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ABSTRACT

Background

Spinal muscular atrophy (SMA) is caused by a homozygous deletion of the survival motor neuron 1 (SMNI) gene on chromosome 5, or a
heterozygous deletion in combination with a point mutation in the second SMN1I allele. This results in degeneration of anterior horn cells,
which leads to progressive muscle weakness. By definition, children with SMA type | are never able to sit without support and usually die or
become ventilator dependent before the age of two years. There have until very recently been no drug treatments to influence the course
of SMA. We undertook this updated review to evaluate new evidence on emerging treatments for SMA type . The review was first published
in 2009 and previously updated in 2011.

Objectives

To assess the efficacy and safety of any drug therapy designed to slow or arrest progression of spinal muscular atrophy (SMA) type I.

Search methods

We searched the Cochrane Neuromuscular Specialised Register, CENTRAL, MEDLINE, Embase, and ISI Web of Science conference
proceedings in October 2018. We also searched two trials registries to identify unpublished trials (October 2018).

Selection criteria

We sought all randomised controlled trials (RCTs) or quasi-RCTs that examined the efficacy of drug treatment for SMA type I. Included
participants had to fulfil clinical criteria and have a genetically confirmed deletion or mutation of the SMNI 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. head control, rolling, sitting or standing, motor milestone response on disability scores within one year after the onset of
treatment, and adverse events and serious adverse events attributable to treatment during the trial period.

Treatment strategies involving SMN1 gene replacement with viral vectors are out of the scope of this review.

Data collection and analysis

We followed standard Cochrane methodology.
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Main results

We identified two RCTs: one trial of intrathecal nusinersen in comparison to a sham (control) procedurein 121 randomised infants with SMA
type I, which was newly included at this update, and one small trial comparing riluzole treatment to placebo in 10 children with SMA type I.

The RCT of intrathecally-injected nusinersen was stopped early for efficacy (based on a predefined Hammersmith Infant Neurological
Examination-Section 2 (HINE-2) response). At the interim analyses after 183 days of treatment, 41% (21/51) of nusinersen-treated infants
showed a predefined improvement on HINE-2, compared to 0% (0/27) of participants in the control group. This trial was largely at low
risk of bias.

Final analyses (ranging from 6 months to 13 months of treatment), showed that fewer participants died or required full-time ventilation
(defined as more than 16 hours daily for 21 days or more) in the nusinersen-treated group than the control group (hazard ratio (HR) 0.53,
95% confidence interval (Cl) 0.32t0 0.89; N =121; a 47% lower risk; moderate-certainty evidence). A proportion of infants in the nusinersen
group and none of 37 infants in the control group achieved motor milestones: 37/73 nusinersen-treated infants (51%) achieved a motor
milestone response on HINE-2 (risk ratio (RR) 38.51, 95% Cl 2.43 to 610.14; N = 110; moderate-certainty evidence); 16/73 achieved head
control (RR 16.95, 95% Cl 1.04 to 274.84; moderate-certainty evidence); 6/73 achieved independent sitting (RR 6.68, 95% Cl 0.39 to 115.38;
moderate-certainty evidence); 7/73 achieved rolling over (RR 7.70, 95% CI 0.45 to 131.29); and 1/73 achieved standing (RR 1.54, 95% CI 0.06
to 36.92; moderate-certainty evidence). Seventy-one per cent of nusinersen-treated infants versus 3% of infants in the control group were
responders on the Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND) measure of motor disability
(RR 26.36,95% Cl 3.79 to 183.18; N = 110; moderate-certainty evidence).

Adverse events and serious adverse events occurred in the majority of infants but were no more frequent in the nusinersen-treated group
than the control group (RR 0.99, 95% CI 0.92 to 1.05 and RR 0.70, 95% CI 0.55 to 0.89, respectively; N = 121; moderate-certainty evidence).

In the riluzole trial, 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. None of the children in the riluzole or placebo group developed the ability to sit, which was the only
milestone reported. There were no adverse effects. The certainty of the evidence for all measured outcomes from this study was very low,
because the study was too small to detect or rule out an effect, and had serious limitations, including baseline differences. This trial was
stopped prematurely because the pharmaceutical company withdrew funding.

Various trials and studies investigating treatment strategies other than nusinersen, such as SMN2 augmentation by small molecules, are
ongoing.

Authors' conclusions

Based on the very limited evidence currently available regarding drug treatments for SMA type 1, intrathecal nusinersen probably prolongs
ventilation-free and overall survivalin infants with SMA type I. Itis also probable that a greater proportion of infants treated with nusinersen
than with a sham procedure achieve motor milestones and can be classed as responders to treatment on clinical assessments (HINE-2
and CHOP INTEND). The proportion of children experiencing adverse events and serious adverse events on nusinersen is no higher with
nusinersen treatment than with a sham procedure, based on evidence of moderate certainty. It is uncertain whether riluzole has any effect
in patients with SMA type |, based on the limited available evidence. Future trials could provide more high-certainty, longer-term evidence
to confirm this result, or focus on comparing new treatments to nusinersen or evaluate them as an add-on therapy to nusinersen.

PLAIN LANGUAGE SUMMARY

Drug treatment for spinal muscular atrophy type |
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 (SMA) type |, in terms of age
at death or full-time ventilation and the ability to reach motor milestones, e.g. rolling, sitting or standing, within one year after beginning
treatment, and any adverse events.

Key messages

Nusinersen probably increases ventilation-free and overall survival in children with SMA type I. Nusinersen may improve the proportion of
infants achieving motor milestones. Adverse events and serious adverse events are probably not more common with nusinersen injection
than with a sham procedure.

It is uncertain whether riluzole has any effect in SMA type |, based on the limited available evidence.
What was studied in the review?

SMA is a disorder with onset in childhood and adolescence and leads to increasing muscle weakness. SMA type |, also known as Werdnig-
Hoffman disease, is the most severe form of SMA and begins before the age of six months. Untreated children with SMA type | will never
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be able to sit without support and in general die or develop respiratory insufficiency and need non-invasive ventilation before they reach
the age of two years.

At the time of the previous versions of the review there was no known treatment to slow down or cure SMA type |. We updated the review
to include emerging evidence.

Cochrane review authors collected relevant studies and found two trials. Both studies were funded by pharmaceutical companies. One
trial, in 121 infants with SMA type |, studied nusinersen, which is an antisense oligonucleotide drug, given by injection into the spinal canal.
The researchers compared the effects of nusinersen with a sham procedure in the control group. This trial stopped early because results
showed that nusinersen improved the proportion of infants achieving motor milestones. The other trial compared riluzole to placebo and
involved 10 infants with SMA type I. This trial was stopped prematurely because the pharmaceutical company withdrew funding.

What are the main results of the review

Results were not all reported at the same follow-up point, as the trial was stopped before some participants completed the planned follow-
up. Nusinersen probably reduced the risk of death or progression to full-time ventilation (assisted breathing) by 47% compared to the
control group. The evidence is also moderately certain that the percentage of children with a response on objective clinical assessments
of motor function was higher in the nusinersen-treated group than the sham procedure group (51% versus 0% on the Hammersmith Infant
Neurological Examination-Section 2 (HINE-2) and 71% versus 3% on the Children's Hospital of Philadelphia Infant Test of Neuromuscular
Disorders (CHOP INTEND)). Infants treated with nusinersen are probably also more likely to reach developmental milestones: 16 of the 73
treated infants achieved head control, six achieved independent sitting, seven achieved the ability to roll over, and one achieved the ability
to stand; none of the 37 infants in the control group achieved any of these milestones.

There was probably little difference between the nusinersen-treated and control group in the number of infants with adverse events;
the majority experienced adverse events. Serious adverse events were probably no more common with nusinersen than with the sham
procedure.

One study compared riluzole treatment to placebo (an identical, but inactive treatment) in 10 children with SMA type . The certainty of the
evidence was very low, mainly because the study was too small to detect or rule out an effect. In this trial, all three children in the placebo
group and four of the seven children in the riluzole group died within 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 | 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 October 2018.

Drug treatment for spinal muscular atrophy type | (Review) 3
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SUMMARY OF FINDINGS

Summary of findings for the main comparison. Intrathecal injected nusinersen compared to sham procedure for infants with SMA and 2 SMN2 copies

Intrathecal injected nusinersen compared to sham procedure for infants with SMA and 2 SMN2 copies

Patient or population: infants with SMA and 2 SMN2 copies
Setting: in-hospital treatment for outpatient clinic
Intervention: intrathecal injected nusinersen
Comparison: sham procedure

Outcomes Anticipated absolute effects* (95% Cl) Relative ef- Ne of partici-  Certainty of Comments
fect pants the evidence

Risk with Risk with intrathecal injected ~ (95%Cl) (studies) (GRADE)

sham proce- nusinersen

dure
Time from birth until death or Study population HR0.53 121 DODO This represents a 47% lower
full-time ventilation? (0.32t0 0.89) (1RCT) Moderateb risk of death or full-time ven-
Follow-up: range 6 monthsto 13 68 per 100 46 per 100 tilation with nusinersen than
monthsc¢ (31 to 64) with the sham procedure
Acquisition of head control 0 of 37 partici- 16 of 73 participants in the RR 16.95 110 PO
within one year after the onset of ~ pants nusinersen-treated group (1.04to (1LRCT) Moderated
treatment achieved head control 274.84)
Follow-up: range 6 months to 13
months¢
Acquisition of the ability to sit 0 of 37 partici- 6 of 73 participants in the RR6.68 110 PO
within one year after the onset of ~ pants nusinersen-treated group (1RCT) Moderated
treatment achieved the ability to sit inde- (0.39to
Follow-up: range 6 months to 13 pendently 115.38)
months¢
Acquisition of the ability to 0 of 37 partic- 1 of 73 participants in the RR1.54 110 DO
stand within one year after the ipants in the nusinersen-treated group (1LRCT) Moderated
onset of treatment sham proce- achieved the ability to stand (0.06 to 36.92)
Follow-up: range 6 months to 13 dure group
months¢
Change in motor disability 0 of 37 partic- 37 of 73 participants in the RR 38.51 110 PO
score - response on HINE-2 with-  ipantsin the nusinersen-treated group (2.43to (LRCT) Moderated
in one year after the onset of sham proce- showed a motor milestone re- 610.14)
treatment® dure group sponse on the HINE-2
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Follow-up: range 6 months to 13

months
Adverse events attributable to Study population RR 0.99 121 SDPO Including bleeding risk from
treatment (LRCT) Moderatef thrombocytopenia, renal toxi-
976 per 1000 966 per 1000 (0.92t0 1.05) city, hyponatraemia, reduced
Measured as adverse events (all) growth, rash and possible
Follow-up: range 6 months to 13 (898 to 1000) (cerebral) vasculitis, hepato-
months toxicity, QTc interval prolon-
gation on electrocardiogram,
aspiration, infections, gas-
trointestinal problems
Severe adverse events attribut-  Study population RR0.70 121 SPPO Including respiratory prob-
able to treatment (1RCT) Moderatef lems, cardiorespirato-
805 per 1000 563 per 1000 (0.55t0 0.89) ry arrest, death, brain in-
Measured as severe adverse jury, hypoxic ischaemic en-
events (all) (443 to 716) cephalopathy
Follow-up: range 6 months to 13
months

*The risk in the intervention group (and its 95% Cl) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% Cl).

CHOP INTEND: Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders; HINE-2: Hammersmith Infant Neurological Examination-Section 2; Cl: confi-
dence interval; HR: hazard ratio; RCT: randomised controlled trial; RR: risk ratio; SMA: spinal muscular atrophy

GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.

Moderate certainty: 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 certainty: our confidence in the effect estimate is limited; the true effect may be substantially different from the estimate of the effect.

Very low certainty: we have very little confidence in the effect estimate; the true effect is likely to be substantially different from the estimate of effect.

dDefined as a requirement for 16 hours of ventilation per day regardless of whether via tracheostomy, tube or mask.

bwe downgraded the certainty of the evidence once for risk of bias and imprecision (not sufficient to downgrade once for each). A slight baseline imbalance meant that children in
the nusinersen-treated group had an earlier onset and were more severely affected by respiratory and bulbar problems. This baseline imbalance in factors related to respiratory
decline would tend to favour the control intervention for this outcome. Although the effect of nusinersen is large, there is some degree of uncertainty in the effect estimate arising
from imprecision in a single study of this size.

CBased on the final analysis. An interim analysis of motor milestones (HINE-2) was performed on all participants who had a day 183 visit. The study was then stopped for significant
benefit from nusinersen. Final analysis was performed on data including participants fulfilling at least six months of trial enrolment.

dwe downgraded the certainty of the evidence once for risk of bias and imprecision (not sufficient to downgrade once for each). There was slight baseline imbalance and there
is some degree of uncertainty in the effect estimate arising from imprecision in a single study of this size. We did not downgrade the motor milestone outcome results further for
imprecision, in spite of wide Cl. The absence of events in the control group is consistent with the natural history of SMA type 1 and a response represents a large treatment effect.
eResponse was defined according to scores on the HINE-2, which assesses the development of motor function through the achievement of motor milestones; in this trial, the
scores accounted for 7 of the 8 motor milestone categories, excluding voluntary grasp. Infants were considered to have a motor milestone response if they met the following two

‘yyeay 19199
*SUOISII3P pawioju]
*32UBPINS pashiL

SM3IADY J13BWSISAS JO seqeleq auelyd0)

Kieaqi (JF)
aueayrory \



“p¥7 ‘suos 13 A81IM uyor Aq paysiiqnd ‘uoneioqe|jod aueyd0) 3y L 6107 @ 3y3uAdod

(ma1nay) | 9dAy AYydosye sejndsnw jeuids 1oy Juswieay Snig

criteria: improvement in at least one category (i.e. an increase in the score for head control, rolling, sitting, crawling, standing, or walking of = 1 point, an increase in the score for
kicking of = 2 points, or achievement of the maximal score for kicking) and more categories with improvement than categories with worsening (i.e. a decrease was defined as = 1
point decrease in the score for head control, rolling, sitting, crawling, standing, or walking and a decrease in the score for kicking was defined as a decrease of = 2 points).

fwe downgraded one level for imprecision because the small sample size and shortened study duration mean that the study is unlikely to have captured uncommon adverse

events.

Summary of findings 2. Riluzole compared to placebo for children with SMA type |

Riluzole compared to placebo for children with SMA type |

Patient or population: children with SMA type |
Setting: outpatient clinic

Intervention: riluzole

Comparison: placebo

Outcomes Impact Ne of partici- Certainty of Commments
pants the evidence
(studies) (GRADE)
Time from birth until death or full-time ventilation In the 3 children in the placebo group, the median age at 10 BOOO
Follow-up: range 1 month to 64 months death was 8 months (range 6 to 13 months). 4/7 children (LRCT) Very lowa@
treated with riluzole died during the trial, at a median age
of 17 months (range 5 to 25 months); the remaining 3 chil-
dren treated with riluzole were still alive at 30, 48 and 64
months.
Acquisition of head control - - - Not measured
Acquisition of the ability to sit None of the children in the riluzole or the placebo group ac- 10 Telelo)
Follow-up: range 1 month to 64 months quired the ability to sit (follow-up was extended upto30to (1 RCT) Very lowd
64 months in the children treated with riluzole).
Acquisition of the ability to stand - - - Not measured
Change in motor disability score - - - Not measured
Adverse events attributable to treatment No adverse events occurred in children treated with place- 10 BOOO
Follow-up: range 1 month to 9 months bo orriluzole. (LRCT) Very lowd
Severe adverse events attributable to treatment No adverse events occurred in children treated with place- 10 BOOO
Follow-up: range 1 months to 9 months bo orriluzole. (LRCT) Very lowa

*The risk in the intervention group (and its 95% Cl) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% ClI).
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RCT: randomised controlled trial; SMA: spinal muscular atrophy

GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.

Moderate certainty: 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 certainty: our confidence in the effect estimate is limited; the true effect may be substantially different from the estimate of the effect.

Very low certainty: we have very little confidence in the effect estimate; the true effect is likely to be substantially different from the estimate of effect.

adWe downgraded the certainty of the evidence three levels: twice for serious imprecision, because of the small cohort, and once for risk of bias as there were baseline differences
between treatment and control groups.
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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 survival motor neurone 1 (SMN1) gene that
has been mapped to chromosome 5g11.2-13.3 (Brzustowicz 1990;
Gilliam 1990; Lefebvre 1995; Melki 1990a; Melki 1990b). SMA has
an annual incidence of 1 in 6000 to 12,000 (Arkblad 2009; Cobben
2001; Nicole 2002). Itis clinically characterised by muscle weakness,
proximal more than distal and in the legs more than the arms, that
progresses over time (lannaccone 2001; Talbot 1999). There are
indications that other structures than anterior horn cells, including
the neuromuscular junction and muscle may also be sensitive to
the deficiency of SMN protein due to the homozygous deletion
of the SMNI gene (Braun 1995; Cifuentes-Diaz 2002; Kariya 2008;
Murray 2008).

Weakness shows a particular pattern, with the best known
example, axial and proximal weakness with weakened intercostal
muscles and sparing of the diaphragm (Kroksmark 2001,
Thomas 1994). Survival depends primarily on respiratory function
(Dubowitz 1995; Russman 1992; Talbot 1999). Although the face
is often spared, tongue fasciculations and facial weakness are not
unusual findings (lannaccone 1993). 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 (lannaccone
1998; Thomas 1994).

Classification of SMA according to the International SMA
Collaboration distinguishes five SMA types (0 to IV) and is based on
age of onset and maximal acquired motor function (Finkel 2015;
Mercuri 2012; Munsat 1992). 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 Il and Il are the topic of a separate Cochrane
Review (Wadman 2018).

SMA type | 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 (lannaccone 1998).
Children with SMA type | will never be able to sit without support,
and respiratory insufficiency usually occurs before the age of two
years (Cobben 2008; Finkel 2014; lannaccone 1993; Oskoui 2007,
Parker 2008; Thomas 1994). It is one of the most important causes
of death due to a genetic disease in childhood (Nicole 2002).

The SMN region contains two SMN genes, the telomeric SMN gene
(SMNI1 or SMNt) and the centromeric SMN gene (SMN2 or SMNCc)
(lannaccone 1998; Nicole 2002). The SMNI 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 (Lefebvre
1995; Lorson 1999). Consequently, there is no transcription of stable
SMN protein from the SMNI gene and the SMN2 gene is not able to
produce enough stable SMN protein (Cobben 1995; Lefebvre 1995;
Nicole 2002). The clinical severity of the disease is related to the
number of copies of the SMN2 gene (Feldkotter 2002; Harada 2002;
Piepers 2008; Swoboda 2005; Wadman 2017a).

The cellular functions of the SMN protein are multiple, but its vital
role in motor neurons is not known (Sumner 2007). SMN protein
is important for ribonucleoprotein (RNP) assembly (Burghes 2009;
Gendron 1999; Jablonka 2000; Lefebvre 1998; Pellizzoni 1998),
motor axon outgrowth and axonal transport (McWhorter 2003;
Rossoll 2003), protection against superoxide dismutase 1 (SOD1)
toxicity (Zou 2007), endocytosis (Hosseinibarkooie 2016; Riessland
2017), and ubiquitination homeostasis (Wishart 2014).

Description of the intervention

Drug treatment for SMA type | is urgently needed. Management of
SMA consists of preventing or treating the complications (Finkel
2018; lannaccone 1998; Mercuri 2018; Wang 2007). Administration
of agents capable of increasing the expression of SMN protein
levels may improve the outcome in SMA (Feldkotter 2002; Gavrilina
2008; Lorson 1999). 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 (Lunn
2008; Thurmond 2008; Wirth 2006). Recently, trials with splice
site modulators (EMBRACE 2015; Finkel 2016; SHINE 2015), or
RNA-degradation inhibitors (Butchbach 2010; Gogliotti 2013; Van
Meerbeke 2013), and compounds that replace the SMN1 gene have
started (Mendell 2017).

Drugs that have been tested in open and uncontrolled studies
of children with SMA type | are riluzole (Abbara 2011; ASIRI
2008), valproate (CARNIVAL Type 12008; Conceicao 2010; SMARTO1,;
Swoboda 2009; SMART02 2016), recombinant human ciliary
neurotrophic factor (CNTF) (Franz 1995), sodium phenylbutyrate
or phenylbutyrate (NPTUNEO2 2007; STOPSMA 2007), hydroxyurea
(Chang 2002; NCT00568698), SMN2 antisense oligonucleotides
(Finkel 2017 (ENDEAR); Finkel 2016; SHINE 2015; EMBRACE 2015),
and small molecules (FIREFISH 2016; NCT02268552; MOONFISH
2015). SMN1 gene therapy and stem cell treatment are outside the
scope of this review but are also the subject of ongoing trials (see
Appendix 1; Mendell 2016; Mendell 2017 and Appendix 2; Villanova
2015; NCT02855112).

Below, we describe the working mechanisms and preclinical
studies in SMA models of the various drugs tested in trials with
patients with SMA type I. Several other compounds have been
shown to have an effect on SMN expression in vivo and in vitro
SMA studies, but have not (yet) been tested in studies or trials with
patients with SMA and are therefore outside the scope of this review
(see Appendix 3).

Antisense oligonucleotides

Antisense oligonucleotides or 'morpholinos’, are synthetic strands
of nucleic acids which are able to interfere with (stimulate or
inhibit) mRNA products of the target DNA sequence. In this
way, antisense oligonucleotides can modify potential splice sites
and interfere with splicing (Porensky 2013). Multiple antisense
oligonucleotides for the SMN2 gene have been developed and
investigated (Bogdanik 2015; Keil 2014; Nizzardo 2014; Osman
2014; Shababi 2012; Skordis 2003; Staropoli 2015; Zhou 2013,
Zhou 2015). 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), specifically targets the splice silencer in
intron 7 and ensures the inclusion of SMN2 exon 7. This results
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in increased SMN2 full-length mRNA and protein production (Hua
2010), and subsequently SMA animal models have shown improved
performance and survival (Hua 2011; Passini 2011). Nusinersen is
an intrathecally-injected therapy.

Ciliary neurotrophic factor (CNTF)

CNTF is thought to support the survival of motor neurons, but
its working mechanism is unknown (ACTS 1996; Bongioanni 2004;
Miller 1996).

Hydroxyurea

Hydroxyurea is a histone deacetylase inhibitor and a few studies
have suggested a therapeutic role for these agents in SMA, as they
appeared to activate SMN2 expression (Darras 2007; Kernochan
2005; Wirth 2006). In vitro, hydroxyurea increased SMN2 gene
expression and production of SMN protein in cultured lymphocytes
of SMA patients (Grzeschik 2005; Liang 2008).

Phenylbutyrate

Phenylbutyrate is another histone deacetylase inhibitor. In
fibroblast cultures and leucocytes of patients with SMA treated
with phenylbutyrate, the drug was able to increase SMN transcript
expression (Also-Rallo 2011; Andreassi 2004; Brahe 2005).

Riluzole

Riluzole is thought to have a neuroprotective effect on the
motor neuron by blocking the presynaptic release of glutamate.
Glutamate is released after presynaptic depolarisation and if the
amino acid is not efficiently cleared it leads to increased levels of
freeradicals and eventually degeneration of motor neurons (Bryson
1996; Merlini 2003). In a mouse model of SMA, riluzole attenuated
the disease progression (Haddad 2003).

Small molecules
R0O6885247 or RG7800

The small molecule R0O6885247/RG7800 selectively modulates
SMN2 splicing toward the inclusion of exon 7 and thereby stimulates
production of full-length SMN2 messenger RNA. Administration of
R06885247/RG7800 improved and almost rescued motor function
and survival of SMA mice (Naryshkin 2014).

RO7034067 or RG7916

The small molecule RO7034067/RG7916 modulates SMN2 splicing,
but exact details on structure and pharmacology are not available.

LMIO070

LMIO70 reportedly modulates SMN2 function, but the precise
working mechanism of LMI070 is unknown (NCT02268552).

Valproate

Valproate is a histone deacetylase inhibitor that increases SMN
protein in vitro by increasing transcription of SMN2 (Kernochan
2005; Weihl 2006). It also has an antiglutamatergic effect (Kim
2007). Valproate has been tested in SMA and has shown positive
results on SMN expression in vitro (Brichta 2003; Brichta 2006;
Sumner 2003), and in vivo (Piepers 2011).

Why it is important to do this review

There is no treatment to slow down or cure SMA type | (Bosboom
2009; Wadman 2012).

Over 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 possible positive effects on SMA disease
course through neuroprotection (e.g. cardiotrophin-1, creatine,
gabapentin, lamotrigine, 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.

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 for SMA type | as
they emerge is important.

This is an update of a review first published in 2009 and updated
in 2011. Drug treatment for SMA types Il and Ill is the subject of a
separate Cochrane Review (Wadman 2018).

OBJECTIVES

To assess the efficacy and safety of any drug therapy designed to
slow or arrest progression of spinal muscular atrophy (SMA) type I.

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 spinal muscular atrophy (SMA) type I. Effects of drug
treatment need to be examined compared to placebo or any other
proven, efficacious treatment and/or standard of care. We imposed
no limitations by language or publication status.

Types of participants
Children with SMA type I 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

These are the outcomes of interest within whichever studies are
included, and are not part of the criteria for including studies in a
review.

Drug treatment for spinal muscular atrophy type | (Review)

Copyright © 2019 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.



Trusted evidence.
Informed decisions.
Better health.

= 3 Cochrane
st g Library

Cochrane Database of Systematic Reviews

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 head control, within one year after the onset of
treatment

« 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

« Change in motor disability score (e.g. Hammersmith Infant
Neurological Examination-Section 2 (HINE-2), Children's
Hospital of Philadelphia Infant Test of Neuromuscular Disorders
(CHOP INTEND)), as determined by the original study authors

« Adverse events 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 22 October 2018.

« The Cochrane Neuromuscular Specialised Register via the
Cochrane Register of Studies (CRS-Web) (22 October 2018:
Appendix 4).

« TheCochrane Central Register of Controlled Trials (CENTRAL) via
the Cochrane Register of Studies (CRS-Web) (22 October 2018;
Appendix 5).

« MEDLINE (1991 to 19 October 2018; Appendix 6)

« Embase (1991 to 19 October 2018; Appendix 7).

« ISIWeb of Science proceedings (1991 to October 2018; Appendix
8).

We searched the following trials registries in October 2018 to
identify additional trials that had not yet been published.

« Clinical trials registry of the US National Institute of Health
(www.clinicaltrials.gov; Appendix 9).

« WHO International Clinical Trials Registry Platform (ICTRP;
apps.who.int/trialsearch; Appendix 10).

We limited searches to 1991 onwards, because at that time, genetic
analysis of the survival motor neurone 1 (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 review 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 review authors independently
selected the trials that met the selection criteria for inclusion.
Review authors were not blinded to the trial author and source
institution. The review authors resolved disagreements by reaching
consensus. We presented an adapted PRISMA flowchart of study
selection (Moher 2009).

Data extraction and management

Two review authors (RW and AV) extracted data independently
using a specially designed data extraction form and entered data
into Review Manager 5 for analysis (Review Manager 2014). We
obtained missing data from the trial authors or pharmaceutical
company whenever possible. Disagreement did not occur, but
would have been resolved by reaching consensus or with third
party adjudication if necessary.

If any reports had required translation, the translator would have
extracted data directly using a data extraction form, or the review
authors would have extracted data from the translation. Where
possible a review author would have checked numerical data in the
translation against the study report.

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, participant 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 Interventions as 'low', 'high' or 'unclear' (Higgins 2011).

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 review 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 intended to analyse continuous outcomes using mean
differences (MDs) and 95% confidence intervals (Cls) and
dichotomous outcomes (such as ability to roll, sit or stand
and adverse events) using risk ratios (RRs) with 95% Cl. We
planned to calculate MDs for pooled data if studies were
sufficiently comparable. We would have reported standardised
mean differences (SMDs) with 95% Cls if studies assessed an
outcome using different but comparable scales. We would have
used the standard Review Manager generic inverse variance
analysis using treatment effect differences with their standard
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errors if available data had not been sufficiently comparable
between studies. We would have re-expressed SMDs in units on a
known scale, or provided a rule of thumb guide to aid interpretation
(Cohen 1988; Higgins 2011).

For time to death or full-time ventilation, we obtained results from
the Kaplan-Meier survival analyses.

Unit of analysis issues

We did not anticipate cluster-randomised trials, cross-over trials
or multiple observations for the same outcome and anticipated
that any included studies would not present these unit of analysis
issues.

If we had identified multiarm studies, we would have analysed
them so as to avoid double-counting of participants, for example,
we would have combined intervention groups if clinically
appropriate, or halved a control group.

Dealing with missing data

We carefully evaluated important numerical data such as screened,
randomised participants as well as intention-to-treat (ITT), and
as-treated and per protocol populations. We investigated attrition
rates, e.g. dropouts, losses to follow-up and withdrawals, and
critically appraised issues of missing data and imputation methods
(e.g. last observation carried forward). In case of missing outcome
data we would have performed an ITT analysis. If standard
deviations (SDs) for outcomes had not been reported, we would
have imputed these values by assuming the SD of the missing
outcome to be the average of the SDs from studies that provided
this information.

In the event of missing data, we would have contacted the trial
investigators to provide additional data.

Assessment of heterogeneity

We planned to identify heterogeneity by visual inspection of the
forest plots and a standard Chi? test with a significance level of
alpha=0.1, in view of the low power of this test.

We would also have considered the |? statistic, using the
rule of thumb thresholds described in the Cochrane Handbook
for Systematic Reviews of Interventions (Higgins 2011): 0% to
40% might not be important; 30% to 60% may represent
moderate heterogeneity; 50% to 90% may represent substantial
heterogeneity; and over 75% may indicate considerable
heterogeneity. We would have interpreted the importance of 12 in
relation to the significance of the Chi? test and the magnitude and
direction of effects.

Assessment of reporting biases

We carried out a thorough search, and searched trials registries
for this update to identify completed but unpublished studies and
study protocols, to minimise reporting bias. The review included
too few studies for the use of funnel plots.

Data synthesis

We would have pooled results of studies with the same class
of drug treatment. If Chi* 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 RR method).
We would have performed formal comparisons of intervention
effects according to risk of bias by meta-regression. The major
approach to incorporating 'Risk of bias' assessments would have
been to incorporate such studies in the review and restrict meta-
analyses to studies at low (or lower) risk of bias.

Where studies included in meta-analyses had different follow-up
periods we planned to make appropriate adjustments, if necessary
using Poisson regression allowing for the aggregate person-time-
at-risk in the study groups.

'Summary of findings' table

We created 'Summary of findings' tables 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 head control, 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

« Change in motor disability score, as predefined by the authors
of the trial

« Adverse effects attributable to treatment
« Severe adverse effects attributable to treatment

According to the Cochrane guidelines, we included a maximum of
seven outcomes in the 'Summary of findings' tables (Higgins 2011).

We used the five GRADE considerations (study limitations,
consistency of effect, imprecision, indirectness, and publication
bias) to assess the certainty of a body of evidence (studies
that contribute data for the prespecified outcomes). We followed
methods and recommendations described in Chapter 11 and
Chapter 12 of the Cochrane Handbook for Systematic Reviews
of Interventions (Schiinemann 2011a; Schiinemann 2011b), using
GRADEproGDT software (GRADEpro GDT 2015). We justified in
footnotes all decisions to downgrade or upgrade the certainty of
evidence and made comments to aid readers' understanding of the
review where necessary.

For future updates, two or more review authors will independently
grade the certainty of the evidence in 'Summary of findings' tables
and arrive at an agreed assessment 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.
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If we had found heterogeneity, we would have attempted to
determine potential reasons for it by examining individual study
and subgroup characteristics in sensitivity analyses.

We would have performed sensitivity analyses in order to explore
the influence of the SMN2 copy number (when applicable) on
effect sizes and would have used the formal tests for subgroup
interactions in Review Manager 5 (Review Manager 2014).

Sensitivity analysis

We would have performed sensitivity analyses as follows, in order
to explore the influence of the following factors (if applicable) on
effect sizes. We would have restricted the analysis:

« by taking into account risk of bias;

« tooutlier studies (very long, very large, very short or very small)
to establish the extent to which they dominate the results.

We would also have tested the robustness of the results by
repeating the analysis using different measures of effect size (RR,
odds ratio (OR) etc.) and different statistical models (fixed-effect
and random-effects models).

We planned formal evaluations of intervention effects according to
risk of bias by meta-regression, as noted above.

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.

RESULTS

Description of studies

For this updated review, the number of new references found by the
searches were: Cochrane Neuromuscular Specialised Register 37,
CENTRAL 90, MEDLINE 351, Embase 123, and ISI Web of Knowledge
277.

We named studies with no published data and no acronym
after their trial register code (www.clinicaltrials.gov; apps.who.int/
trialsearch).

Results of the search

We identified and assessed the full-text reports of 24 studies
(13 new) for possible inclusion in this updated review (Brichta
2006; CARNIVAL Type | 2008; Chang 2002; Conceicao 2010;
EMBRACE 2015; Finkel 2016; Finkel 2017 (ENDEAR); FIREFISH 2016;
Franz 1995; JPRN-JapicCTI-163450 2016; Mendell 2017; MOONFISH
2015; NCT00568698; NCT02268552; NCT02855112; NCT02865109;
NPTUNEO2 2007; Prufer de Queiroz Campos Araujo 2010; Russman
2003; SHINE 2015; SMARTO1; SMART02 2016; Swoboda 2009;
Villanova 2015). We excluded 18 studies.

We included two studies (Finkel 2017 (ENDEAR); Russman 2003).
We could not obtain the results of two completed trials,
which investigated RO6885247 and hydroxyurea (MOONFISH 2015;
NCT00568698).

See Figure 1 for a flow diagram of the study selection process.
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Figure 1. Study flow diagram.
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Figure 1. (Continued)

(meta-analysis)

Included studies

Two studies fulfilled the selection criteria (Finkel 2017 (ENDEAR);
Russman 2003). Details of the studies are shown in Characteristics
of included studies.

Nusinersen versus sham procedure

This study was a phase lll, randomised, double-blind, sham
procedure-controlled study with nusinersen in infants with spinal
muscular atrophy (SMA) with a genetic confirmation of a deletion
of SMNI and 2 copies of SMN2. All participants (n = 121) were less
than seven months old at the time of inclusion. Randomisation was
in a 2:1 ratio (nusinersen:sham procedure). The planned treatment
period was 13 months, with a prespecified interim analysis at six
months (183 days).

Nusinersen was administered intrathecally by a lumbar puncture
(at an age-scaled equivalent dose of 12 mgin 5 mL: 0 to 3 months
old, 9.6 mg in 4.0 mL; 3 to 6 months old, 10.3 mg in 4.3 mL; 6 to
12 months old, 10.8 mg in 4.5 mL; 12 to 24 months old, 11.3 mgin
4.7 mL). Participants received their treatment or sham procedure at
days 1, 15, 29, and 64, followed by dosing at day 183 and 302. The
sham procedure consisted of a small needle prick on the lower back
at the location where the lumbar puncture injection is normally
made. The needle broke the skin but no lumbar puncture injection
or needle insertion occurred. The needle prick was covered with
the same bandage that was used to cover the lumbar puncture
injection in the treatment group.

The primary outcome in the trial was time to death or permanent
assisted ventilation (defined as at least 16 hours per day for
more than 21 continuous days). The investigators added a
second primary outcome, the percentage of motor milestone
responders on the Hammersmith Infant Neurological Examination-
Section 2 (HINE-2), after the results of the phase Il trial became
available (Finkel 2016). A response on the HINE-2 was defined as
improvement in at least one category (i.e. an increase in the score
for head control, rolling, sitting, crawling, standing, or walking of
at least 1 point, an increase in the score for kicking of at least 2
points, or achievement of the maximal score for kicking) and more
categories with improvement than categories with worsening (i.e.
a decrease was defined as at least 1 point decrease in the score for
head control, rolling, sitting, crawling, standing, or walking and a
decrease in the score for kicking was defined as a decrease of at
least 2 points).

The trial also reported the proportion of responders on the
Children's Hospital of Philadelphia Infant Test of Neuromuscular
Disorders (CHOP INTEND) (a responder was defined as at least
a 4-point score increase from baseline at day 183, 302, or 394
assessments), overall survival rate, percentage of infants not
requiring permanent ventilation, proportion of compound muscle
action potential (CMAP) responders (peroneal CMAP amplitude
increasing to or maintained at 1 mV or more versus baseline at day

183, 302, or 394 assessments), subgroup analyses of time to death
or permanent ventilation in patients with a higher or lower disease
duration compared to the median disease duration, and adverse
events (see Characteristics of included studies).

All participants who had a day 183 visit (78 participants; 51
treated with intrathecal nusinersen and 27 who underwent the
sham procedure) were included in the interim analysis of motor
milestones (HINE-2). The study was stopped after the interim
analysis showed significant benefit from nusinersen compared to
the sham procedure. Participants were at that time invited to
attend for a final visit for end of trial assessments at least two weeks
after their most recent dose of nusinersen or sham procedure.

Oralriluzole versus placebo

Russman 2003 was a randomised, placebo-controlled study with
riluzole in 10 children with SMA type I. The main outcome measure
was the occurrence of adverse events and 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 I, 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.

Excluded studies

We excluded 18 (13 new) studies because they were not randomised
or controlled (Brichta 2006; CARNIVAL Type | 2008; Chang 2002;
Conceicao 2010; FIREFISH 2016; Franz 1995; JPRN-JapicCTI-163450
2016; Finkel 2016; Mendell 2017; NCT02268552; NCT02855112;
NCT02865109; NPTUNEO2 2007; Prufer de Queiroz Campos Araujo
2010; SHINE 2015; SMART01; Swoboda 2009; Villanova 2015; see
Characteristics of excluded studies).

Six of these excluded studies were not yet completed at the time of
our search but we excluded them because of an open-label, non-
controlled design (FIREFISH 2016; JPRN-JapicCTI-163450 2016;
NCT02268552; NCT02855112; NCT02865109; SHINE 2015). Two of
the excluded studies were recently completed or terminated and
results were pending at the time of writing, but we excluded them
because of their non-randomised study design (NPTUNEO2 2007;
SMARTO1).

Risk of bias in included studies

The 'Risk of bias' assessments for the included studies of
Finkel 2017 (ENDEAR) and Russman 2003 can be seen in the
Characteristics of included studies table and Figure 2.
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Figure 2. Risk of bias summary: review authors' judgements about each risk of bias item for each included study.
Red (-) indicates high risk of bias, green (+) indicates low risk of bias and yellow (?) indicates unclear risk of bias.

Qther bias

Finkel 2017 (ENDEAR)

@ | Allocation concealment (selection bias)

. Blinding of paticipants and personnel (performance hias)

. Blinding of outcome assessment (detection bias)

Fussman 2003

. . Random sequence generation {selection hias)

® | @ | Incomplete outcorme data (attrition bias)
® | @ | Selective reporting (reporting bias)

Russman 2003 was at high risk of bias overall. The trial reached
only one-third of the intended enrolment 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,
allocation concealment and blinding of parents and observers were
not clear; and we assessed randomisation at high risk of bias
because of the baseline imbalance. Diagnostic criteria for SMA type
| were adequate. The primary outcome was clear and follow-up of
the 10 included children was complete.

The overall risk of bias in Finkel 2017 (ENDEAR) was low. Baseline
characteristics were slightly different concerning age at time of
onset and diagnosis, use of ventilator support, and the presence
of respiratory and bulbar problems. However, children in the
nusinersen-treated group had an earlier onset and were more
severely affected by respiratory and bulbar problems, and with
the final results on the efficacy of nusinersen, these baseline
differences seemed not to affect the final results. Allocation
concealment and random sequence generation were adequate.

Blinding procedures were adequate, including the sham procedure.
Data reporting was adequate.

Effects of interventions

See: Summary of findings for the main comparison Intrathecal
injected nusinersen compared to sham procedure for infants with
SMA and 2 SMN2 copies; Summary of findings 2 Riluzole compared
to placebo for children with SMA type |

We could not perform a meta-analysis as the two included
trials investigated different drug treatments. Outcomes and study
designs also varied (Finkel 2017 (ENDEAR); Russman 2003; Table 2;
Table 3).

Russman 2003 did not perform statistical analysis because the
trialists had enrolled only 10 of the intended 30 participants before
the withdrawal of funding. The results are therefore descriptive (see
Table 2).
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Intrathecal nusinersen versus sham injection procedure

Data analysis was performed on different subgroups. The
prespecified interim analysis included the 78 infants (51 in the
nusinersen group and 27 in the sham procedure group) who had
been enrolled for at least six months (183 days). The time-to-event
analysis included all 121 infants (80 in the nusinersen group and 41
in the sham procedure group) who had undergone randomisation
and the assigned procedure at least once. All other end points were
tested in the final analysis in 110 patients (73 in the nusinersen
group and 37 in the sham procedure group) who had been enrolled
at least six months before the last participant's final visit (See
Characteristics of included studies tables).

Primary outcome measure: time from birth until death or full-
time ventilation

By the time of the final analysis (when follow-up ranged from 6
months to 13 months), 39% of infants in the nusinersen group and
68% of infants in the sham procedure group had died or required
full-time ventilation (at least 16 hours daily for 21 days or more).
The trialists calculated a hazard ratio (HR) with the use of a Cox
proportional hazards model that was adjusted for disease duration
at screening in each infant: HR 0.53, 95% confidence interval (Cl)
0.32 to 0.89; moderate-certainty evidence. This represents a 47%
lower risk of death or full-time ventilation with nusinersen than
with the sham procedure.

Secondary outcome measures

Acquisition of the ability to have head control, roll, sit, or stand within
one year after the onset of treatment

In the nusinersen-treated group 16/73 infants (22%) achieved head
control (risk ratio (RR) 16.95, 95% Cl| 1.04 to 274.84), 7/73 infants
(10%) achieved the ability to roll over (RR 7.70, 95% Cl 0.45 to
131.29), 6/73 infants (8%) achieved the ability to sit independently
(RR 6.68,95% CI 0.39 to 115.38) and 1/73 infants (1%) achieved the
ability to stand (RR 1.54,95% CI 0.06 to 36.92). None of the 37 infants
in the sham procedure group achieved any of these milestones
(Analysis 1.1; Analysis 1.2; Analysis 1.3; Analysis 1.4). We judged the
certainty of evidence to be moderate.

Change in motor disability score

Motor milestone response (based on predefined criteria) on the
Hammersmith Infant Neurological Examination-Section 2 (HINE-2)
within one year after the onset of treatment

The responder analysis on motor milestones in 110 participants
showed an improvement on the HINE-2 (according to the
predefined response definition) in 37 (51%) participants treated
with nusinersen, while none of the participants treated with the
sham procedure reached this endpoint (RR 38.51, 95% CI 2.43 to
610.14; N = 110; moderate-certainty evidence).

Response (based on predefined criteria) on CHOP INTEND within one
year after the onset of treatment

A responder analysis on Children's Hospital of Philadelphia Infant
Test of Neuromuscular Disorders (CHOP INTEND) showed 71%
of nusinersen-treated infants responded versus 3% of sham
procedure-treated infants (RR 26.36, 95% CI 3.79 to 183.18; N=110;
moderate-certainty evidence).

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

Reporting included all infants who were randomised and received
at least one dose of nusinersen or sham procedure (N =121).

The proportion of participants experiencing adverse events was
similar in the nusinersen group (77/80 participants, 96%) and the
control group (40/41 participants, 98%) (RR 0.99, 95% Cl 0.92 to
1.05; N = 121; moderate-certainty evidence).

The proportion experiencing adverse events, defined as serious,
was slightly lower in the nusinersen group (45/80, 56%)
than in the placebo group (33/41, 80%) (RR 0.70, 95% ClI
0.55 to 0.89; N = 121; moderate-certainty evidence). We
downgraded the certainty of evidence for any adverse events
and serious adverse events because the trial cohort and period
were small and are unlikely to have captured uncommon
adverse events. Adverse events included urinary and respiratory
tract infections, respiratory failure, gastrointestinal disorders,
pyrexia, intrathecal procedural complications (pain, swelling, site
reactions), electrolyte imbalance, cardiac rhythm disorders, rash,
and death.

Oralriluzole versus placebo

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 eight (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

Acquisition of the ability to control the head, roll, sit, or stand within
one year after the onset of treatment

None of the children in the riluzole or placebo group developed
the ability to sit. It is unclear if clinical measurements included the
acquisition of the ability to roll. The acquisition of the ability to
stand was not included in this study.

Change in motor disability score

Not measured.

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

There were no adverse side effects in either the riluzole-treated or
the placebo-treated group.

DISCUSSION

Summary of main results

This review includes two published randomised controlled trials
(RCTs) on drug treatment for spinal muscular atrophy (SMA) type
| (total of 131 patients) (Finkel 2017 (ENDEAR); Russman 2003).
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The treatments investigated were intrathecally-injected nusinersen
and oral riluzole.

Intrathecally-injected nusinersen was shown to be an effective
treatment for the improvement of motor milestone achievement
and survival or time to require full-time ventilation in SMA
type |, with moderate-certainty evidence of improvement on
the motor milestone outcome (Hammersmith Infant Neurological
Examination-Section 2 (HINE-2)) and moderate-certainty evidence
of improvement in survival or time to full-time ventilation in the
treatment group, compared to the sham procedure group (Finkel
2017 (ENDEAR)). Risk of bias in this trial was low.

Baseline characteristics were slightly different concerning age at
time of onset and diagnosis, use of ventilator support and the
presence of respiratory and bulbar problems, but these differences
might have even underestimated the effect of nusinersen since
participants in the nusinersen-treated group had an earlier onset
and were more severely affected by respiratory and bulbar
problems.

It is uncertain whether oral riluzole has any effect in patients with
SMAtype . The certainty of the evidence for all measured outcomes
from this study was very low, because the study was too small to
detect or rule out an effect, and had serious limitations (Russman
2003). The trial was not free of bias because of possible baseline
differences, and methods of randomisation and blinding were not
described.

Four additional RCTs investigating oral R06885247, oral
hydroxyurea, intrathecally-injected nusinersen and oral valproic
acid were either ongoing or completed, but no data for analysis
were available at the time of writing and they could not be
included in the final assessment (EMBRACE 2015; MOONFISH 2015;
NCT00568698; SMART02 2016).

Evidence from other studies in SMA type |

Drugs that have been tested in open and uncontrolled studies
of children with SMA type | are riluzole (Abbara 2011; ASIRI
2008), valproate (Conceicao 2010; CARNIVAL Type | 2008; SMARTO1;
SMART02 2016; Swoboda 2009), recombinant human ciliary
neurotrophic factor (CNTF) (Franz 1995), sodium phenylbutyrate
or phenylbutyrate (NPTUNEO02 2007; STOPSMA 2007), hydroxyurea
(Chang 2002; NCT00568698), SMN2 antisense oligonucleotides
(Finkel 2017 (ENDEAR); Finkel 2016; SHINE 2015; EMBRACE
2015), and small molecules (FIREFISH 2016; MOONFISH 2015;
NCT02268552). We here discuss the results of treatment with
each of these drugs from non-randomised studies and trials in
participants with SMA, especially type I. Drug treatment in SMA
types Il and Il are the topic of another Cochrane Review (Wadman
2018).

Antisense oligonucleotides

A phase Il open-label, dose-finding study in participants with SMA
type | investigating two different dosages of nusinersen (multiple
intrathecal doses 6 mg and/or 12 mg respectively), showed
significant improvement in outcomes (including achievement
of motor milestones, Children's Hospital of Philadelphia Infant
Test of Neuromuscular Disorders (CHOP INTEND) motor function,
compound muscle action potential (CMAP) in two investigated
nerves and survival) in the 12 mg treated group compared to natural
history data (Finkel 2016). A RCT investigating one dose level of

nusinersen compared to a sham procedure is ongoing and includes
participants with atypical SMA type I, excluding patients with two
SMN2 copies and under six months old at onset (EMBRACE 2015).

Histone deacetylase inhibitors
Valproate

Valproate has been tested in various open-label studies (Conceicao
2010; Darbar 2011; Kissel 2011; Saito 2014; Swoboda 2009; Tsai
2007; Weihl 2006). One retrospective study in 15 infants with SMA
type | showed stable motor function over months, suggesting an
effect of valproate treatment. However, analysis of effect was done
only in five participants who survived the two-year study period
(Conceicao 2010). An open-label, uncontrolled trial in 37 infants
with SMA did not show effects on survival or respiratory function
after treatment with valproate and L-carnitine compared to an
untreated, matched retrospectively analysed cohort.

(CARNIVAL Type 1 2008). One open-label uncontrolled trialin infants
with SMA type | investigating valproate is ongoing (SMART01). An
open-label trial with valproate in 42 children and adults with SMA
types|, lland lll showed slightimprovement in gross motor function
in younger non-ambulatory type Il children and variable responses
of the survival motor neurone (SMN) transcripts in blood (Swoboda
2009).

There are two ongoing studies with valproate in SMA type I: one
RCT in children with SMA types | and Il aged one to seven years old
(SMARTO02 2016), and one open-label trial of sodium valproate in 16
children with SMA types |, Il and Ill (JPRN-JapicCTI-163450 2016).

Hydroxyurea

In an uncontrolled open-label trial in two participants with SMA
type |, five participants with SMA type Il and two participants
with SMA type Ill, hydroxyurea showed an improvement in muscle
strength without side effects (Chang 2002).

Phenylbyturate

A multicentre, open-label phase I/Il trial in children with SMA type
| on treatment with multiple dosage levels of phenylbutyrate has
been terminated due to extremely slow enrolment (NPTUNEO2
2007). The results of a trial including 14 presymptomatic infants
genetically confirmed to have SMA are pending (STOPSMA 2007).

Recombinant ciliary neurotrophic factor

Anon-randomised uncontrolled study on the safety and tolerability
of recombinant ciliary neurotrophic factor (CNTF) included 10
children with SMA type | (Franz 1995). 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.

Small molecules
R0O6885247 or RG7800

A phase | randomised, double-blind, placebo-controlled, multiple-
dose study to investigate the safety, tolerability, pharmacokinetics,
and pharmacodynamics of RO6885247/RG7800 in patients with
SMA types |, Il and Ill started in November 2014, but the trial was
terminated in December 2016 for safety reasons (MOONFISH 2015).
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RO7034067 or RG7916

An open-label, dose-escalating trial with RO7034067 or RG7916,
also called risdiplam, in infants with SMA type | is currently ongoing
(FIREFISH 2016). An open-label trial with risdaplam once daily in
presymptomatic infants with SMA and two SMN2 copies is planned
(RAINBOWFISH).

LMIO70

A phase |, open-label study with the small molecule 'LMI0O70",
also called branaplam, has started in patients with SMA type |
(NCT02268552).

Other experimental factors

From studies on coenzyme Q10, lithium carbonate and guanidine
hydrochloride, it was not clear on clinical grounds whether the
participant population consisted only of patients with SMN1
deleted SMA, partially because SMN gene analysis was not possible
prior to 1991 (Angelini 1980; Folkers 1995; Il'ina 1980). Therefore,
we have not discussed the therapeutic effects of these drugs.

In vitro and animal studies have found several other compounds
to have an effect on SMN expression, but they are as yet untested
in patients with SMA. They are therefore outside the scoop of this
review. See Appendix 1 for a brief description of these compounds.

SMN1 gene therapies are outside the scope of this review. We
have added some information on trials in Appendix 2 for overall
completeness.

Overall completeness and applicability of evidence

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 four of the review authors regularly
attend international conferences on SMA.

Nusinersen is the first treatment effective in SMA.

A majorissuein 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 presymptomatic stages of the disease. Two trials are
currently investigating the efficacy of treatment in presymptomatic
SMA patients (NURTURE 2015; STOPSMA 2007). A phase I/II
study with phenylbutyrate in presymptomatic infants genetically
confirmed to have SMA, and suspected to have SMA type | or
Il according to family history and SMN2 copy number, has been
completed and results are pending (STOPSMA 2007). Another trial
was recently started with nusinersen treatment in presymptomatic
infants with genetically confirmed SMA (NURTURE 2015).

For future (international) trials it is important that the level of
supportive care is explicitly described to avoid baseline differences
in the treatment arms, since practice guidelines of supportive care,
e.g. pulmonary, nutritional and orthopaedic supportive therapy in
children and adults with SMA probably differ between centres and
countries (Bladen 2014). Global practice guidelines for the clinical
care of children and adults with SMA are given in the consensus
statement for standard care in SMA (Finkel 2018; Mercuri 2018).

Certainty of the evidence

We concluded from the one RCT in 10 infants with SMA type
| that there is no evidence for or against efficacy of nine
months' treatment with oral riluzole in SMA type | (Russman
2003). The included trial was not free of bias because possible
baseline differences between intervention and control groups
occurred and the methods of randomisation and blinding were not
described. We performed an analysis of risk of bias, heterogeneity,
imprecision and publication bias using GRADE (Atkins 2004). We
downgraded the certainty of evidence two levels for imprecision
(very small sample size) and one level for study limitations
(baseline differences between groups), which meant that our
assessment of the certainty of evidence was very low.

See Summary of findings 2.

The study of nusinersen, Finkel 2017 (ENDEAR), was at low
risk of bias. A slight baseline imbalance meant that children
in the nusinersen-treated group had an earlier onset and were
more severely affected by respiratory and bulbar problems. This
baseline imbalance in factors related to respiratory decline would
tend to favour the control intervention for this outcome. We
downgraded the certainty of evidence on survival and motor
milestone responses once to moderate because of the risk of
bias from baseline imbalance and imprecision (not sufficient to
downgrade once for each). Although the effect of nusinersen is
large, there is some degree of uncertainty in the effect estimate
arising from imprecision in a single study of this size. We did
not further downgrade the motor milestone response evidence
for imprecision in spite of very wide Cls. The low event rate in
the control group is consistent with the natural history of SMA,
and responses represented a large effect. We also downgraded
the certainty of adverse event findings because small sample size
and short trial periods are unlikely to have captured uncommon
adverse events. See Summary of findings for the main comparison.

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 four of the review authors regularly
attend international conferences on SMA.

The results of our review might be biased by publication since the
results of two completed trials on hydroxyurea (NCT00568698), and
RO6885247 (MOONFISH 2015), were not available for analysis and
review, and two trials investigating nusinersen (EMBRACE 2015),
and valproic acid (SMARTO01), are still ongoing.

One of the authors of this review (SI) is participating as investigator
of different trials on drug treatmentin SMAtype I. Inthe next update
of the Cochrane Review on SMA type |, an independent analyst will
check the data analysis of these trials to avoid the suggestion of
bias.
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Agreements and disagreements with other studies or
reviews

To the best of our knowledge, there are no other systematic
reviews investigating the whole spectrum of drug treatment in SMA
type I. Several reviews have also identified and discussed various
drug treatments in SMA (Anderton 2015; Arnold 2013; Darras
2007; Lewelt 2012; Nurputra 2013; Stavarachi 2007; Swoboda
2007; Tisdale 2015), with some focusing specifically on preclinical
studies (Seo 2013), genetic therapies (Donelly 2012; Zanetta 2014),
solely HDACI therapies (Mohseni 2013), SMN-inducing therapies
(Kaczmarek 2015), or small molecule and molecular therapies
(Zanetta 2014). Our conclusions are in line with other reviews.

Although we have tried to give an overview of the efficacy
of drug treatment with riluzole, hydroxyurea, valproate,
phenylbutyrate, recombinant ciliary neurotrophic factor, SMN2
antisense oligonucleotides and small molecules in SMA (see
Description of the intervention and Discussion), we did not
systematically review non-randomised and preclinical trials and
studies and might have missed potential studies.

AUTHORS' CONCLUSIONS

Implications for practice

Evidence of moderate certainty shows that the antisense
oligonucleotide therapy, nusinersen, shows efficacy in patients
with spinal muscular atrophy (SMA) type | by prolonging survival
and improving motor function. Moderate-certainty evidence also
indicates that a greater proportion of infants treated with
nusinersen than with a sham procedure achieve motor milestones
and may be classed as responders to treatment on clinical
assessments (Hammersmith Infant Neurological Examination-
Section 2 (HINE-2) and Children's Hospital of Philadelphia Infant
Test of Neuromuscular Disorders (CHOP INTEND)). The evidence

is also of moderate certainty that the proportion of children
with adverse events and serious adverse events on intrathecal
nusinersen is no higher with nusinersen than with a sham
procedure.

Thereis no evidence for or against the use of riluzole, the only other
drug studied in a randomised trial, as the certainty of evidence is
too low for conclusions to be drawn.

Other trials are ongoing or awaiting results.

Implications for research

Since antisense oligonucleotide therapy with nusinersen has been
found to be an efficacious drug therapy for SMA type I in a clinical
trial, future trials should preferably compare new treatments to
nusinersen or be evaluated as an add-on therapy to nusinersen.

Most trials investigating new therapies are focused on the early
phases of the disease, since motor improvement or lack of decline
is the simplest way to establish drug efficacy. However, therapies
should also be sought to prevent disease progression, conserve
motor function, and improve quality of life for those who have a
longer disease duration.
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Methods

Randomisation 2:1

Phase Ill, randomised, double-blind, sham procedure-controlled study

Participants

121 participants with infantile-onset SMA < 7 months (210 days) of age at time of inclusion, with geneti-

cally confirmed deletion or mutation of SMN1 and 2 copies of SMN2.

Inclusion criteria

« Genetic documentation of 5 SMA homozygous gene deletion or mutation

o SMN2 copy number =2

« Onset of clinical signs and symptoms consistent with SMA at < 6 months (180 days) of age

Males and females < 6 months (180 days) of age at screening or < 8 months (240 days) of age at screen-
ing with time from symptom onset within 120 days of age at screening

At study entry, adequate nutrition and hydration (with or without gastrostomy)
Body weight = 5th percentile for age
Gestational age of 37 to 42 weeks and gestational body weight = 2.5 kg

Reside within approximately 9 hours ground travel distance from a participating study centre for the
duration of the study. Residence > 2 hours ground travel distance from a study centre, must obtain
clearance from the site investigator and the study medical monitor

Able to complete all study procedures, measurements, and visits, and parent or guardian and child
have adequately supportive psychosocial circumstances

Exclusion criteria

Hypoaxemia (O, saturation awake < 96% or O, saturation asleep < 96%, without ventilation support)
Signs or symptoms of SMA present at birth or within the first week after birth

Presence of an untreated or inadequately treated active infection requiring systemic antiviral or an-
timicrobial therapy at any time during the screening period

History of brain or spinal cord disease that would interfere with the lumbar puncture procedures, CSF
circulation, or safety assessments
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« Presence of an implanted shunt for the drainage of CSF or an implanted central nervous system
catheter

« Clinically significant abnormalities in haematology or clinical chemistry parameters at screening

« Treatment with an investigational drug given for the treatment of SMA (e.g. albuterol/salbutamol,
riluzole, carnitine, sodium phenylbutyrate, valproate, hydroxyurea, etc), biological agent, or device
within 30 days prior to enrolment or anytime during the study

« Any history of gene therapy or cell transplantation

Interventions

« Intrathecal injection by lumbar puncture of nusinersen scaled equivalent 12 mg dose versus sham
procedure with placebo

Participants received loading doses on day 1, 15, 29, and 64, followed by maintenance doses on day
183 and 302 (i.e. every 4 months)

Prespecified interim analysis 78 infants: 51 nusinersen, 27 sham procedure
Time-to-event analysis 121 infants: 80 nusinersen, 41 sham procedure

Final analysis 110 participants: 73 nusinersen, 37 sham procedure

Outcomes Primary
« Time to death or permanent ventilation
« Percentage of motor milestone responders* on the HINE
Secondary
o 9% CHOP INTEND responders**
« Summary of time to death at given time points based on the Kaplan-Meier product limit method
« Percentage of compound muscular action potential responders
« Percentage of participants not requiring permanent ventilation
« Number of participants experiencing adverse events, serious adverse events and discontinuations

due to adverse events
« Number of participants with adverse events corresponding to changes on tests (haematology, blood
chemistry, ECG, vital signs, urinalysis)

*"A response on the HINE-2 was defined as improvement in at least one category (i.e. an increase in
the score for head control, rolling, sitting, crawling, standing, or walking of =1 point, an increase in the
score for kicking of = 2 points, or achievement of the maximal score for kicking) and more categories
with improvement than categories with worsening (i.e. a decrease in the score for head control, rolling,
sitting, crawling, standing, or walking of = 1 point or a decrease in the score for kicking of = 2 points."
The lowest possible score for the HINE is 0 (zero), and the highest possible score is 28.
**"A participant was considered a CHOP INTEND responder if the change from baseline in CHOP IN-
TEND total score is = 4 points based on assessment at the end of trial visit at day 183, day 302, or day
394 study visits." Total CHOP INTEND scores range from 0 to 64, with higher scores indicating better
movement functioning.

Funding "Supported by Biogen and lonis Pharmaceuticals"

Conflicts of interest

"The sponsors, Biogen and lonis Pharmaceuticals, designed the trial in collaboration with clinicians
who had experience in the treatment of spinal muscular atrophy. An independent data and safety mon-
itoring board provided trial oversight in collaboration with the sponsors. Investigators collected the da-
ta, which was analyzed by the sponsors. All the authors contributed to data interpretation and man-
uscript development, approved the manuscript for submission, and vouch for the accuracy and com-
pleteness of the reported data. All the principal investigators agreed to follow the protocol and pro-
tocol amendments (available with the full text of this article at NEJM.org). The first draft of the manu-
script was written by the first author and the senior industry author (penultimate author); medical writ-
ing assistance was paid for by Biogen. The sponsors reviewed the manuscript and provided feedback to
the authors, who had full editorial control."
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Notes Study stopped after predefined interim analysis and participants transitioned to the open-label SHINE
study (SHINE 2015)

Risk of bias

Bias Authors' judgement  Support for judgement

Random sequence genera-  Low risk Randomly assigned by central and electronic procedure. Within each randomi-

tion (selection bias) sation, subjects were also stratified for disease duration (participant's age at
screening - age at symptom onset): < 12 weeks versus > 12 weeks

Allocation concealment Low risk Computer-generated allocation. Permutated block randomisation

(selection bias)

Blinding of participants Low risk Study personnel who delivered the treatment were not involved in the assess-

and personnel (perfor- ments of participants. Key personnel for assessments and parents of partici-

mance bias) pants were not present during the procedure.

All outcomes

Blinding of outcome as- Low risk Study personnel who delivered the treatment were not involved in the assess-

sessment (detection bias) ments of participants. Key personnel for assessments and parents of partici-

All outcomes pants were not present during the procedure.

Incomplete outcome data Low risk 149 infants screened, 27 excluded following screening (reasons reported)

(attrition bias)

All outcomes 122 infants randomised, 1 infant (nusinersen group) withdrawn before treat-
ment
78 infants in interim analysis (43 infants were "without at least day 183 assess-
ment at data cut-off date for interim analysis")
110 participants in final analysis (11 infants were "without at least day 183 as-
sessment at data cut-off date for final analysis")
121 infants in safety analysis
Comment: adequate, stopped early for efficacy

Selective reporting (re- Low risk A protocol exists; changes to outcome measurement related to interim analy-

porting bias) ses were documented.
Motor milestone response became the primary outcome and analysed as re-
sponse rates rather than change from baseline, with rationale: "Change in-
formed by Phase 2 data that suggest that a functional response could provide
early evidence of efficacy and thus allow for an earlier interim analysis"
CHOP-Intend analysed as a responder analysis rather than change from base-
line, with reason: "to assess the magnitude of response in individual subjects
while accounting for the potential influence of different survival rates in treat-
ed and sham subjects"
Comment: there is clear evidence (through examination of the trial protocol)
that reported results correspond to all intended outcome measurements in
the revised protocol.

Other bias Unclear risk Baseline characteristics were slightly different concerning age at time of on-

set and diagnosis, respiratory complications and the presence of respiratory
and bulbar problems. Children in the nusinersen-treated group had an earli-
er onset and were more severely affected by respiratory and bulbar problems.
These baseline differences seem not to have affected the final results.
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Methods

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

The investigational review boards of the participating centres approved the protocol and consent
forms

Participants

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

Interventions

« Riluzole orally, around 107 mg/m?/day or placebo
Duration of treatment 9 months, follow-up 12 months

Power was calculated on 30 included participants (2:1 ratio)

Outcomes « Number of children who died
« Ageatdeath
+ 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 I, but only 10 children were included until funding was
withdrawn

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-  High risk Randomly assigned (2:1), no method reported. Infants receiving riluzole were

tion (selection bias) older at diagnosis (5.2 months) than those who received placebo (1.2 months)

and older at enrolment (9.3 versus 4.3 months)

Allocation concealment Unclear risk Not reported

(selection bias)

Blinding of participants Unclear risk Unknown

and personnel (perfor-

mance bias)

All outcomes

Blinding of outcome as- Unclear risk Unknown

sessment (detection bias)

All outcomes

Incomplete outcome data  Low risk All 10 participants recruited provided outcome data

(attrition bias)

All outcomes

Selective reporting (re- Low risk There is only one possible way in which the outcome domains can be mea-

porting bias) sured (hence there is no opportunity to select from multiple measures).

Other bias Low risk Trial was terminated prematurely
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CHOP INTEND: Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders; CSF: cerebrospinal fluid; ECG:
electrocardiogram: HINE: Hammersmith Infant Neurological Examination; SMA: spinal muscular atrophy; SMN: survival motor neuron

Characteristics of excluded studies [ordered by study ID]

Study Reason for exclusion

Brichta 2006 Valproate. Not randomised. Study was on the effect of valproate on human survival motor neuron
(SMN) expression in blood

CARNIVAL Type 1 2008 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 2016 RO7034067/RG7916. Open-label, not controlled

Franz 1995 Recombinant human ciliary neurotrophic factor. Not randomised, not controlled
JPRN-JapicCTI-163450 2016 Sodium valproate. Open-label, non-randomised

Mendell 2017 AVXS-101. Phase | trial. Not controlled (no placebo was given). Gene therapy
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 giv-
en

NPTUNEO02 2007 Sodium phenylbutyrate. Dose-escalating study. Non-randomised, not controlled. No placebo was

given. Trial terminated due to extremely slow enrolment

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

SHINE 2015 Nusinersen. Open-label, not randomised. No placebo or sham procedure was given
SMARTO01 Valproate. Open-label trial. Not randomised, not controlled (no placebo was given)

Completed study, no published data as yet

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

Villanova 2015 Allogeneic mesenchymal stem cells. Case series

Characteristics of studies awaiting assessment [ordered by study ID]

MOONFISH 2015

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

Drug treatment for spinal muscular atrophy type | (Review) 35
Copyright © 2019 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.



: Cochrane Trusted evidence.
= L- b Informed decisions.
1 iprary Better health. Cochrane Database of Systematic Reviews

MOONFISH 2015 (Continued)

Participants 64 participants with SMA types I, Il or Il aged 2 to 55 years or below 7 months
Interventions R0O6885247 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 compound muscle action potential, effect on electrical impedance

myography

Notes Recruitment of participants suspended since April 2015 for safety reasons. In parallel to the Moon-
fish 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 partic-
ipants with SMA was therefore terminated in December 2016. Last update received December 22,
2016 (www.clinicaltrials.gov), but results have not yet been published.

NCT00568698

Methods A pilot therapeutic, randomised, placebo-controlled, double-blind trial using hydroxyurea in chil-
dren with SMA type |

Participants Children with SMA type | who never achieved independent sitting with an age of onset before 6
months and confirmation of a homozygous deletion or mutation of the SMNI 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 and age of ventilator dependence; motor unit number estima-
tion; biomarker assays: SMN protein and SMN mRNA

Notes This study is completed (last update received July 8, 2009 (www.clinicaltrials.gov), but results have

not yet been published.

mMRNA: messenger ribonucleic acid; SMA: spinal muscular atrophy; SMN: survival motor neuron

Characteristics of ongoing studies [ordered by study ID]

EMBRACE 2015

Trial name or title 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 sub-
jects 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 con-
sistent with SMA at < 6 months of age and have documentation of 3 SMN2 copies or onset of clini-
cal 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 con-
sistent with SMA at > 6 months of age, are < 18 months of age at screening, and have documenta-
tion of 2 or 3 SMN2 copies
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EMBRACE 2015 (Continued)

Interventions Multiple intrathecal injections of nusinersen (IONIS-SMNRx or 396443) versus multiple sham proce-
dures
Outcomes Number of adverse events and serious adverse events, change from baseline in clinical laborato-

ry parameters, change from baseline in electrocardiogram, change from baseline in vital signs,
change from baseline in neurological exam, including motor function, change in plasma concentra-
tion 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 participants
SMARTO02 2016
Trial name or title Multicenter cooperative and investigator initiated clinical trial using valproic acid in childhood on-

set spinal muscular atrophy: confirmatory trial (SMARTO02)

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

Participants 28 patients with SMA types | and Il, age 1 to 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, World Health Organization motor milestones

Starting date January 2016

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

Notes None

HFMS(E): Hammersmith Functional Motor Scale (Expanded); SMA: spinal muscular atrophy

DATA AND ANALYSES

Comparison 1. Nusinersen versus placebo

Outcome or subgroup title No. of No. of Statistical method Effect size
studies partici-
pants
1 Acquisition of head control 1 Risk Ratio (M-H, Fixed, 95% Cl) Subtotals only
2 Acquisition of the ability to sit independently 1 Risk Ratio (M-H, Fixed, 95% CI) Subtotals only
3 Acquisition of the ability to stand 1 Risk Ratio (M-H, Fixed, 95% CI) Subtotals only
4 Acquisition of the ability to roll 1 Risk Ratio (M-H, Fixed, 95% Cl) Subtotals only
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Outcome or subgroup title No. of No. of Statistical method Effect size

studies partici-

pants

5 Motor milestone response on the Hammer- 1 Risk Ratio (M-H, Fixed, 95% CI) Subtotals only
smith Infant Neurological Examination-Section 2
(HINE-2) (final analysis)
6 Motor milestone response on the Hammer- 1 Risk Ratio (M-H, Fixed, 95% CI) Subtotals only
smith Infant Neurological Examination-Section 2
(HINE-2) (interim analysis)
7 Response on the Children’s Hospital of 1 Risk Ratio (M-H, Fixed, 95% Cl) Subtotals only
Philadelphia Infant Test of Neuromuscular Disor-
ders (CHOP INTEND) (final analysis)
8 Adverse events 1 Risk Ratio (M-H, Fixed, 95% Cl) Subtotals only
9 Severe adverse events 1 Risk Ratio (M-H, Fixed, 95% CI) Subtotals only

Analysis 1.1. Comparison 1 Nusinersen versus placebo, Outcome 1 Acquisition of head control.

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 16/73 0/37 ‘4.—} 0% 16.95[1.04,274.84]
Favours placebo ~ 0-01 0.1 1 10 100 Favours nusinersen

Analysis 1.2. Comparison 1 Nusinersen versus placebo, Outcome 2 Acquisition of the ability to sit independently.

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 6/73 0/37 } + } 0% 6.68[0.39,115.38]
Favours placebo  0-01 0.1 1 10 100 Favours nusinersen

Analysis 1.3. Comparison 1 Nusinersen versus placebo, Outcome 3 Acquisition of the ability to stand.

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 1/73 0/37 } } 0% 1.54[0.06,36.92]
. . . .
Favours placebo  0-01 0.1 1 10 100 Favours nusinersen
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Analysis 1.4. Comparison 1 Nusinersen versus placebo, Outcome 4 Acquisition of the ability to roll.

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 7/73 0/37 ‘ 0%

. )
‘ ‘ \ . 4

7.7[0.45,131.29]

Favours placebo ~ 0-01 0.1 1 10

100

Favours nusinersen

Analysis 1.5. Comparison 1 Nusinersen versus placebo, Outcome 5 Motor milestone response
on the Hammersmith Infant Neurological Examination-Section 2 (HINE-2) (final analysis).

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 37/73 0/37 _— 0%

38.51[2.43,610.14]

Favours placebo ~ 0-001 01 1 10

1000

Favours nusinersen

Analysis 1.6. Comparison 1 Nusinersen versus placebo, Outcome 6 Motor milestone response
on the Hammersmith Infant Neurological Examination-Section 2 (HINE-2) (interim analysis).

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 21/51 0/27 ‘ 4~—} 0% 23.15[1.46,368.01]
Favours placebo  0.01 0.1 1 10 100 Favours nusinersen

Analysis 1.7. Comparison 1 Nusinersen versus placebo, Outcome 7 Response on the Children’s
Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND) (final analysis).

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 52/73 1/37 ‘ —o—} 0% 26.36[3.79,183.18]
Favours sham procedure ~ 0-01 0.1 1 10 100 Favours nusinersen

Analysis 1.8. Comparison 1 Nusinersen versus placebo, Outcome 8 Adverse events.

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 77/80 40/41 —+ 0% 0.99[0.92,1.05]
Favours nusinersen 0.5 0.7 1 15 2 Favours sham
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Analysis 1.9. Comparison 1 Nusinersen versus placebo, Outcome 9 Severe adverse events.

Study or subgroup Intrathecal Sham pro- Risk Ratio Weight Risk Ratio
nusinersen cedure
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Finkel 2017 (ENDEAR) 45/80 33/41 _—t 0% 0.7[0.55,0.89]
Favours nusinersen 0.5 0.7 1 15 2 Favours sham

ADDITIONAL TABLES

Table 2. Oralriluzole versus placebo (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 (57%) 3(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.

Table 3. Intrathecally-injected nusinersen versus sham procedure (Finkel 2017 (ENDEAR))

Nusin- Sham Risk ratio (95% Hazard P value
ersen proce- cl) ratio
dure (95% ClI)

Number of participants randomised and included in time- 80 (100%) 41 (100%)
to-event analysis

Number (%) of participants who died or had received per- 21 (39%) 28 (68%) - 0.53(0.32  0.005
manent (> 16 hours per day) ventilation t0 0.89)

Number (%) of participants evaluable for interim analysis? 51 (63%) 27 (66%)

Number (%) of participants achieving motor milestone re- 21 (41%) 0 (0%) 23.15(1.46 to - 0.03
sponse on HINE-2 (interim analysis)b¢ 368.01)
Number (%) of participants evaluable in final analysisP 73 (91%) 37(90%)
Number (%) of participants who survived until the end of 67 (91%) 25 (68%) - 0.37(0.18  0.004
trialb t0 0.77)
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Table 3. Intrathecally-injected nusinersen versus sham procedure (Finkel 2017 (ENDEAR)) (continued)

Number (%) of participants who did not use permanent (> 62 (85%) 28 (76%) - 0.66 (0.3 0.13

16 hours per day) assisted ventilation until the end of trialb t0 1.37)

Number (%) of participants achieving motor milestone re- 37 (51%) 0 (0%) 38.51(2.43to - 0.010

sponse on HINE-2 (final analysis)bc 610.14)

Number (%) of participants achieving head controlb 16 (22%) 0 (0%) 16.95(1.04 to - 0.05
274.84)

Number (%) of participants able to roll overbP 7(10%) 0 (0%) 7.7(0.45t0 - 0.16
131.29)

Number (%) of participants able to sit independentlyb 6 (8%) 0 (0%) 6.68 (0.39 to - 0.19
115.38)

Number (%) of participants able to stand® 1 (1%) 0 (0%) 1.54 (0.06 to - 0.79
36.92)

Number (%) of participants with response on the CHOP IN- 52 (71%) 1(3%) 26.36 (3.79to - <0.001

TENDbd 183.18)

Nusin- Sham Risk ratio (95% P value
ersen proce- Cl)
dure

Number (%) of adverse eventse 77 (96%) 40 (98%) 0.99 (0.92 to - 0.68
1.05)

Number (%) of participants with adverse events occurring< 51 (64%) 24 (59%) 1.08 (0.81 to - 0.58

72 hours of treatment or sham procedure 1.43)

Number (%) of participants with severe adverse events 45 (56%) 33 (80%) 0.70 (0.55 to - 0.004
0.89)

AInterim analysis included all participants that had a day 183 visit at the time of cut-off (15 June 2016).

bFinal analysis was performed on data, including participants fulfilling at least six months of trial enrolment.

CResponse was defined according to scores on the HINE-2, which assesses the development of motor function through the achievement of
motor milestones; in this trial, the scores accounted for seven of the eight motor milestone categories, excluding voluntary grasp. Infants
were considered to have a motor milestone response if they met the following two criteria: improvement in at least one category (i.e. an
increase in the score for head control, rolling, sitting, crawling, standing, or walking of = 1 point, an increase in the score for kicking of =
2 points, or achievement of the maximal score for kicking) and more categories with improvement than categories with worsening (i.e. a
decrease was defined as = 1 point decrease in the score for head control, rolling, sitting, crawling, standing, or walking and a decrease in
the score for kicking was defined as a decrease of = 2 points).

d Response was defined as an increase of at least 4 points from baseline in the CHOP INTEND score at the end of trial visit (day 183, 302,
or 394).

e In case a participant had more than one event, only the event with the highest severity was counted.

HINE: Hammersmith Infant Neurological Examination; CHOP INTEND: Children's Hospital of Philadelphia Infant Test of Neuromuscular
Disorders

Table 1. Diagnostic criteria for SMA type |

Primary criteria

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

Genetic analysis to confirm the diagnosis, with homozygous deletion or heterozygous mutation of the SMNI gene (5q11.2-13.3)
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Table 1. Diagnostic criteria for SMA type | (continued)

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 five 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 fibres of both types, hypertrophic fibres of one type (usually type 1), and in chronic cases type group-
ing

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

No involvement of non-neurological organs

SMN1 gene - survival motor neurone 1 gene
Zerres 1999

APPENDICES

Appendix 1. SMN1 gene therapies
SMN1 gene therapy

Studies that aim to study the repair of SMN1 deletion by the introduction of the SMN1 gene have recently started. Viral vectors, such as the
self-complementary adeno-associated virus (scAAV9) are used to incorporate the SMN1 gene. Recent in vitro studies in fibroblasts of people
with SMA (Azzouz 2004; Dominguez 2011), and in vivo studies in mice (Benkhelifa-Ziyyat 2013; Dominguez 2011), primates, and pigs with
SMA phenotype have shown promising results on SMNI-expression with effect on motor function and survival (Duque 2015; Foust 2010;
Glascock 2012a; Glascock 2012b; Passini 2011; Robbins 2014; Valori 2010). These studies also indicate that intramuscular or intravenous
injection of the AAV results in widespread dissemination of the gene, including penetration of the central nervous system (Benkhelifa-
Ziyyat 2013; Foust 2010; Glascock 2012a; Meyer 2015).

A phase | study with intravenous AVXS-101 (scAAV9.CB.SMN) in infants with SMA type | has been completed and showed all 15 participants
to be alive and event-free at 20 months of age, as compared with a rate of survival of 8% in a historical cohort. Participants included in
the study also showed improvement on the CHOP-INTEND (0-66 scale) (increase of 9.8 points at 1 month and 15.4 points at 3 months, as
compared with a decline in this score in a historical cohort) (Mendell 2016; Mendell 2017).

Appendix 2. Stem cell treatment

Stem cell treatment in SMA is outside the scope of this review, but for reasons of completeness we here summarise the (ongoing) study and
trial. A case series of three patients with SMA type | treated with multiple intrathecal and intravenous infusions of allogeneic mesenchymal
stem cells described no negative effects and reported a potential beneficial effect on the CHOP-INTEND but data was very limited. The
benefits of the treatment were lost when the therapy was withdrawn (Villanova 2015). An open-label phase I trial in children with SMA type
| to investigate the effects of multiple intrathecal injections of allogeneic adipose derived mesenchymal stem cell transplants has started
(NCT02855112).

Appendix 3. Other experimental factors studied in vivo and vitro

Several compounds have been shown to have an effect on SMN expression in vivo and in vitro. These include 2,4-diaminoquinazolines
(RG3039 and D156844) (Butchbach 2010; Gogliotti 2013; Jarecki 2005; Singh 2008; Thurmond 2008, Van Meerbeke 2013), 2,4-
diaminoquinazoline inhibitors of the decapping scavenger enzyme DcpS (DAQ-DcpSi) (Cherry 2017), 2-(4,6-Dimethylpyrazolo[1,5-
alpyrazin-2-yl)-7-(4-methylpiperazin-1-yl)-4H-pyrido[1,2-a]pyrimidin-4-one (Woll 2016), 3-(6,8-Dimethylimidazo[1,2-a]pyrazin-2-yl)-7-(4-
methylpiperazin-
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1-yl)-1H-isochromen-1-one (Woll 2016), 4PBA (Butchbach 2016), 5-(N-ethyl-N-isopropyl)-amiloride (Yuo 2008), AAV8.LSP.dnMstn (Liu
2016), AAV8.LSP.sACtRIIB (Lui 2016), aclarbicin (Andreassi 2004; Ting 2007), amikacin (Wolstencroft 2005), BAY 55-9837 (Hadwen 2014),
bortezomib (Kwon 2011), butyrate prodrug pivaloyloxymethyl butyrate (AN9) (Edwards 2016), dacinstat (Mohseni 2016), E1mov1ll (Osman
2016), edavarone (Ando 2017); fasudil (Bowerman 2012), Genetics/G418 (Heier 2009; Heier 2015), indoprofen (Lunn 2004), ioganin (Tseng
2016), M344 (Riessland 2006), ML372 (Abera 2017), panobinostat/LBH589 (Garbes 2009), pip6a-PMO (Hammond 2016), PTK-SMA1 (Hastings
2009), quercetin (Uzunalli 2015; Wishart 2014), quisinostat/JNJ-26481585 (Schreml 2013), romidepsin (Hauke 2009), scAAV9-siPTEN (Ning
2010; Little 2015), securinine (Chen 2017), SMN-AS1 (d'Ydewalle 2017; Woo 2017), sodium vanadate (Liu 2014; Ting 2007; Zhang 2001),
suberoylanilide hydroxamic acid (Hahnen 2006; Mohseni 2016; Riessland 2010), TC007 (Mattis 2009a; Mattis 2009b; Mattis 2012), (S)-3-(6,8-
dimethylimidazo[1,2-a]pyrazin-2-yl)-7-(4-ethyl-3-

methylpiperazin-1-yl)-2H-chromen-2-one (Woll 2016), tobramycin (Wolstencroft 2005), trichostatin A (Avila 2007; Liu 2014; Ting 2007),
triptolode (Hsu 2012), VK563 (Butchbach 2016) and Y-27632 (Bowerman 2010). Every compound has its own potential and way of interacting
with the SMN complex. Description of the working mechanism of each compound goes behind the scope of this review, since none of the
compounds have yet been investigated in human studies.

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
types|.

Appendix 4. Cochrane Neuromuscular Specialised Register via the Cochrane Register of Studies (CRS-Web) search
strategy

Search run on 22 October 2018

#1 MeSH DESCRIPTOR Muscular Atrophy, Spinal Explode All AND INREGISTER
#2 MeSH DESCRIPTOR Muscular Disorders, Atrophic AND INREGISTER

#3 spinal NEAR3 "muscular atroph*" AND INREGISTER

#4 Werdnig NEXT Hoffman* AND INREGISTER

#5 Kugelberg next Welander AND INREGISTER

#6 #1 or #2 or #3 or #4 or #5 AND INREGISTER

#7 (#1 or #2 or #3 or #4 or #5) AND (INREGISTER)

Appendix 5. Cochrane Central Register of Controlled Trials (CENTRAL) via the Cochrane Register of Studies (CRS-
Web) search strategy

Search run on 22 October 2018

#1 MeSH DESCRIPTOR Muscular Atrophy, Spinal Explode All AND CENTRAL:TARGET
#2 MeSH DESCRIPTOR Muscular Disorders, Atrophic AND CENTRAL:TARGET

#3 spinal NEAR3 "muscular atroph*" AND CENTRAL:TARGET

#4 Werdnig NEXT Hoffman* AND CENTRAL:TARGET

#5 Kugelberg next Welander AND CENTRAL:TARGET

#6 #1 or #2 or #3 or #4 or #5 AND CENTRAL:TARGET

Appendix 6. MEDLINE (OvidSP) search strategy

Database: Ovid MEDLINE(R) and Epub Ahead of Print, In-Process & Other Non-Indexed Citations and Daily <1946 to October 19, 2018>
Search Strategy:

1 randomized controlled trial.pt. (469969)
2 controlled clinical trial.pt. (92707)

3 randomized.ab. (424303)

4 placebo.ab. (192545)

5 drug therapy.fs. (2055263)

6 randomly.ab. (299003)

7 trial.ab. (442071)

8 groups.ab. (1843132)

9 or/1-8 (4300960)

10 exp animals/ not humans.sh. (4506554)
119 not 10 (3717979)

12 exp Muscular Atrophy, Spinal/ (4440)
13 muscular disorders, atrophic/ (389)

14 spinal muscular atroph$.mp. (4831)

15 (Werdnig adj Hoffman$).mp. (386)

16 (Kugelberg adj Welander).mp. (188)

17 or/12-16 (6771)
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18 11 and 17 (745)
19 remove duplicates from 18 (741)
20 limit 19 to yr="1991 -Current" (676)

Appendix 7. Embase (OvidSP) search strategy

Database: Embase <1980 to 2018 Week 43>
Search Strategy:

1 crossover-procedure.sh. (56721)

2 double-blind procedure.sh. (150846)

3 single-blind procedure.sh. (32618)

4 randomized controlled trial.sh. (513165)

5 (randomS$ or crossover$ or cross over$ or placebo$ or (doubl$ adj blind$) or allocat$).tw,ot. (1530476)
6 trial.ti. (246665)

7 or/1-6 (1693508)

8 (animal/ or nonhuman/ or animal experiment/) and human/ (1690778)

9 animal/ or nonanimal/ or animal experiment/ (3370354)

10 9 not 8 (2793470)

117 not 10 (1554234)

12 limit 11 to (conference abstracts or embase) (1320265)

13 spinal muscular atrophy/ or hereditary spinal muscular atrophy/ (6717)
14 (Werdnig adj Hoffman$).mp. (638)

15 (Kugelberg adj Welander).mp. (280)

16 spinal muscul$ atrophS$.mp. (7858)

17 or/13-16 (8130)

1812 and 17 (203)

19 limit 18 to yr="1991 -Current" (199)

20 remove duplicates from 19 (196)

Appendix 8. ISI Web of Science proceedings search strategy

WOS 22 October 2018
Indexes=CPCI-S, CPCI-SSH Timespan=1991-2018

#6 8 #5 AND #4

#5211,588 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)

Appendix 9. ClinicalTrials.gov search strategy

1 spinal muscular atrophy
2 treatment

Appendix 10. WHO International Clinical Trials Registry Platform

1 spinal muscular atrophy

2 SMA

WHAT'S NEW

Date Event Description

22 October 2018 New search has been performed Search updated to October 2018. One author (J Wokke) with-
drew. Fay-Lynn Asselmann joined the review. We added two new
outcomes (head control and motor development scores), which
are newly developed outcome measures for infants with type
1 SMA. We revised the Methods to meet current Cochrane stan-
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Date Event Description

dards. Authors made a protocol modification to Table 1 (diag-
nostic criteria), included 'Summary of findings' tables and re-
evaluated the 'Risk of bias' assessments.

15 September 2016 New citation required and conclusions This update includes one new trial, which compared intrathecal
have changed nusinersen and sham injection.

HISTORY

Protocol first published: Issue 4, 2006
Review first published: Issue 1, 2009

Date Event Description

15 February 2012 Amended 'Declaration of interest' and 'Contributions of authors' updated;
no other changes to text.

15 February 2012 New citation required but conclusions Change in listing of authors to include Dr WL van der Pol. This
have not changed corrects an error in the authorship of this update.
31 March 2011 New citation required but conclusions Rl Wadman included as new lead author.

have not changed

8 March 2011 New search has been performed Databases were searched and review was updated. No new trials
were found.
30 July 2008 Amended Converted to new review format.
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All authors contributed substantially to the concept and design of the review. Dr Bosboom and Dr Vrancken performed data extraction and
analyses for the original review. Dr Bosboom wrote the first draft of the original review, and the other co-authors contributed to subsequent
revisions for important intellectual content. Drs Wadman, Vrancken and Van der Pol updated the review in 2011 and 2019 and the other
authors approved the revisions.
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DIFFERENCES BETWEEN PROTOCOL AND REVIEW

We updated the 'Risk of bias' methodology according to the Cochrane Handbook for Systematic Reviews of Interventions (Higgins 2011).
In the 2019 update, we expanded the methods according to current standards (MECIR 2018), as meta-analysis may be possible in future
updates.

We included a PRISMA flow chart to illustrate the study selection process, clarified that searches were not limited by publication status or
language, and the role of outcomes.

We described methods used in 'Summary of findings' tables.

We added two new outcomes: achieving head control as a new motor milestone and change in motor disability score, which have been
integrated in spinal muscular atrophy (SMA) trials since publication of the protocol for this review (Bosboom 2006).

We adjusted the definition on SMA types | in Table 1 and added the highest achieved motor milestones (sitting) as discriminator of the SMA
type I. This was not stated in Table 1 of the original protocol and the 2011 update, although it was mentioned in the main text.

We adjusted the search strategy. We performed searches from 1991 onwards because at that time genetic analysis of the survival motor
neurone 1 (SMNI) gene became widely available and could establish the diagnosis of SMA.

We revised the 'Adverse events' section and we did not discuss the adverse events from the included trials in relation to the side effects
of drug treatment in non-randomised literature. We have outlined the most common adverse events of treatments in the 'Summary of
findings' tables (see Summary of findings for the main comparison; Summary of findings 2).

John Wokke withdrew from authorship at this update.
INDEX TERMS

Medical Subject Headings (MeSH)

Neuroprotective Agents [*therapeutic use]; Oligonucleotides [*therapeutic use]; Randomized Controlled Trials as Topic; Spinal
Muscular Atrophies of Childhood [*drug therapy]

MeSH check words

Child, Preschool; Humans; Infant
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