independently.21 SMA type 0 (prenatal onset) and type 4 (adult onset) were added at a 
later stage to cover the rare extreme ends of the clinical spectrum.3,4,22

 Importantly, SMA types are not clinically homogeneous entities. Patients 
classified within a particular SMA type may differ in terms of remaining motor 
abilities (for example as reflected by clinical scales such as CHOP-INTEND184,640 or 
Hammersmith functional motor scale (expanded)132) or relevant outcome measures 
(e.g. the need for (non-)invasive ventilation). Several attempts at refinement to 
improve the prognostic value of the classification system have therefore been 
made.3,21,24,29,86,641 For example, Victor Dubowitz suggested distinguishing several 
types of patients within SMA types, using a spectrum from .1 to .9.24 Although this 
approach more clearly reflects the fact that severity of SMA is a spectrum, it is 
not easy to make such subtle distinctions on clinical grounds. Other authors have 
suggested using one of the two pillars of the classification system, age at onset, 
for further subdivision. This has resulted in the generally accepted distinction of 
SMA type 3a (i.e. onset before the age of 3 years) and 3b (onset after this age). In 
a cross-sectional retrospective study, it was shown that patients with SMA type 
3a on average lose ambulation at a younger age than patients with type 3b.3 The 
age of onset of 3 years that distinguishes these subtypes is rather arbitrary. We 
observed the more general principle that patients who have onset at a younger age 
also lose milestones at a younger age in any type of SMA (chapters 2.1 and 2.2). 
More recently age at onset has also been used to define types 1a, 1b and 1c that 
describe differences in severity between infants with SMA.29 
 There have been many publications on natural history of SMA.33,49,50,85,121-131 Many 
authors feel that the natural history of SMA has changed in the past decades, possibly 
due to the introduction and implementation of more stringent standards of care. 
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muscles and a relatively spared diaphragm as the most striking example. Previous 
studies documented that weakness in patients with SMA types 2 and 3 is most 
pronounced in specific proximal muscle groups, i.e. deltoid, triceps, iliopsoas and 
quadriceps muscles.33,34,654 In mouse models of SMA, median motor neuron pools in 
the lumbar segments of the spinal cord are more vulnerable than their more laterally 
located counterparts due to an earlier loss of synaptic connectivity.138 Similar 
differences in motor neuron vulnerability may exist in humans. We confirmed the 
specific pattern of weakness in patients with SMA (chapter 2.2) and also showed that 
this is probably not explained by the previous suggestion of vulnerability of specific 
segments of the cervical (C5, C7) or lumbar spinal cord (L3).33 There are various 
alternative, or possibly related, explanations for the pattern of weakness. First, 
motor unit sizes of muscles might determine their vulnerability, i.e. that muscles 
with on average larger but fewer motor units are weaker than those with smaller 
motor units.141 Second, differences in neuromuscular junction (NMJ) structure or 
function could influence the maturation of muscles fibers or their connections with 
motor neurons, or have an inability to facilitate depolarization and subsequently 
muscle activation. Third, SMN deficiency may directly affect muscles and alter 
their ability to generate power due to primary or secondary changes including 
degeneration and fiber-type-grouping. 

Genetics and SMN protein levels and their association with severity
With the discovery of the SMN1 deletion in 1995 the cause of SMA had been 
elucidated, but not its clinical variability. Feldkotter and colleagues showed that 
copy number variation of the SMN2 gene inversely correlated with SMA type.71 A 
gene dose effect probably underlies differences in residual SMN protein production 
capacity and thereby the differences in severity. However, it soon became clear that 
SMN2 copy number variation does not fully explain clinical variability. Although 
the presence of one, two and four SMN2 copy numbers is strongly associated with 
SMA types 1a, 1b and 3 respectively, the clinical spectrum in the presence of three 
copies ranges from SMA type 1c to 3b. The modifying effects of single nucleotide 
variants in SMN2 have been described but their frequencies and effects had not 
been investigated in larger clinically well-characterized patient cohorts.87,88,239,240,251 
Therefore, we investigated SMN2 and adjacent NAIP copy numbers and sequences 
to gain further insight in potential genetic variability. We have to conclude that 
genetic variation of SMN2 sequences is rare (chapter 5). Hybrid SMN1-SMN2 genes 
were relatively common (10%) in the Dutch population and possibly attenuate 
disease severity. The effects of hybrid SMN1-SMN2 genes have long been unclear 
and underestimated.60,353,655-657 Although our study was underpowered, we think that 
the presence of hybrid genes, through an unexplained mechanism, has a beneficial 

our current clinical and basic knowledge of the effects of SMN deficiency and its 
pathway (Figure 1). 

Legend Figure 1. SMN threshold in relation to SMA phenotypes and treatment effects 
Different colors represent the different symptoms in patients with SMA. The SMA types (0-4) are 
represented by vertical bars. Straight lines reflect symptoms in patients with different stages of severity of 
SMA without SMN augmentation. Dotted lines represent (potential) signs and symptoms and their onset 
after and during SMN augmenting therapies.

Natural history and even cross-sectional studies in adult patients are rare.3,4,33,35,122,131 
Observations in older patients are particularly relevant since the US Food and Drug 
Administration (FDA) and European Medicines Agency (EMA) approved nusinersen 
for all age groups. We observed that muscle strength and motor function are 
inversely correlated with disease duration (chapter 1.2). This suggests that SMA is 
a progressive disease throughout life, or at least from the second half of the first 
decade. Efficacy of SMN augmenting therapies in adults is at present unknown. 
Patients have indicated that they regard stabilisation as a positive outcome 
of treatment.654 If nusinersen would generally cause stabilisation rather than 
improvement and disease progression without treatment is on average 1 point of 
the HFMS per year,127 prolonged periods of treatment will be needed to show that 
treatment is effective in adult patients. 
 SMN protein is ubiquitously expressed, and motor neurons are most vulnerable 
to its deficiency. There are additional differences in muscle vulnerability with the 
paradoxical breathing in SMA type 1 that is caused by severely weakened intercostal 

0 1 2 3 4
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and ALS, showed no effect on motor function or survival.120,297,300-302,308,369,394,397-400 These 
results clearly indicated that more potent SMN-augmenting drugs were needed for the 
treatment of SMA. 
 Although SMN is ubiquitously expressed, it was not known in which cell type (other 
than motor neurons) SMN protein concentrations would correlate best with SMA 
severity. We, therefore, studied SMN levels in peripheral blood mononuclear cells 
(PBMCs) and fibroblasts. The biomarker potential of fibroblasts is probably higher than 
that of PBMCs, since SMN levels correlated with SMN2 copy number in the former, but 
not the latter cell type (chapter 7). Other cell types and tissues that could potentially 
function as a biomarker, including whole blood,314,318 cerebral spinal fluid,119 plasma, 
urine and saliva, 315,318,319 have been studied less sytematically. None of these studies 
provided data that could be used to define specific threshold levels of SMN protein, 
i.e. the level that distinguishes one SMA type from the next. It is not known whether 
peripheral tissues insufficiently reflect SMN levels in motor neurons, whether SMN 
ELISA methodology is not sufficiently sensitive, or whether levels of SMN expression 
only correlate with SMN2 copy numbers at specific stages of (embryonal) development. 
A recent study has shown that whole blood may be better suited to quantify SMN 
protein levels than leukocytes. The authors of this study also suggested that a novel 
chemiluminescence technique may be more sensitive for detecting differences in SMN 
expression levels, but this still needs to be substantiated in a head-to-head comparative 
study.318 
 Another important question is if SMN protein levels are a biomarker for relevant 
cellular processes involved in SMA pathogenesis, including mRNA and ubiquitin 
homeostasis62,102,155,259-261, axonal transport104,262 and endocytosis.105,106 The identification 
of genetic modifiers has shown that overexpression of their proteins may rescue the 
functions of SMN protein in a SMN depleted status.89,105,106,263 The development of 
functional assays that reflect the level of restoration of SMN-dependent downstream 
functions may ultimately be better biomarkers than SMN protein levels alone.  
 The first experiences with nusinersen treatment suggest that its effect in children 
may become obvious (e.g. acquiring new motor abilities) after relatively short time 
intervals. The added value of biomarkers may therefore be limited to patients in whom 
treatment response is slow or limited. In this context, biomarkers may be useful for 
monitoring treatment efficacy, for example to distinguish treatment responders 
from non-responders among older patients in whom clinical stabilisation rather than 
improvement may be the ultimate goal. Until sensitive and reliable biomarkers have 
been developed, the inclusion of SMN level assessment during treatment of adult 
patients with nusinersen is probably a reasonable approach. A clear increase from 
baseline would indicate treatment response, particularly since SMN levels in PBMCs 
may decline over time.136 

effect on the clinical phenotype. Mutations in SMN2 can affect clinical phenotype, 
but this is only relevant in a small group of patients. We identified 4 exonic alterations 
in SMN2 with disease-modifying potential, mostly in patients with discordance of 
SMA type and SMN2 copy number (chapter 5). It is estimated that 20-45% of the 
clinical variability of SMA remains unexplained. Epigenetic effects through intronic 
variations or differences in methylation of SMN2 have been proposed.63,238,240 The 
copy number variation of NAIP did not provide additional insight. It is important to 
note that the exact structure of the 5q locus remains to be elucidated. SMN2 copy 
number variation could, therefore, be a rough measure of the functional capacity 
of the SMN locus in patients with SMA. Detailed haplotype analysis658 and the use 
of minigenes283 could possibly provide more insight into the relation between (epi)
genetic variation of the SMN locus and the clinical phenotype.
 Additional genetic modifiers outside the SMN locus may also influence severity 
of SMA. At the start of this project, differences in expression of the X-linked plastin 3 
(PLS3) gene had been found in discordant SMA families. We therefore hypothesized 
that sequence variations in this gene or mutations in the coding sequences of 
proteins that interact with SMN at the cellular level, i.e. TDP-43, FUS and PFN2, 
might influence the clinical phenotype in individual patients. With this approach, 
we identified intronic mutations in PLS3 with a potential disease-modifying effect 
in females with SMA (chapter 6). These PLS3 mutations are confined to specific 
families in the Dutch population, and explain variation at the individual rather 
than population level.89,286,287,291,292 However, these data support the idea that 
overexpression of specific proteins may rescue the downstream cell biological 
effects of SMN deficiency.105,106 Moreover, recent observations suggest that this 
effect may be synergistic, since PLS3 overexpression in patients was associated 
with a better response to nusinersen.105,290 
 These preliminary studies suggest that a detailed ‘gene map’ of each patient 
may help the development of a personalized treatment approach with clinical value 
in the future. Detailed analysis of intronic sequences targeted by (potential) SMN 
augmenting drugs could help to predict response to specific drugs and select the 
optimal treatment strategy. This approach would prevent lengthy and costly but 
unsuccessful interventions.
 At the start of this project we, and others, hypothesized that SMN protein levels 
could be useful as biomarkers for the effect of SMN augmenting treatment. The first 
attempts to increase SMN protein levels by stimulating SMN2 transcription were 
through the administration of histone deacetylase (HDAC) inhibitors, including 
valproate. To monitor these effects, we and others developed SMN-specific ELISA 
techniques.108,302,315,317 Although initial studies suggested that valproate increased 
SMN levels in vitro, ex vivo and in vivo, (randomized) clinical trials, both in SMA 
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was that this test could detect decreased stamina in patients with SMA type 2, but 
not type 3. The repeated nine-hole peg test is probably insufficiently sensitive for 
milder SMA types. We are currently testing a series of endurance tests, tailored to 
remaining motor function (i.e. forearm, upper arm and legs). 

Treatment strategies: lessons from the past for the future
Since 2000, randomized controlled trials (RCT), the golden standard for drug 
efficacy analysis, have been initiated to find a therapy to slown down or cure SMA. 
The number of trials has recently accelerated reaching 27 trials, seventien of them 
still ongoing or awaiting results.142,298,303,355,431,456,457,500,502,505 Until December 2016 none 
of these trials had shown efficacy (chapters 8.1 and 8.2). 
 The nusinersen trials have proven the efficacy of SMN augmentation, and one 
could question why previous trials investigating SMN augmenting substances 
(e.g. valproate,120,297,300,394,398,399 hydroxyurea,401,402 phenylbutyrate309,326,328) failed to 
detect a clinical effect. For years, salbutamol and valproate have been proposed 
as a supplement with beneficiary effects for SMA patients; but despite subjective 
reports of improvement in strength and daily functioning, no trial was able to 
demonstrate efficacy.299,508,510 The reason for failure could be type II errors, due to 
the fact that our clinical parameters were not sensitive enough or qualified to detect 
(subtle) changes in motor function or other symptoms affecting daily functioning 
(e.g. fatigability), the subjective experience of benefit, or a lack of power.
 The fact that intrathecal administration of nusinersen seems to be the key for 
improved survival and motor function, suggests that oral or intravenous administred 
drugs were not strong enough, doses were too low or were never able to reach the 
essential targets (motor neurons) and therefore lacked efficacy.
 The clinical and genetic (e.g. SMN2 copy number) variability of SMA complicates 
the design of RCTs. Although RCTs are the golden standard of trials, they require large 
patient cohorts to ensure power especially if only minor clinical effects or stabilization 
of symptoms are to be expected. The olesoxime trial is one of the examples in which 
in order to reach the acquired sample size a wide range of inclusion criteria were used 
(non-ambulatory SMA types 2 and 3, ages 3-25 years), resulting in underpowered 
positive subgroup analysis and lack of efficacy in the overall analysis. Other study 
designs should be considered as long as potential selection bias and confounders are 
taken into account. In this thesis, I propose treatment with the acetylcholine-esterase 
inhibitor pyridostigmine that may improve NMJ functionality and consecutive 
symptoms of fatigue (chapter 8.3). We conducted a placebo-controlled crossover trial 
with pyridostigmine, to improve clinical and neurophysiological function of the NMJ. 
The crossover treatment strategy is the most efficient trial set-up to include various 
SMA types, each subject being its own control, and test efficacy. 

Neuromuscular junction dysfunction in SMA: a potentially treaTable 
cause of fatigability?  
In our contact with patients, we repeatedly heard spontaneous complaints of 
fatigability in addition to weakness. Fatigability is the inability to maintain a specific 
movement or task. Several reports had mentioned the lack of stamina in patients 
with SMA. The cause of fatigability had not been investigated in detail. Moreover, 
despite conflicting reports of signs of fatigability during the six-minute walk 
test,177,659-661 we could not find validated clinical tests to quantify these complaints.
 To gain more insight into the causes of fatigability, we investigated the presence 
of NMJ dysfunction in SMA (chapter 3.1). Anatomical abnormalities of the NMJs 
had been reported in SMN-deficient mice and patients with SMA type 1. In these 
studies, both presynaptic (i.e., abnormal density and distribution of synaptic 
vesicles and abnormal accumulation of neurofilaments at the nerve terminal of 
the NMJ) and postsynaptic (i.e., shrinkage of motor endplates and abnormal 
aggregation of acetylcholine receptors at the muscle endplates) abnormalities were 
described.145-149 We were the first to confirm electrophysiological NMJ dysfunction 
in approximately 50% of patients with SMA types 2 and 3 (chapter 3.1). Decrement 
was most often found in the proximal trapezius muscle, and never in the m. nasalis. 
Although this may reflect, similar to the observed differences in weakness between 
muscle groups, differences in NMJ vulnerability, it should be noted that repetitive 
nerve stimulation is a specific, but not very sensitive test. Even in prototypical NMJ 
dysfunction, for example in myasthenia gravis, sensitivity is not higher than 80%.662 
Therefore, the fact that half of our patients show a decremental response, and in 
a recent Italian study an even higher percentage,663 is no less than surprising. This 
indicates that the finding in animal models that NMJ instability is an important 
pathogenic feature, is also relevant in patients. 
 Other causes of fatigability are the presence of mitochondrial dysfunction or 
primary, structural muscle changes.179 Impaired or altered development of muscle 
fibers has been observed in animal models of severe SMA and muscle sample 
analysis of patients with SMA.179 The presence of mitochondrial dysfunction in 
SMA is supported by the observation of efficacy on motor function in a subgroup 
of patients during the placebo-controlled trial with olesoxime, a mitochondrial 
function enhancer.457 
 The development of specific tests to document fatigability was necessary 
because the MRC scale and validated tests for motor function in SMA, including 
the Motor Function Measure and Hammersmith Functional Motor Scale, lacked 
items that reflect and document endurance. We hypothesized that a repetitive test 
might be most sensitive for quantifying fatigability and we selected the repeated 
nine-hole peg test for proof-of-principle (chapter 3.2). An important observation 
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neurons that do not function, but are not yet dead, and can be revived by SMN 
augmentation. This would explain the relatively rapid functional improvement 
after the start of treatment. Assuming that this hypothesis is correct, the effect size 
of treatment would be determined by the presence of vital and ‘penumbric’ motor 
neurons in the individual patient.
 It could be interesting to further explore techniques that would help to distinguish 
dormant from dead motor neurons. These include electrophysiological and possibly 
MRI approaches. In a hallmark paper from 2005, Swoboda et al161 showed that 
electrophysiological parameters, i.e. CMAP and motor unit number estimation 
(MUNE), are biomarkers for severity and disease progression. A combination of 
neurophysiological techniques may document motor unit dysfunction at more 
distal and proximal sites. We showed that repetitive nerve stimulation can reveal 
imbalance of the NMJ in patients with SMA.181 Finally, the absence of H-reflexes 
may indicate reduced connectivity (and possibly vulnerability) of motor neurons at 
the spinal interface. Other techniques, for example SMUP analysis666 and threshold 
tracking techniques,667 could be helpful in gaining insight into the remaining 
functionality of motor neurons. A standardized electrophysiological protocol in 
patients who are treated with nusinersen or other SMN augmenting therapies will 
probably be a useful approach to investigate biomarker potential for response 
to therapy. Additionally, modern magnetic resonance imaging techniques, in 
particular diffusion tensor imaging of peripheral nerves and nerve roots, may be 
a powerful technique to investigate anatomical and functional changes in nerves 
over time.  
 Pre-symptomatic diagnosis and treatment may be the most efficient way 
of activating the motor neuron potential in SMA. Until recently, this was 
considered unethical in the absence of treatment options. Nowadays, a pre-
symptomatic diagnosis with early treatment might result in the mildest possible 
or even rescued phenotype. A trial with nusinersen in presymptomatic children is 
currently ongoing (chapter 8.1). In the meantime, the first research studies that 
addressed methodological feasibility of SMN1 deletion analysis, and the opinions 
of stakeholders to include SMN1 analysis in new-born-screening programmes have 
been initiated and published. 668,669 Currently used techniques for SMN1 and SMN2 
copy number detection are sensitive and specific and give reliable results with dried 
bloodspots.668 Moreover, stakeholders have a generally positive view on newborn 
screening for SMA669 and the first newborn-screening-programs on SMA have been 
implemented in the USA. Importantly, screening will also identify the 25% of pre-
symptomatic diagnosed children with the milder SMA types 3 and 4. This poses the 
dilemma of choosing to start treatment years or decades before their disease would 
have become evident, or to wait until the first symptoms appear. The long-term 

In short, the proven effect of SMN augmentation with nusinersen should make 
us reconsider previous SMN enhancing drugs. Some of these failed treatments 
might still be of value as add-on therapies to synergistically improve the effects 
of nusinersen if they are administered at the right time, with the right dose for the 
right target tissue.

SMN augmenting therapies: effects on survival, motor development and 
the possibility of a neuromuscular penumbra
The phase 3 trials that showed efficacy of nusinersen (ENDEAR378 & CHERISH439) 
have ended the rather long tradition of negative clinical trials in SMA research. 
Although this evidence is as yet restricted to patients younger than 13 years, 
both the FDA and EMA approved this treatment for all age categories. Given the 
high cost of nusinersen, it will be crucial to balance costs and benefits. Important 
remaining questions are who responds to treatment and who doesn’t, what the 
range of response will be, and what we can expect from SMN augmenting therapies 
in older patients.
 Animal studies of severe SMA have suggested that there is a rather tight window of 
opportunity for SMN augmenting treatment strategies.8,9,12-18 The preliminary evidence 
from the pivotal clinical studies with the ASO SMN2 therapy118,119,435,436,438 and adeno-
associated-virus- (AAV-) based SMN1 gene therapy366,377,433 suggest that response 
is better in relatively younger and stronger patients with SMA type 1 and mirror the 
observations in animals. However, data from the CHERISH study that was designed to 
investigate efficacy of nusinersen in children with SMA type 2 showed that improvement 
on motor scales was also possible in children with longer disease duration.439 The 
window of opportunity may therefore be broader than previously thought.
 A distinction between improved survival in SMA type 1 and stabilisation of motor 
function in later onset SMA on the one hand and clear improvement or activation 
of stalled motor development on the other may help us to understand what we 
can expect from SMN augmenting therapies. Our general understanding from 
natural history, post-mortem and electrophysiological studies is that motor neuron 
loss in SMA type 1 is quick and irreversible.37,38,116,161 This is, for example, reflected 
in the decline in compound muscle action potential (CMAP) amplitudes in nerve 
conduction studies that reflect axonal integrity in the course of disease.161 The clear 
improvement in motor function in some patients after therapy seems at odds with 
this concept, but may be explained by assuming the existence of a ‘neuromuscular’ 
penumbra. The ‘penumbra’ is the oxygen-deprived but viable brain tissue during 
a stroke. The penumbra can be revived if recanalization of the supplying artery or 
oxygen supply to the ischemic tissue is restored within 4-6 hours after the ischemic 
stroke has occurred.664,665 The ‘motor neuron penumbra’ would consist of motor 
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Providing relevant information remains an important care issue, even in 
the age of social media. Support groups are of great help and inspiration to 
patients and their families, but in the age of clinical trials exposure to personal 
experience with treatment strategies may create false hope or the feeling of 
being left behind. Moreover, the success stories (e.g.https://www.youtube.com/
watch?v=bVi9L_3LWw4&t=65s; ‘Cameron’s progress fighting SMA’; https://m.
youtube.com/watch?v=TPI82zz46RE) may inflate the ideas of treatment efficacy or 
give patients in whom the effect size is smaller a feeling of inadequacy. Managing 
the expectations on new therapies within our patient group is important: be excited 
and hopeful about the new possibilities, but we must also force ourselves to be critical 
with regard to (long-term) side-effects and disappointing results. 

costs and psycological implications of the invasive ASO treatment are unknown 
and need to be balanced against saving the lives of children with SMA types 1 and 
2. Hopefully problems will be solved by more advanced screening techniques and 
prediction of the clinical phenotype based on genetics and the individual gene map. 

Care for children and adults with SMA
Most patients with SMA are probably older than 18 years, but in the general 
excitement of emerging therapies for SMA, this group tends to be forgotten. 
Access to the intrathecal administered ASO therapy may be complicated for adult 
patients with SMA type 2 (and to a lesser extent type 3a) by the fact that they have 
undergone spinal fusion in the past. Moreover, at this point of time, it is not known 
whether this therapy is effective in adult life and if health authorities will cover 
costs for all patients. In summary, adults in general seem to recieve less attention 
for their needs than children.
 A striking other example is the lack of clear thoughts on how care for adult 
patients with SMA should be organized. In 2007, the first version of consensus 
standards of care was published.47 This hallmark paper was the first tool for clinicians 
to organize the best supportive care.47 An update of this guideline will appear in the 
course of 2017.361 These standards of care have been the crucial context in which all 
efficacy trials of SMN augmenting drugs have been performed. A range of topics 
is addressed, but most are particularly relevant for younger patients. Care needs 
may to a certain extent be similar for children and adults, but some are clearly age-
specific. It is surprising that there are few studies that have explored complaints 
and care needs of adult patients.670 
 What would good care for adult patients look like? First of all, this needs to 
be addressed in studies that put the patient at center stage. More in general, 
care should be provided by a multi-disciplinary team, including a neurologist 
and rehabilitation physician, speech & language therapist, physiotherapist and 
preferably a pulmonologist. In our quality of life study (chapter 9), we identified 
mood and anxiety as important determinants, indicating that psychological support 
is also very important for the wellbeing of patients. Consultation by an orthopedic 
surgeon should be possible and there should probably be access to specialists 
dealing with sexual and reproductive care. Patient care should be tailored to the 
individual’s needs. Caregivers should therefore not routinely use a protocol that 
covers respiratory symptoms, scoliosis, contractures, feeding difficulties and 
psychological complaints but rather tailor their care taking into account SMA type, 
age and gender.47,361
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APPENDIX

Appendix 1
Mutations in SMN1 causing a SMA phenotype in case of a heterozygous SMN1 deletion

Exon 
(intron)

cDNA mutation Predicted effect Effect of mutation Reference

1

c.7_9del start codon deletion translation 93 
c.22dupA p.S8Kfs*23 frame shift 93

c.5C>G p.A2G missense 93,671

c.5C>T p.A2V missense 672

c.22dupA p.S8K missense 280,281

c.40G>T p.E14* nonsense 93,281

c.43C>T p.Q15* nonsense 64,93,281,673

c.56delT p.V19G*21 frame shift 93 
c.48_55dup insertion 90

c.88G>A p.D30N missense 673

c.90_91insT p.S31fs insertion 64,674

c.81dupG p.Q27fsX3 frame shift 31,675

2a
c.100delT p.W34GfsX5 deletion 90

c.109dupA p.T37NfsX8 insertion 676

c.131A>T p.D44V missense 673

2b
c.198_214del p.P66fsX5 deletion 247

c.208-209GTGT p.P70RfsX3 insertion 64

3

deletion exon 3 deletion 93

c.275G>C p.W92S missense 677,678

c.281T>G p.V94G missense 247

c.283G>C p.G95R missense 673

c.286delG deletion 90

c.305G>A p.W102* nonsense 676,679

c.312dupA p.N105RfsX13 frame shift 25

c.314_317dup p.G106fsX13 frame shift 247

c.326A>G p.Y109C frame shift 93

c.332C>G p.A111G missense 673

c.346A>T p.I116F missense 66

c.388T>C p.Y130H missense 680

c.389A>G  p.Y130C missense 676,680

c.399_402del p.R133fsX15 frame shift 25,66,67,248

c.400G>A p.E134K missense 93,681

c.406C>G p.Q136E missense 66

c.411delT p.N137fsX11 frame shift 25

c.417C>T p.S139S non-synonoumous 676,679

c.429_435del p.P144Q deletion 90

c.431delC p.P144V deletion 90

c.439_443del p.E147SfsX2 frame shift 679,682

A>G codon 154 polymorphism 682

c.469C>T p.Q157* nonsense 683

4

c.510_511del p.S170RfsX9 frame shift 671

c.524delC deletion 90

c.542A>G p.D181G missense 117

c.558delA p.K186NfsX27 frame shift 64

c.562G>T p.A188S missense 31

c.570G>A p.W190* nonsense 25

c.585dupT frame shift 247,681

(4-5) c.628-140A>C splicing 683

5
c.672C>T p.P221L missense 90

c.683T>A p.L228* nonsense 93,280,281

c.689C>T p.S230L missense 90,93,282

(5-6) deletion exon 5+6 - deletion 64

6

c.722delC p.P241Q deletion 90

c.731C>T p.P244L missense 90

c.734dupC insertion 90

c.734C>T p.P245L missense 684

c.740dupC p.P247fsX9 frame shift 248

c.744delC p.I249Yfs*16 frame shift 93

c.770_780dup p.G261LfsX8 insertion 25,247,248,250,671

c.779T>C p.L260S missense 247

c.780ins/dup11 insertion 25,247,250,671

c.784A>G p.S262G missense 673

c.785G>T p.S262I missense 685,686

c.788T>G p.M263R missense 247

c.788T>C p.M263T missense 25

c.796T>C S266P missense 676

c.811_814dupGGCT p.Y272Tfs*35 frame shift 93

c815A>G p.Y272C missense 25,31,64,673

c.818A>G p.H273R missense 676

c.819_820isnT p.T274Y fsX32 insertion 95,672

c.821C>T p.T274I missense 64,90,671,685

c.823G>A p.G275S missense 671,675,687

c.830A>G p.Y277C missense 93,672

(6-7)

c.835-5T>G splicing 93

c.835-44A>G SMN to SMN2 difference 251,687

c.834+2T>G splicing 248

c.835-3C>T splicing

c.835-2A>G splicing 688

c.835-1G>A splicing

c.835-5T>G splicing 93

c.835-12del7 splicing 5
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Appendix 2 Other experimental factors studied in vivo and vitro
From studies on coenzyme Q10, lithium carbonate and guanidine hydrochloride,

it was not clear on clinical grounds whether the patient population consisted of

patients a genetically confirmed diagnosis of SMA, partially because SMN gene

analysis was not possible prior to 1991441-443. Therefore, we have not discussed

the therapeutic effects of these drugs.

Several compounds have been shown to have an effect on SMN expression in in vivo and in

vitro SMA studies. These include 2,4-diaminoquinazolines (RG3039 and D156844)358,363-365,460,461,2-

(4,6-Dimethylpyrazolo[1,5-a]pyrazin-2-yl)-7-(4-methylpiperazin-1-yl)-4H-pyrido[1,2-a]pyrimidin-

4-one462, 3-(6,8-Dimethylimidazo[1,2-a]pyrazin-2-yl)-7-(4-methylpiperazin-1-yl)-1H-isochromen-

1-one462, 4PBA463, 5-(N-ethyl-N-isopropyl)-amiloride464, AAV8.LSP.dnMstn465, AAV8.LSP.

sActRIIB465,Aclarbicin328,466, Amikacin467, BAY 55-9837468, Bortezomib469, Butyrate Prodrug 

PivaloyloxymethylButyrate (AN9)470, Dacinstat471, E1mov11472, Fasudil144, Genetics/G418473,474, 

Indoprofen357, Loganin475,M344476, Panobinostat/LBH589477, Pip6a-PMO478, PTK-SMA1479, 

Quercetin102,480, Quisinostat/JNJ-26481585481, Romidepsin238, scAAV9-siPTEN482,483, 484, SMN-AS1 

485,486, Sodium vanadate466,487,488,Suberoylanilide hydroxamic acid471,489,490, TC007491,492, 

(S)-3-(6,8-Dimethylimidazo[1,2-a]pyrazin-2-yl)-7-(4-ethyl-3-methylpiperazin-1-yl)-2H-chromen-2-one462, 

Tobramycin467, Trichostatin A466,487,493,Triptolode494, VK563463 and Y-27632495. Every compound has 

its own potential and various ways ofinteraction with the SMN complex. Description of each of its working 

mechanism goes behind thescope of this review since none of the compounds have been investigated in 

human studies yet.At the time of writing, it is unclear whether treatment with any of these drugs has a 

beneficial clinical effect on the disease course of SMA.

Appendix 3 Cochrane Neuromuscular Specialised Register (CRS) search 
strategy 
#1 MeSH DESCRIPTOR Muscular Atrophy, Spinal Explode All [REFERENCE] [STANDARD] 

#2 MeSH DESCRIPTOR Muscular Disorders, Atrophic [REFERENCE] [STANDARD] 

#3 “spinal muscular” NEXT atroph* [REFERENCE] [STANDARD] 

#4 Werdnig NEXT Hoffman* [REFERENCE] [STANDARD] 

#5 Kugelberg next Welander [REFERENCE] [STANDARD] 

#6 #1 or #2 or #3 or #4 or #5 [REFERENCE] [STANDARD] 

#7 (#1 or #2 or #3 or #4 or #5) AND (INREGISTER) [REFERENCE] [STANDARD]

7

c.835G>T p.G279C missense 689

c.836G>T p.G279V missense 657

c.836G>A p.G279D missense 90

c.836G>T p.G279Efs frame shift 93,281

c.840C>T codon 280
SMN to SMN2 difference  

C/T
5,251

c.844G>T p.G282* nonsense 90

c.861_862insT p.R288M insertion 90

c.863G>T p.G279Efs*5 frame shift 93

(7-8)

c.888+100A/G SMN to SMN2 difference 251,687

c.888+215A/G SMN to SMN2 difference 251,687

c.888+6T>G splicing 64

c.888+3delAGTC splicing 5

8

*7_*10del deletion 93

deletion exon 690

cc1123G>A SMN to SMN2 difference 5,251

Mutations in SMN2 with a potential effect on SMA severity

Exon
cDNA 

mutation
Predictive effect Effect of mutation Reference

Promotor GCC insertion - - 239

7 c.859G>C p.A287G splicing 87,88
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Appendix 4 Cochrane Central Register of Controlled Trials (CENTRAL) 
(CRSO) search strategy 
Search run on 12 December 2016 

#1 MESH DESCRIPTOR Muscular Atrophy, Spinal EXPLODE ALL TREES 32 

#2 Werdnig near Hoffman* 2 

#3 Kugelberg near Welander 1 

#4 spinal near muscul* near atroph* 66 

#5 #1 or #2 or #3 or #4 72

Appendix 5 MEDLINE (OvidSP) search strategy 
Database: Epub Ahead of Print, In-Process & Other Non-Indexed Citations, Ovid MEDLINE(R) Daily 

and Ovid MEDLINE(R) <1946 to Present> 

Ovid MEDLINE(R) 1946 to November Week 5 2016 

Search Strategy: 

1 randomized controlled trial.pt. (469833) 

2 controlled clinical trial.pt. (95075) 

3 randomized.ab. (405868) 

4 placebo.ab. (192439) 

5 drug therapy.fs. (2035863) 

6 randomly.ab. (286433) 

7 trial.ab. (428139) 

8 groups.ab. (1764357) 

9 or/1-8 (4191699) 

10 exp animals/ not humans.sh. (4669484) 

11 9 not 10 (3613302) 

12 exp Muscular Atrophy, Spinal/ (4602) 

13 muscular disorders, atrophic/ (426) 

14 spinal muscular atroph$.mp. (4867) 

15 (Werdnig adj Hoffman$).mp. (393) 

16 (Kugelberg adj Welander).mp. (189) 

17 or/12-16 (6876) 

18 11 and 17 (709) 

19 remove duplicates from 18 (604) 

20 limit 19 to yr=”1991 -Current” (539)

Appendix 6 Embase (OvidSP) search strategy 
Database: Embase <1980 to 2016 Week 50> 

Search Strategy: 

1 crossover-procedure.sh. (54096) 

2 double-blind procedure.sh. (137638) 

3 single-blind procedure.sh. (27791) 

4 randomized controlled trial.sh. (465768) 

5 (random$ or crossover$ or cross over$ or placebo$ or (doubl$ adj blind$) or allocat$).tw,ot. (1349705) 

6 trial.ti. (215268) 

7 or/1-6 (1506890) 

8 (animal/ or nonhuman/ or animal experiment/) and human/ (1735631) 

9 animal/ or nonanimal/ or animal experiment/ (3746312) 

10 9 not 8 (3037555) 

11 7 not 10 (1393170) 

12 spinal muscular atrophy/ or hereditary spinal muscular atrophy/ (6331) 

13 (Werdnig adj Hoffman$).mp. (627) 

14 (Kugelberg adj Welander).mp. (333) 

15 spinal muscul$ atroph$.mp. (7028) 

16 or/12-15 (7410) 

17 11 and 16 (148) 

18 limit 17 to yr=”1991 -Current” (141) 

19 remove duplicates from 18 (132)

Appendix 7 ISI Web of Science proceedings search strategy 
WOS 12 December 2016 

Indexes=CPCI-S, CPCI-SSH Timespan=1991-2016 

#6 8 #5 AND #4 

#5 211,588 TS=(random* or placebo or “single blind” or “double blind*” or crossover or “cross-over” ) 

#4 543 #1 or #2 or #3 

#3 3 TS=(Kugelberg AND Welander) 

#2 14 TS=(Werdnig AND Hoffman*) 

#1 536 TS=(“muscular atrophy” NEAR spinal)

6 ClinicalTrials.gov search strategy 

1 spinal muscular atrophy

2 treatment

Appendix 8 ClinicalTrials.gov search strategy  
1 spinal muscular atrophy

2 treatment

Appendix 9 WHO international Clinical trials Registry 
1 spinal muscular atrophy

2 SMA

Appendix 10 Stem cell treatment
Stem cell treatment in SMA is outside the scope of this review, but for reasons of completeness we here 

summarize the (ongoing) trials. A case series of three patients with type 1 treated with multiple intrathecal 

and intravenous infusions of allogeneic mesenchymal stem cells described no negative effects and potential 

beneficial effect on motor function, but the benefits were lost when the therapy was withdrawn383. An open-

label phase I trial in children with SMA type 1 to investigate the effects of multiple intrathecal injections of 

allogeneic adipose derived mesenchymal stem cell transplants has started382.
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NEDERLANDSE SAMENVATTING 

De eerste beschrijving van spinale spieratrofie (SMA) dateert uit 1891. Het duurde 
ongeveer 100 jaar voordat de genetische oorzaak van SMA, een deletie van het 
SMN1 gen, werd ontdekt. Exact 20 jaar na de genetische doorbraak, werd de eerste 
behandeling van SMA, “nusinersen”, geïntroduceerd. 
 Tijdens mijn promotieonderzoek (2010-2017) heb ik SMA in de volle breedte, zowel 
klinisch, genetisch als fundamenteel, onderzocht. Alle onderzoeken zijn gedaan met 
als doel meer inzicht te krijgen in het natuurlijk beloop van SMA en om voorspellers van 
de ernst van de ziekte en prognose te ontdekken ter verbetering van de behandeling 
van de individuele patiënt.

Klinische variabiliteit
Spinale spieratrofie (spinal muscular atrophy; SMA) is een progressieve 
neurodegeneratieve, autosomaal recessief overerfende ziekte waarbij een 
voortgaand verlies van motorische neuronen in de voorhoorn van het ruggenmerg 
resulteert in progressieve spierzwakte van de ledematen en romp, inclusief de 
ademhalingsspieren. De spierzwakte is het meest uitgesproken aan de axiale en 
proximale beenspieren, maar met verloop van tijd breidt de zwakte zich uit naar de 
armen, distale beenspieren en de ademhalingsspieren. 
 De ernst van het klinisch fenotype van SMA varieert enorm per patient, van 
relatief mild tot zeer ernstig. Deze variatie in ernst wordt weergegeven door SMA 
van oudsher in 3 types in te delen (SMA type 1, 2 en 3) waarbij het type wordt bepaald 
door een combinatie van de leeftijd van ontstaan van de eerste symptomen en de 
hoogst behaalde grof motorische mijlpaal.21 Na de ontdekking van het oorzakelijke 
gen (SMN1) zijn twee types, type 0 en type 4, toegevoegd aan elke zijde van het 
spectrum. 322 SMA type 0 openbaart zich direct postnataal, voor SMA type 1 is 
dat voor de leeftijd van 6 maanden, voor SMA type 2 tussen 6 en 18 maanden en 
SMA type 3 na de leeftijd van 18 maanden. SMA type 4 wordt geclassificeerd als 
de SMA variant die zich pas openbaart op volwassen leeftijd, waarbij verschillende 
leeftijdsgrenzen worden aangehouden (zowel 18 als 30 jaar) afhankelijk van de 
nageslagen studie.3,4,21,24,29 Zelfstandig zitten typeert het functionele onderscheid 
tussen SMA type 1 en 2, terwijl zelfstandig lopen het onderscheid tussen SMA type 
2 en 3 markeert. Kinderen met SMA type 1 hebben een gemiddelde overleving 
van minder dan 12 maanden. De levensverwachting van kinderen met SMA type 
2 is afhankelijk van de ernst en mogelijkheid tot behandeling van complicaties en 
co-morbiditeit zoals recidiverende longontstekingen, noodzaak tot beademing 
en scoliose. Over het algemeen geldt dat de levensverwachting van kinderen en 
volwassenen met SMA type 3 niet anders is dan die van de algemene bevolking. 

In de hoofdstukken 2.1 en 2.2 wordt de klinische variabiliteit in de Nederlandse SMA 
populatie beschreven. In de periode 2010-2017 hebben wij 286 patiënten kunnen 
includeren, waarvan er 200 beschreven staan in hoofdstuk 2.1. Intensieve fenotypering 
wijst uit dat de hoogst behaalde motorische mijlpaal de prognose ten aanzien van 
overleving, morbiditeit en leeftijd van verlies van motorische functies voorspelt. Hierbij 
zijn ook ‘hoofdballans’, ‘rollen’ en ‘staan’ meegenomen naast de gebruikelijke functies 
van ‘zitten’ en ‘lopen’. De toevoeging van deze drie motorisch mijlpalen in de SMA 
classificatie maakt een betere voorspelling mogelijk voor de individuele patiënt, zoals 
bijvoorbeeld het moment waarbij het zelfstandig lopen verloren gaat of wanneer een 
scoliosecorrectie of ademhalingsondersteuning nodig gaat zijn.
 De voorspellende waarde van de genetische achtergrond op het klinisch fenotype 
van de patient wordt beschreven in de hoofdstukken 2.1, 2.2, 5 en 6. SMA wordt in 
90-95% van de patiënten veroorzaakt door een homozygote deletie van het SMN1 
gen.52552-54 Een tweede SMN gen, SMN2, persisteert en kan in meerdere kopieën (0 tot 
6) aanwezig zijn. Het SMN2 kopie aantal is gecorreleerd met de ernst van de ziekte en 
daarmee gerelateerd aan het SMA type. Toch is het, als solitaire factor, niet bruikbaar 
als voorspeller van de prognose of ziekte-ernst, zoals beschreven staat in hoofdstuk 
2.1. In aanvulling op de klinische presentatie heeft het SMN2 kopie aantal echter 
wel een sterk voorspellende waarde. Zo zal een kind met 2 SMN2 kopieën dat nooit 
heeft leren rollen of zitten een agressiever beloop van de ziekte hebben met een sterk 
beperkte overleving (SMA type 1b) in vergelijking tot een kind met 3 SMN2 kopieën dat 
nooit heeft leren zitten maar mogelijk wel heeft leren rollen; deze laatste heeft een 
betere prognose ten aanzien van levensverwachting en comorbiditeit (SMA type 1c). 
Een patiënt met SMA type 3 zal bij de aanwezigheid van 4 SMN2 kopieën waarschijnlijk 
het loopvermogen later verliezen dan wanneer er 3 SMN2 kopieën waren geweest.
 Op basis van de bevindingen in hoofdstuk 2.1 waarin de toegevoegde waarde van 
de ‘nieuwe mijlpalen’ is besproken, stel ik voor de SMA classificatie te verfijnen waarbij 
SMA type 1 en 2 onderverdeeld worden in een mild en een ernstig fenotype resulterend 
in SMA type 1a/1b/1c/2a/2b/3a/3b/4 (type 0 is hierbij gelijk aan type 1a). Met deze 
aangepaste classificatie is de prognose van de individuele patiënt beter te voorspellen. 
 In hoofdstuk 2.1 wordt aangetoond dat de spierzwakte in alle SMA types 
progressief is, ook in de relatief milde types 3 en 4, en dat er specifieke patronen 
bestaan in de spierzwakteverdeling bij SMA. Spieren of spiergroepen zijn in 
verschillende mate aangedaan (=differentiële betrokkenheid) door het ziekte 
proces bij SMA. Er zijn meerdere oorzaken voor deze differentiële betrokkenheid 
mogelijk: 1) verschillende gevoeligheid van motor neuronen per niveau in het 
ruggenmerg, variatie tussen mediale of laterale lokalisatie in het ruggenmerg per 
niveau of variabiliteit per individueel motor neuron 2) betrokkenheid van andere 
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systemen dan de voorhoorn, zoals de neuromusculaire overgang (NMJ) 3) primaire 
of secundaire veranderingen van de spier(vezels). De belangrijkste onderliggende 
oorzaak van deze differentiele betrokkenheid is een verschillende mate van gevoeligheid 
van de genoemde cellen en weefsels voor het tekort aan SMN.
 In hoofdstuk 4 wordt beschreven dat de differentiële betrokkenheid van spieren 
ook gevonden wordt bij bulbaire (=hals- en hoofdregio) spieren. Ongeveer 35% 
van de patiënten rapporteert klachten gerelateerd aan bulbaire dysfunctie (zoals 
slikstoornissen, verslikken, moeite met kauwen). Een veel groter percentage (50-100% 
afhankelijk van SMA type 1, 2 of 3a) blijkt een sterk beperkte maximale mondopening 
te hebben, gedefinieerd als een mondopening kleiner dan 35 mm. De beperking 
van de mondopening is progressief, gecorreleerd met de gerapporteerde bulbaire 
problemen en kan problemen geven bij tandheelkundige zorg, bij beademing of bij 
orale intubatie tijdens algehele narcose (hoofdstuk 4.3). Analyses met behulp van MRI 
(Magnetic Resonance Imaging) in hoofdstuk 3.2 laten zien dat de bulbaire spieren in 
verschillende gradaties zijn aangedaan (differentiële atrofie en vervetting), waardoor 
slik- en kauwklachten en contracturen van het kaakgewricht ontstaan. De vraag of het 
voorkomen van contracturen in deze regio de klachten van verslikken, kauwproblemen 
en beperkte mondopening beperkt, blijft nog onbeantwoord. 
 De uitgebreide interviews met patiënten brachten ook andere ‘nieuwe’ 
symptomen aan het licht, zoals een gevoel van snelle vermoeibaarheid, waarmee 
een onvermogen om repetitieve handelingen langdurig uit te voeren wordt bedoeld. 
Vermoeibaarheid is niet hetzelfde als spierzwakte, maar beide symptomen zorgen 
wel voor motorische beperkingen. Recente studies rapporteren een structureel 
gestoorde neuromusculaire overgang (NMJ) in muizen met SMA en in post-mortem 
materiaal van foetussen met SMA type 1.145-149 Onze studie naar de functie van de 
NMJ in hoofdstuk 3.1 was de eerste die de fysiologie van de NMJ bij patiënten met 
SMA onderzocht. Deze studie toont een neuromusculaire transmissie stoornis 
aan bij ~50% van de patiënten, die zich uit als een pathologische decrementie bij 
repetitieve zenuwstimulatie. Waarschijnlijk is dit nog een onderschatting van het 
percentage NMJ dysfunctie gezien de relatief lage sensitiviteit van repetitieve 
zenuwstimulatie.
 Aangezien vermoeibaarheid een belangrijke beperkende factor is in het dagelijks 
leven van patiënten met SMA , lijkt het belangrijk om ook deze factor, naast 
spierkracht en -functie, mee te nemen in trials en studies naar behandelingen voor 
SMA. In hoofdstuk 3.2 hebben wij aangetoond dat de Repeated Nine Hole Peg Test 
(RNHPT) geschikt is om vermoeibaarheid van de handen bij een aanzienlijk deel 
van de patiënten vast te stellen. Deze test lijkt vooral geschikt voor patiënten met 
SMA type 2; nader onderzoek moet uitwijzen welke test het beste gebruikt kan 
worden voor patiënten met SMA type 3. In hoofdstuk 8.3 doen wij een voorstel 

voor een trial met pyridostigmine, een acetylcholinesterase remmer die de functie 
van de NMJ stimuleert. De theorie achter deze trial is dat het optimaliseren van 
de NMJ functie met behulp van medicatie het motorisch uithoudingsvermogen zal 
verbeteren.
 
Genetica
In 1995 vond in een laboratorium in Parijs een grote doorbraak plaats op het 
gebied van neuromusculaire aandoeningen: de genetische oorzaak van SMA werd 
ontdekt.552-54 Patiënten met SMA hebben in 95-99% van de gevallen een homozygote 
deletie van het SMN1 gen wat betekent dat het gehele gen afwezig is. De overige 1-5% 
van de patiënten heeft een heterozygote deletie met een strategische puntmutatie in 
het persisterende allel van SMN1, waardoor er functioneel eenzelfde defect ontstaat 
als wanneer het gen afwezig is.25 Een homozygote deletie van SMN1 is in dieren 
lethaal, maar de mens bezit een gen dat vrijwel identiek is aan SMN1, namelijk SMN2. 
Door de aanwezigheid van SMN2 is SMA een specifiek humane aandoening. SMN2 
verschilt op 5 nucleotiden van SMN1, waarbij  de veranderde nucleotide in exon 7 
ervoor zorgt dat SMN2 onvolledig wordt afgelezen en resulteert in een onvolledig en 
dysfunctioneel SMN eiwit. De exacte functie van het SMN eiwit, en daarmee de SMN 
genen, is overigens nog onbekend. SMN2 kan in meerdere kopieën aanwezig zijn, 
en studies geven een variatie van 0 tot 6 kopieën bij patiënten met SMA.30 Hoewel 
het aantal kopieën gecorreleerd is met de ernst van de ziekte, meer kopieën leiden 
tot een milder fenotype, is het aantal kopieën niet voorspellend voor het SMA type 
of de ernst van de ziekte. De beperkte voorspellende waarde van de SMN2 kopieën 
wordt geïllustreerd in hoofdstuk 5 door het feit dat er binnen families met meerdere 
broers en zussen met SMA in 90% van de patiënten een zelfde genotype (SMN2 kopie 
aantal) bestaat, terwijl 60% een verschillend SMA (feno)type heeft.
 Een belangrijk onderdeel van dit proefschrift is het onderzoek naar genetische 
factoren die, buiten het aantal SMN2 kopieën, de klinische variabiliteit tussen 
patiënten kan verklaren. In hoofdstuk 5 is het SMN locus, inclusief SMN1, SMN2 en 
het nabijgelegen gen ‘NAIP’, onderzocht. Met behulp van Sanger sequencing zijn 
alle 9 exonen van het SMN2 gen geanalyseerd. Deze studie bevestigt opnieuw dat 
het aantal SMN2 kopieën de belangrijkste voorspeller is van het fenotype, waarbij 
de aanwezigheid van een hybride gen (combinatie van SMN2 met een klein deel 
resterend SMN1) of specifieke puntmutaties in SMN2 een negatief of positief effect 
kunnen hebben op het fenotype en de waarschijnlijkheid op een milder of ernstiger 
fenotype vergroten. Echter, het fenotype valt zonder nadere klinische gegevens 
heel moeilijk te voorspellen uit alleen het SMN2 kopie aantal, de aanwezigheid van 
hybride genen danwel puntmutaties of een combinatie van deze factoren.
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Verschillende genen op andere loci zijn in verband gebracht met het ontstaan van 
SMA en andere motor neuron ziekten zoals amyotrofische laterale sclerose (ALS). De 
betrokkenheid van de genen TDP-43, FUS, PFN2 en PLS3 bij SMA werd onderzocht 
door de effecten van mutaties en variaties op het fenotype na te gaan. In hoofdstuk 
6 rapporteren we dat exonische mutaties in FUS en intronische mutaties in PLS3 
een invloed lijken te hebben op het fenotype in enkele individuele patiënten. FUS 
mutaties zijn eerder beschreven bij patiënten met (young-onset) ALS, een ziekte 
waarbij ook motor neuron degeneratie in de voorhoorn van het ruggenmerg een 
belangrijk kenmerk is.272-275,278,279 PLS3 wordt in andere studies aangemerkt als een 
geslachts-afhankelijke positief voorspellende factor in patienten met SMA, waarbij 
vrouwen met een verhoogde expressie van PLS3 een milder fenotype lijken te 
hebben dan mannen.89,286,287 In ons cohort zijn het de vrouwen met een mutatie in 
PLS3 die een milder fenotype hebben dan hun mannelijke familieleden of vrouwelijke 
familieleden zonder mutatie. In de algehele SMA populatie is de toegevoegde 
waarde en frequentie van de varianten in FUS en PLS3 echter minimaal (<10%). 
Daarnaast moeten expressie analyses en analyse naar de interactie van de mutaties 
met SMN aanvullende informatie geven over het daadwerkelijke effect van de 
mutaties. De genen PFN2 en TDP-43 vertoonden in ons cohort geen varianten of 
mutaties.

Biomarkers
De SMN genen zijn verantwoordelijk voor de productie van het SMN mRNA en 
SMN eiwit. Het SMN eiwit vormt het SMN complex dat een belangrijke rol speelt in 
basale processen van de cel, cel connectiviteit en gen transcriptie.62, 98-99, 101-104, 351, 354 
De exacte werking van het SMN complex, en daarmee de functie van het SMN eiwit 
en de SMN genen, is onbekend. 
 De progressie van SMA is over het algemeen langzaam progressief, waarbij de 
achteruitgang over 1-2 jaar niet of moeilijk met klinische meetschalen is vast te 
stellen (hoofdstuk 2.2). Dit maakt onderzoek naar de effectiviteit van medicatie 
moeilijk aangezien subtiele verbetering of het tot staan brengen van de ziekte (wat 
beter is dan progressie van de ziekte) nauwelijks te vangen is in klinische schalen. 
Een goede biomarker is een meetbaar alternatief voor de klinische veranderingen, 
zeker wanneer veranderingen die klinisch nog niet of moeilijk objectiveerbaar zijn 
wel al te meten zijn met die biomarker. In hoofdstuk 7 hebben we de SMN expressie 
levels in bloed en fibroblasten onderzocht op hun geschiktheid als biomarker. De 
SMN levels in het bloed zijn erg variabel en correleren niet met de ernst van de 
ziekte, de spierfunctie, het SMA type of het SMN2 kopie aantal. SMN eiwit levels 
in fibroblasten correleerden wel met het SMN2 kopie aantal, wat deze factor 
tot een biomarker zou kunnen maken. Vervolgonderzoek naar de longitudinale 

veranderingen van SMN eiwit en de correlatie met de ernst van de ziekte is nodig 
om de bruikbaarheid van het SMN eiwit level in fibroblasten op waarde te schatten. 
Zoals verwacht is het SMN eiwit significant lager in patiënten dan in gezonde 
controles. Gezien de sterke verschillen tussen bloed en fibroblasten zijn de levels 
van SMN eiwit sterk weefselafhankelijk; dit zou het verschil in betrokkenheid van 
de verschillende weefsels (motor neuron, NMJ, spieren) bij SMA kunnen verklaren.  
Een bijkomende bevinding van onze studie is dat het SMN eiwit level afneemt met 
het stijgen van de leeftijd, zowel in patiënten als in gezonde controles. Deze 
bevinding suggereert een belangrijkere rol van SMN in de vroege ontwikkeling van 
het individu dan in de latere levensfasen.

Behandeling
Door de ontdekking en optimalisering van ondersteunende en symptomatische 
therapieën, zoals het inzetten van preventieve antibiotica, scoliosecorrecties 
en ademhalingsondersteuning, is in de afgelopen decennia de behandeling van 
patiënten met spierziekten sterk verbeterd. Een curatieve behandeling of een 
behandeling die de ziekte progressie vertraagt, bestond echter niet voor SMA. 
Meerdere behandelstrategieën zijn onderzocht waarbij factoren die de SMN2 
transcriptie verbeteren dan wel motor neuronen tegen degeneratie beschermen, 
werden geanalyseerd. In de hoofdstukken 8.1 en 8.2 heb ik alle onderzoeken, 
studies en trials, naar medicamenteuze behandelingen bij SMA geanalyseerd 
middels de Cochrane Systematic Review methode. Tot 2016 toonde geen van de 
onderzochte medicamenten een positief effect op overleving of op motorische 
mijlpalen en meetschalen. 
 De ontdekking van het intrathecaal (=middels een ruggenprik) toegediende 
medicament ‘nusinersen’ is een grote doorbraak voor patiënten met SMA en alle 
betrokkenen. Nusinersen is een anti-sense oligonucleotide therapie. De intrathecaal 
geïnjecteerde anti-sense oligonucleotide zorgt ervoor dat exon 7 van SMN2 wordt 
geïncludeerd in de producten van het SMN2 gen, waardoor de functie van het 
SMN2 gen (gedeeltelijk) wordt hersteld. De eerste studieresultaten laten zien dat 
de meerderheid van de behandelde kinderen met SMA type 1 een betere overleving 
heeft en dat zij grof motorisch functies verwerven die zij, volgens de normale 
SMA ontwikkeling, nooit zouden halen. Ook bij kinderen met SMA type 2 worden 
ontwikkelingen en verbeteringen in de motorische functies gezien, die zo groot zijn 
dat zij niet te verklaren zijn uit de natuurlijke ontwikkeling of variatie. Het effect 
van de behandeling met nusinersen is evident bij kinderen met een recente SMA 
diagnose, maar is mogelijk ook effectief bij kinderen van oudere leeftijd met reeds 
langere ziekteduur. De laatst genoemde effecten zijn echter (vooralsnog beperkte) 
observaties bij een kleine groep patiënten en het daadwerkelijke effect bij patiënten 
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met een langere ziekteduur vooraf aan de start van de therapie moet nader worden 
uitgezocht. Naast nusinersen lopen er andere trials met veelbelovende therapieën, 
bijvoorbeeld naar de effectiviteit van nieuwe SMN2-modulatoren en genetische 
therapieën waarbij het SMN1 gen geïntroduceerd wordt. 
Het feit dat een intrathecaal toegediende SMN2 stimulator als nusinersen werkt, 
maakt dat men zich moet afvragen of eerdere medicamenten die het SMN2 
gen stimuleerden onvoldoende sterk werkten of op de verkeerde locatie (oraal, 
intraveneus, intramusculair) zijn toegediend en daardoor mogelijk hun effectiviteit 
niet hebben kunnen laten zien. 
 Een aanzienlijk deel van de huidige patiënten met SMA zal mogelijk helaas 
niet kunnen profiteren van nusinersen, omdat zij een scoliosecorrectie hebben 
ondergaan en daardoor geen intrathecale behandeling kunnen krijgen. Dit betekent 
dat er verder gezocht moet worden naar andere symptomatische behandelingen. 
De zorg voor patiënten met SMA dient patient-tailored (=op maat gemaakt) te 
zijn. Dit betekent dat er aan de hand van vastgestelde richtlijnen een individueel 
behandelplan moet zijn dat is toegespitst op de aanwezige en te verwachten 
symptomen en comorbiditeiten bij de individuele patiënt. Zeker bij de volwassen 
populatie is het belangrijk om een grote rol voor de revalidatiearts, de logopedist, 
de psycholoog en de neuroloog weg te leggen in een interdisciplinair team. Het 
team kan aangevuld worden met een gynaecoloog, seksuoloog of orthopeed op 
individuele indicatie. Het psychologische effect van progressieve spierzwakte, ook 
al wordt deze bij patiënten met SMA type 3 en 4 over het algemeen als ‘relatief 
mild’ aangemerkt, mag niet onderschat worden. In hoofdstuk 9 toon ik aan dat 
juist deze categorie patiënten een zware ziektelast ervaart en gevoelig is voor 
het ontwikkelen van depressieve klachten. De impact en gevolgen van de ziekte 
moeten daarom bij iedere patiënt individueel worden beoordeeld om zo de juiste 
zorg en begeleiding te geven. 

CONCLUSIES 

Klinische variabiliteit
• Behaalde motorische mijlpalen (hoofdballans, rollen, zitten, staan en lopen) zijn 

van prognostische waarde voor de individuele patiënt.
• Vermoeibaarheid is een veelvoorkomend en invaliderend symptoom bij patiënten 

met SMA. De repetitieve 9 hole peg test lijkt effectief in het monitoren van 
vermoeibaarheid bij patienten met SMA type 2. Electrofysiologisch onderzoek 
kan stoornissen in neuromusculaire transmissie aantonen bij een deel van de 
patienten met SMA.

• Bulbaire symptomen komen bij een groot deel van de patiënten met SMA voor 
en correleren met de progressie van spierzwakte. Een beperkte mondopening 
reflecteert bulbaire spierzwakte en contracturen. Een beperkte mondopening is 
een risicofactor voor verslikken, gestoorde mondhygiëne en orale intubatie. 

• Een aanpassing in de SMA classificatie naar SMA types 1a/1b/1c/2a/2b/3a/3b/4 
verbetert de voorspelling van de prognose van de individuele patient. 

Genetica 
• SMN2 kopie aantal is de belangrijkste voorspeller van de ernst van de ziekte 

maar verklaart niet de gehele variabiliteit in het klinisch fenotype.
• Hybride SMN1-SMN2 genen en puntmutaties in SMN2 dragen bij aan de klinische 

variabiliteit.
• Mutaties is PLS3 hebben mogelijk een geslachtafhankelijke invloed op het SMA 

fenotype maar de oorzaak van deze interactie is nog onduidelijk.
• TDP-43 en PFN2 lijken geen rol te spelen bij SMA.

Biomarkers
• De huidige klinische meetschalen zijn niet voldoende gevoelig om subtiele 

klinisch relevante veranderingen over relatief korte periodes (maanden tot jaar) 
vast te stellen.

• Levels van het SMN eiwit zijn sterk weefsel afhankelijk.
• Het SMN eiwit level daalt met het stijgen van de leeftijd, zowel in patiënten als 

in controles.
• Levels van het SMN eiwit in bloed lijken geen dienst te kunnen doen als biomarker 

voor SMA, maar het SMN eiwit level in fibroblasten kan dat mogelijk wel.

Behandeling
• Nusinersen is de eerste therapie die de ziekte progressie bij SMA voorkomt of 

ten minste remt. 
• Symptomatische behandeling blijft van groot belang. Mogelijk verbetert pyrido-

stigmine de vermoeibaarheid bij SMA patiënten.
• De ernst van zwakte of beperkingen aan de hand van de klinische observaties 

en metingen is niet vanzelfsprekend gecorreleerd met de mate van impact op 
kwaliteit van leven of ervaren ziektelast voor de individuele patiënt.
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begeleiding fantastisch.

Mijn paranimpfen Nora en Marc, wat een rustgevende en fijne gedachte dat jullie 
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