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Educational aims

The reader will be able to:

� Understand the pipeline and current impact of novel therapies in SMA
� Appreciate early diagnosis and initiation of treatment may achieve optimal outcomes in SMA type 1.
� Recognize the importance of integrating drug therapy with best clinical care for optimal results.
� Appreciate evolving and significant changes in clinical care, health care resources and infrastructure that are now a reality with

availability of nusinersen.
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Great progress has been made in the clinical translation of several therapeutic strategies for spinal mus-
cular atrophy (SMA), including measures to selectively address Survival Motor Neuron (SMN) protein
deficiency with SMN1 gene replacement or modulation of SMN2 encoded protein levels, as well as neu-
roprotective approaches and supporting muscle strength and function. This review highlights these novel
therapies. This is particularly vital with the advent of the first disease modifying therapy, which has
brought to the fore an array of questions surrounding who, how and when to treat, and stimulated chal-
lenges in resource limited healthcare systems to streamline access for those eligible for drug therapy. The
overhaul of the landscape for all those involved in SMA extends to the design of further drug trials and the
necessity of multidisciplinary supportive care to potentiate the effects of disease modifying medications.
The impact of respiratory complications in SMA is central to management in the current era of emerging
novel therapies. These fundamental changes in our knowledge and management approach to those with
SMA are explored further in this review.

� 2018 Elsevier Ltd. All rights reserved.
INTRODUCTION recessive diseases, with a pan–ethnic incidence of approximately
SMN related spinal muscular atrophy (SMA) is a heterogeneous
inherited neuromuscular disorder characterised by progressive
muscle weakness and atrophy. Significantly, respiratory muscle
failure is the major cause of morbidity and mortality for patients
with severe SMA [1,2]. It is one of the most common autosomal
1 in 11,000 live births and a carrier frequency of 1 in 40–67 adults
[3], representing the leading genetic cause of infant mortality.

The recent emergence of the first novel and now licensed treat-
ments for the management of SMA has revolutionised the previ-
ously stagnant landscape for patients, carers and physicians alike.
This is represented in the newly published SMA Standards of Care,
promoting earlier, and more interventionist approach to patient
management (particularly in the domains of respiratory care) in
the more severe forms of SMA [4,5].

This review highlights these novel therapies, explores their
implications on clinical management and prognosis for patients,
and looks at the shifting paradigms and priorities for future treat-
ment trials.
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GENETICS OF SMA

Many of the emerging therapies for SMA are based on genetic
modulation of two sister genes, survival motor neurons 1 and 2
(SMN1 and 2), leading to phenotypic variation.

SMA occurs secondary to a homozygous loss and/or point muta-
tion of the SMN1 gene in the region of 5q11.2-q13.3 [6]. SMN1
encodes the SMN protein which is essential for the survival of
the alpha motor neuron [7]. Thus, SMN deficiency causes degener-
ation of alpha motor fibres and neuromuscular dysfunction, lead-
ing to a phenotypic spectrum classified by age of onset and
maximum motor milestone achievement. This includes extremely
weak infants unable to sit unsupported (type 1), non-ambulant
patients able to sit independently (type 2), ambulant patients with
childhood (type 3) and adult onset SMA (type 4).

A secondary gene, SMN2 is present in all people, including those
with SMA. SMN2 is homologous to SMN1, however, a single base
C > T transition in SMN2 exon 7 creates an exon splicing suppressor
that effectively ‘skips’ this crucial exon in pre-mRNA in approxi-
mately 85% of SMN2 transcripts [8,9]. This causes a truncated
mRNA to be translated into a less stable and non-functional SMN
protein. In a minority of occasions, exon skipping does not occur,
and full length functional SMN2 encoded protein is made (Fig. 1).
The latter maintains a degree of motor neuron survival. Copy num-
bers of SMN2 vary between individuals from 1 to 6, with higher
copy numbers ensuring more functional SMN protein is produced,
leading to enhanced motor neuron survival and thus milder pheno-
types [10]. This inversely proportional relationship between copy
number and phenotype is not absolute, and cannot always predict
an individuals’ disease course.
Fig. 1. Genetic Basis of Spinal Muscular Atrophy. SMN1 and SMN2 genes both encode
substitution in SMN2. This alters splicing with the majority of SMN2 transcripts lacking
produces abundant full-length SMN protein. In SMA patients, the SMN1 gene is lost due
functional SMN produced maintains a degree of motor neuron survival.
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The SMN protein is ubiquitously expressed and although its role
has not yet been fully elucidated, is thought to function in all cells
through its role in facilitating RNAmetabolism [11]. Motor neurons
appear to be exquisitely sensitive to SMN protein deficiency, how-
ever, the impact may be seen in a wider array of tissues and organs,
especially as the natural history of the disease changes with active
medical intervention [12].
SURVIVAL MOTOR NEURON DEPENDANT THERAPIES

Over the past decade, research targeted at modulation of the
two survival motor neuron genes in the spinal cord and brainstem,
has led to formulation of the first disease-modifying therapies for
SMA. The transfer of an intact SMN1 gene using an adenoviral cap-
sid vector, and up-regulation of SMN2 using anti-sense oligonu-
cleotides (ASOs) has irrevocably changed the goal posts for
management of SMA across multiple domains (Fig. 2).
SMN2 (back-up gene) modulators

The expedited regulatory approval and subsequent introduction
of nusinersen (SPINARZA) to clinical practice in December 2016
makes this therapy the only currently licensed treatment for
SMA. This intrathecally administered ASO acts by binding down-
stream of exon 7 in the SMN2 pre-mRNA, allowing for its inclusion
in the mRNA message, thus enhancing translation into fully func-
tional SMN2 encoded protein [13]. The treatment schedule com-
prises four initial intrathecal injections during a 2-month loading
period, followed by maintenance injections every 4 months.
the full length SMN protein. Exon 7 differs between the two genes with a C to T
exon 7 resulting in the production of an unstable truncated protein. SMN1 normally
to deletions or loss-of-function mutations. SMN2 remains and the small amount of
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Fig. 2. Current disease modifying therapeutic approaches in SMA, including approved therapies and those in clinical trials.
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The pivotal clinical evidence for nusinersen consists of two,
Phase 3, randomised, double-blind, placebo (sham)-controlled
multicentre international trials, ENDEAR in infantile-onset SMA
[14] and CHERISH in childhood-onset SMA [15]. Further supporting
data includes preceding phase 1 and 2 studies [16,17] and ongoing
studies; NURTURE in pre-symptomatic infants with SMA and
SHINE an open label extension study, summarised in Table 1.
Table 1
Summary of nusinersen clinical trials.

Characteristics Infantile-onset SMA (Type I)

ENDEAR NURTURE CS3A

N 122 20 21
Trial design Phase 3 randomised

controlled trial (double
blind, sham controlled)

Phase 2 open label single
arm

Phase 2 op
arm

Study
population

Type I SMA
2 copies SMN2

Pre-symptomatic
infantile SMA, 2 or 3
copies SMN2

Type I SM

Patient’s age
at
symptom
onset

>1 week to �6 months Presymptomatic �3 weeks

Patient’s age
at study
screening

�7 months �6 weeks �3 weeks

Primary
endpoints

Event free survival (time to
death or permanent
ventilation – (�16 h
ventilatory support
continuously for �21 days)
Effect on motor function
assessed by HINE-2*

Time to death or
respiratory intervention
(�6 h ventilatory support
continuously for �7 days
or tracheostomy)

Effect on
assessed b

Time frame 13 months – terminated
after a positive interim
analysis#

Ongoing, commenced
mid 2015

Up to 45 m

Therapeutic
conclusion

Nusinersen has greater
efficacy than sham control,
no worse in terms of safety

NURTURE patients were
better than untreated
patients, compared with
natural history data for
Type I SMA

Treatmen
nusinerse
demonstr
safety and
and encou
efficacy

y The Expanded Hammersmith Functional Motor Scale is a clinician-rated 33 item sca
Muscular Atrophy (SMA).

* Hammersmith Infant Neurological Exam motor milestones portion—Part 2 (HINE-
Categories included ability to kick (supine), head control, rolling, sitting, crawling, stand

# The study was terminated for participants to enrol into an open label study.
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The ENDEAR study showed that treatment with nusinersen pro-
longed event-free survival in symptomatic SMA type 1 infants
compared to untreated patients [14]. Consequently, the study
was stopped prematurely at interim analysis and the patients that
had not finished the 13 month study were moved to an open label
extension study (SHINE). At the end of the study, there was a 47%
reduction in the risk of death or permanent ventilation (�16 h/day
Childhood-onset SMA (Types II and III)

CHERISH (CS4) CS12

126 47
en label single Phase 3 randomised

controlled trial (double
blind, sham controlled)

Phase 1 open label single arm

A Type II SMA Type II and III SMA

to � 6 months >6 months Not specified

to �7 months 2–12 years 2–15 years

motor function
y HINE-2*

Change from baseline
to month 15 in
Hammersmith
Functional Motor Scale-
Expanded (HFMSEy)
score.

Number of participants that
experience Adverse Events and
Serious Adverse Events

onths 15 months –
terminated after a
positive interim
analysis#

Up to 45 months

t with
n
ated acceptable
tolerability
raging clinical

Nusinersen is superior
to sham-control with
respect to efficacy; no
worse in terms of
safety.

Nusinersen is safe and well
tolerated in childhood onset SMA.
(Functional gains were reported
SMA type 2; motor function
remained stable in SMA type 2)

le developed to evaluate and illustrate the motor ability of children with Spinal

2) is a general categorical measure of motor milestone development for infants.
ing and walking.
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continuously for >21 days in the absence of an acute reversible
event) in the nusinersen group, compared with the sham group.
Approximately one third (39%) of infants in the nusinersen group
had died or required permanent assisted ventilation compared to
68% in control cohort. The extent of the event free survival benefit
is not yet clear as the median time to death or permanent ventila-
tion was not reached in the nusinersen group, compared with 22.6
weeks in the control group.

At the final analysis, approximately half (51%) of nusinersen
treated infants demonstrated increases in the number of motor
milestones achieved. Of the infants who achieved motor mile-
stones, approximately a quarter (22%) achieved head control, 10%
rolled, 8% sat independently and 1% gained standing ability, when
assessed on the Hammersmith Infant Neurological Examination
(HINE-2) scale. Furthermore, there were electrophysiological
improvements in patients treated with Nusinersen.

Overall survival was a secondary endpoint, with results estab-
lishing a 63% reduction in the risk of death in the nusinersen group
compared to controls. Among the nusinersen group, at 3 and 13
months respectively, 15% and 31% required permanent ventilation.
This was not statistically significant compared with controls. Even
so, 33% of nusinersen treated and permanently ventilated infants
demonstrated improvements in motor function (HINE-2) over the
study period.

Sub-analyses showed that patients starting treatment with
nusinersen and a shorter disease duration (<13.1 weeks) had sig-
nificantly reduced risk of death or permanent ventilation and were
more likely to have increased motor milestones, compared with
those with longer disease duration, suggesting that early treatment
with nusinersen is important.

In the CHERISH study (childhood SMA), nusinersen demon-
strated statistically significant and clinically meaningful improve-
ments in motor function compared to sham procedure, as
assessed by the Hammersmith Functional Motor Scale Expanded
(HFMSE) from baseline to month 15 [15]. Furthermore, no child
stopped treatment because of adverse events.

The clinical evidence from NURTURE (pre-symptomatic infan-
tile SMA) further supports the importance of early initiation of
treatment with Nusinersen. In this ongoing phase 2, multicentre,
open-label, single-arm trial, Nusinersen was administered to pre-
symptomatic patients, less than six weeks old with genetically
diagnosed SMA. While the results of the NURTURE study are extre-
mely positive, with all infants alive and not requiring respiratory
support after 323 days and achieving motor milestone and growth
parameter gains, 17% did not sit, 36% did not stand, 44% did not
walk at expected ages [18].

Across these and multiple other trials, nusinersen has found to
be generally safe and well tolerated, with no unexpected adverse
events. Among the pre-symptomatic, infantile-onset and later-
onset SMA clinical trials more than 170 infants and children have
been treated with nusinersen for greater than 246 patient-years
[19]. Side effects of constipation and upper/lower respiratory tract
infection are most commonly described, consistent with those
expected for SMA, alongside lumbar puncture related effects of
headache and back pain [20], and mainly noted five days after
medication delivery. Significant theoretical adverse events with
ASO technology include thrombocytopenia, proteinuria and rarely
renal toxicity leading to glomerulonephritis and fatal renal failure.
SHINE is an ongoing open label extension study for infants/chil-
dren who previously participated in ENDEAR, CHERISH, and previ-
ous phase 2 studies, with the objective to assess the long-term
efficacy and safety of nusinersen.

There are several alternative small molecule SMN2 splice mod-
ifiers also being developed [21]. Preliminary data presented at the
2017World Muscle Society Congress has been positive and phase 2
clinical trials are actively recruiting SMA patients to determine
Please cite this article in press as: Kariyawasam D et al. New and developing th
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safety and efficacy. These include the FIREFISH, SUNFISH [22] and
JEWELFISH studies of RG7916 (Roche) in infantile and childhood
SMA and branaplam in SMA type 1 (Novartis) [23]. Should they
be approved by regulatory bodies, the oral delivery of these drugs
makes them an attractive alternative.

SMN1 gene replacement

SMN1 gene replacement therapies using viral vectors have
shown promising results in rodent models and one phase 1 clinical
trial [24,25]. Their systemic administration enables CNS delivery
across all sections of the spinal cord, efficiently crossing the blood
brain barrier, and targeting of skeletal muscle and peripheral tis-
sues where SMN protein is also widely expressed [26]. As SMA is
a truly multisystem disease, the replacement of widely expressed
SMN1 encoded protein, may optimise clinical efficacy. Further-
more, a single dose intravenously administered agent is highly
attractive, especially when compared to treatments that are more
invasive, costly and require multiple administrations over a life-
time. Caution is necessary as some preclinical studies utilising high
systemic doses of Adeno Associated Virus (AAV) vectors have
reported acute severe hepatotoxicity and sensory neuron toxicity
such that further safety data and careful monitoring are critical
[27].

The AveXis phase 1 clinical trial used a single dose, intra-
venously administered non-replicating viral vector (adeno associ-
ated virus, serotype 9), carrying SMN1 complementary
recombinant DNA, to replace the non-functioning SMN1 gene in
15 patients with SMA type 1, with biallelic SMN1 mutations and
two copies of SMN2 [28]. Safety of the medication, time to death,
need for permanent assisted ventilation and change in motor func-
tion as assessed through the CHOP INTEND motor scale, were com-
pared between 12 patients who received ‘high dose’ medication
and 3 that received a ‘low dose’. The whole cohort receiving gene
therapy was also compared against historical controls from the
NeuroNEXT study [29]. Asymptomatic elevations in liver transam-
inases (up to 35 times the upper limits of normal for alanine
aminotransferase) occurred and were ascribed to a T cell response
in induced hepatocytes against capsid derived peptides. Subse-
quently subjects were administered glucocorticoids and hepato-
toxicity was not observed. All 15 patients given gene
replacement therapy were alive at 20 months of age without need
for permanent mechanical ventilation (>16 h per day for at least 14
consecutive days). In contrast, only 8% of historical cohorts sur-
vived to this time point, and permanent ventilation occurred by a
mean age of 10.5 months.

Of note, all patients receiving gene therapy increased their
motor scores from baseline, compared to declining scores in the
historical cohort. Eleven patients from the treatment cohort
showed clinically meaningful, sustained increases in motor func-
tion scores. Efficacy appeared to be dose dependant. Especially in
those allocated higher doses, improvements in motor scores were
substantial and continued over the study period. Among the 12
patients receiving the higher dose, 11 patients could sit unassisted
for at least five seconds, 11 attained head control, 9 could roll and 2
were able to crawl, pull to stand, stand independently, and walk
independently. In contrast, none of the historical controls achieved
these motor milestones. Of relevance to SMA comorbidities, bur-
den of disease and treatment, most patients who did not require
ventilatory or nutritional support at baseline continued without
these supportive measures at follow up.

Over the two year study period, the gains in motor function
have been sustained; however, the long-term efficacy is not yet
established. Repeat dosing may not be an option due to develop-
ment of AAV9 antibodies. Further clinical trials are planned in lar-
ger cohorts to provide further clinical evidence of safety and
erapies in spinal muscular atrophy. Paediatr Resp Rev (2018), https://doi.
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efficacy. Some of the studies will utilise single intrathecal adminis-
tration, lowering manufacturing requirements for older, larger
patients and restricting gene expression to the CNS [30].
SURVIVAL MOTOR NEURON INDEPENDENT THERAPIES

While emphasis has been placed on SMN dependant strategies,
clinical trials evaluating alternative approaches are also emerging.
This may be especially relevant for those who cannot tolerate or
are excluded from SMN dependant therapies, or in conjunction
with these therapies, to augment their effect, by providing alterna-
tive and synergistic mechanisms and targets of action.
Neuroprotective therapies; the mitochondrial membrane stabiliser

Mitochondrial dysfunction in neurons has been postulated as
another pathway for motor neuron degeneration. Thus, stabilisa-
tion of the mitochondria presents a potential therapeutic target
for patients with SMA. Olesoxime is an orally administered small
molecule drug that localises to the mitochondrial membrane. Here
it reduces the permeability of the membrane when under stress,
preventing apoptosis by reducing release of pro-apoptotic factors,
thus maintaining energy production and preserving integrity of
the motor neuron [31].
Fig. 3. The multidisciplinary management of SMA, incorpora
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In a multicentre phase 2 clinical trial, Olesoxime or placebo was
randomly assigned and given daily by oral administration over 24
months, to 165 patients with SMA type 2, and non-ambulatory
patients with SMA type 3 [32]. Olesoxime did not significantly
improve motor function, when compared with placebo, over the
trial period, when measured against a validated motor function
scale. Although this primary endpoint was not met, Olesoxime
appeared to maintain motor function, when compared with pla-
cebo. This was especially noted at ages 6–15 years, the period
where functional decline historically occurs in those with
untreated SMA [33], thus potentially representing an improvement
in motor function in the Olesoxime group from this declining base-
line in untreated patients. A phase 3 clinical trial is planned to fur-
ther determine efficacy.
Muscle enhancing therapies

Cytokinetics’ Tirasemtiv (CK-2127107) is a fast skeletal muscle
troponin activator and is hypothesised to improve muscle function
and physical performance in people with SMA. It slows the rate of
calcium release from regulatory troponin complex, which plays a
pivotal role in muscle contraction in fast skeletal fibres. This slowly
released calcium sensitizes the sarcomere to its effects, leading to
enhanced contraction of the muscle [34]. Preclinical and phase 1
trials have shown tolerability and efficacy with increasing muscle
ting disease modifying therapies with supportive care.
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Table 2
Disease modifying therapy: current clinical uncertainties and data limitations.

Current clinical uncertainties Clinical commentary

What is the long-term efficacy of
novel therapies?

� Clinical trial results so far have
shown improvement in short
term motor function outcomes,
however, in symptomatic patients
treatment is non-curative, and a
high burden of disease may
continue.

� The extent of benefit (event free
survival, achievements in motor
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contraction force when CK2127107 is administered, and further
results are awaited from phase 2 trials in patients with SMA types
2, 3 and 4.

The myostatin inhibitor SRK-015 (ScholarRock) also provides a
novel approach to strengthening muscles in SMA patients. Prelim-
inary data from preclinical studies have demonstrated that inhibi-
tion of myostatin may regulate muscle cell growth and
differentiation and lead to improved muscle function in SMA mice
[35]. Clinical development is planned in 2018 and SRK-015 may be
used alone or in combination with other SMA disease modifying
therapies.
function and reducing the need
for permanent supportive care) is
not yet established.

� Whether benefits may be sus-
tained or accrued over the longer
term is not yet known.

� What is the age or debility floor
below which treatment will be
unsuccessful

What are the long-term
consequences of novel therapies?

� Accumulation of comorbidities
over time, contrasted with little
improvement in initial motor
gains, may encumber patients
with an eventual higher burden
of disease and of treatment, espe-
cially for those with the new ‘trea-
ted SMA type 1’ phenotype. In
contrast, minimal gains seen in
the short-term, particularly in
motor function, may later show
dividends if effect is cumulative
and long standing across the phe-
notypic spectrum.

� The long-term safety is not yet
known. The accumulation of side
effects over time may make ongo-
ing delivery difficult to justify,
compared to the gains of
treatment

What factors affect individual
prognostication and determine
response to therapy across the
phenotypic spectrum?

� Across both SMN1 gene therapy
and nusinersen clinical trials in
symptomatic SMA type 1 infants,
shorter disease duration was a
predictor of better treatment
response.

� The greatest therapeutic effect so
far has occurred when nusinersen
has been given to pre-symp-
tomatic infants predicted to have
infantile SMA type 1.

� The presence and degree of bene-
fit in SMA type 3 patients (single
open arm study including 25
SMA type 3 patients) is not yet
clear.

� Clinical efficacy in ambulant SMA
patients and adults with SMA
has not yet been appraised.

� The clinical effectiveness among
the broader SMA population in a
real world setting and at varying
stages of disease is not yet known.

How may future therapies be � SMA is a multi–organ disease -
SUPPORTIVE CARE IN SMA

The results of the drug trials outlined above, have been predi-
cated on optimal supportive management of the patient [36]. Thus,
drug therapy and ongoing multidisciplinary supportive manage-
ment need to occur concomitantly to achieve the best possible out-
come for patients (Fig. 3). This is duly reflected in the recently
updated SMA Standards of Care 2017 [4,5], which advocates for
multidisciplinary care, including early and active maintenance of
motor function through physiotherapy and physical adjuncts,
spine and bone health monitoring, respiratory management and
supportive approaches to nutritional optimisation through non-
surgical and surgical gastrointestinal routes.

The advent of disease modifying medications has also shifted
supportive management paradigms [37]. While permanent venti-
lation is not considered standard of care for infantile-onset SMA,
a drive towards proactive management and preservation of respi-
ratory function is developing across the entire phenotypic spec-
trum of SMA. This includes early recognition of respiratory
dysfunction with expedited polysomnography to screen for noc-
turnal hypoventilation. Facilitating airway clearance by manual
chest physiotherapy and mechanical insufflation-exsufflation has
been further highlighted as a key step, to be used at first signs of
ineffective cough [38]. In addition, the use of non-invasive positive
pressure ventilation (NIPPV) has been identified within the newly
published Standards of Care as having a vital role in supporting
patients with symptomatic SMA, prior to signs of respiratory
failure.

Assessment of swallow and bulbar function, with involvement
of a speech pathologist and barium swallow studies in SMA type
1 is also suggested. This early interventionist approach is further
reflected in considering tracheostomy for patients, regardless of
SMA phenotype, based on clinical status, prognosis and quality of
life.

With the new phenotype of ‘treated SMA type 1’ in clinical prac-
tice, additional challenges are also arising. The proactive manage-
ment of hip subluxation/dislocation and scoliosis in treated
infantile SMA type 1 patients is of relevance to respiratory man-
agement. While evidence based clinical data are awaited, specific
considerations include using thoracic lumbar bracing orthoses
and peri-operative respiratory management.
improved? systemic delivery of therapies
may be necessary to optimise
outcomes.

� Combined therapies that both
increase SMN levels and target
pathways that preserve/rescue
motor neuron function over the
lifespan may be more effective.

� Novel ASO therapies may increase
efficacy, reduce the need for
repeated lumbar punctures and/
or realise alternative delivery
methods.
THE FUTURE: IMPLICATIONS OF TRIAL DATA IN THE CLINICAL
DOMAIN, AND REPERCUSSIONS FOR FUTURE TRIALS

In the real-world therapeutic setting, it is important to
acknowledge current uncertainties and limitations of present data,
encompassing relatively short trial durations, narrow populations
and use of different and therefore incomparable drug regimens
across studies (Table 2). The extent and durability of benefit in
the overall SMA population is not yet clear. There is currently
little evidence available on whether patients with longer disease
Please cite this article in press as: Kariyawasam D et al. New and developing therapies in spinal muscular atrophy. Paediatr Resp Rev (2018), https://doi.
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duration and milder phenotypes (for example ambulant patients
and adults with SMA) may respond to novel therapies.

Of further relevance, efficacy in ‘event free survival’ and func-
tional motor gains are not replicated across all patients over study
periods across both SMN dependant trials, with shorter disease
duration a better predictor of response to treatment [14,24]. The
greatest effect so far has occurred when SMN targeted therapeutics
have been given before symptoms occur in severe phenotypes [18].
As such, it may be imagined that with newborn screening linked to
broad treatment, there will be fewer issues. This notion compels
generation of further evidence across the phenotypic spectrum to
realise clinical translation.

The funding, logistical implications and treatment allocation
that follows the advent of these drug therapies is not to be under-
estimated, especially if licensing extends to all SMA patients [39].
Availability is linked with reimbursement and these decisions
incorporate clinical evidence of efficacy and cost effectiveness.
The cost to many public health budgets is currently prohibitive
and may detract from funding for all patients. Logistical planning
for centres to undertake safe repeated lumbar punctures, over
the course of a lifetime, in patients with significant comorbidities
is costly in time, man power and clinical resources. The prioritisa-
tion of individuals to receive therapy and need for additional
infrastructure within the health care service is therefore an evolv-
ing question for all those involved in patient management.

The scope of practice is more far reaching than just the cost of
the drug strategy itself, and this requires attention. As drug thera-
pies change the natural course of SMA, bringing to prominence
non-CNS dysfunction, as patients move towards a more chronic
form of the disease, the emphasis given to multidisciplinary sup-
portive care will expand in parallel. For example, advances in
cardio-respiratory intervention, physiotherapy, spinal, immune
and nutritional care will need to evolve and keep pace with the
changing targets and phenotype of the patient. This is already
reflected in the newly published Standards of Care for SMA [4,5],
that advocate an early, and interventionist approach to especially
respiratory management of patients. Funding, workforce and logis-
tical planning for these clinical domains will accordingly require
streamlining and integration, into a holistic package of care for
patients. Linked monitoring of these patients across a multi-
centre network may enhance multidisciplinary care by allowing
improved data capture in vivo, and quicker dissemination of infor-
mation as efficacy and safety data emerge.

Now we are at the frontier for unique, genetically determined
drug therapies in SMA, it is important to consider how future ther-
apies may be improved. Recent pre-clinical research has shown the
possibility of further optimizing ASO therapy, designing new
sequences that may be used in combination to increase efficacy
and are more stable, reducing the need for repeated lumbar punc-
tures [40]. The significant variation in SMA severity and rate of pro-
gression presents challenges in undertaking clinical trials assessing
drug efficacy over a short period for all patients. Addressing data
gaps in milder phenotypes and those with longer disease duration
is important to support access to disease modifying therapies for
these cohorts of patients.

Novel and innovative clinical trial designs will be critical to pro-
vide the evidence to inform best practice. Improving outcomes’
measures and identifying specific biomarkers will increase the
power to detect treatment effects and reduce sample size in future
trials. These include more refined motor assessment scales that are
linked closely to a wider range of functional motor abilities that
capture efficacy for those on either end of the SMA phenotypic
spectrum [41–46]. Additionally, adapting and redefining respira-
tory and nutritional endpoints, and incorporating quality of life
outcomes, will determine if drug therapy really is beneficial
for patients across the phenotypic continuum. Furthermore,
Please cite this article in press as: Kariyawasam D et al. New and developing th
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ascertaining when a medication is not working or providing fur-
ther benefit is imperative if we are to determine the course of a
patient’s treatment and their continuing eligibility for treatment.
Patient stratification and identifying a meaningful biomarker of
efficacy, is thus crucial if we are to tailor medication for patients
and streamline their care.

How best to treat patients also becomes a dilemma, especially
as the advent of competing licensed drugs arises. Although it
remains clear that central nervous system (CNS) motor neurons
should be a primary target for drug therapies, it has been noted
in animal models that the entire motor unit, including the periph-
eral nerve, neuromuscular junction and end motor fibre may
require augmentation in the SMA disease process as previously
reviewed [12]. Subsequently, the use of combined CNS and periph-
erally directed, SMN dependant and independent therapies to cir-
cumvent these obstacles and allow for a multi-targeted approach
may represent a way forward. Until these drugs show efficacy
and in combination, the optimal way forward remains unclear.
CONCLUSIONS

The emergence of disease modifying medications has changed
the landscape of SMA management forever, by introducing a novel
and hitherto unknown ‘treated’ phenotype. The evidence base for
these therapies is in its infancy. However, their introduction has
made the prospect for precision medicine in SMA a promising
future reality, providing real potential for many patients with
SMA to live potentially longer with more functional mobility. How-
ever, limitations of the current data need to be understood. Paucity
of long term outcomes, the need to refine and adapt endpoints to
fit the phenotypic spectrum and pinpointing biomarkers of efficacy
are still among the unanswered questions within this rapidly
changing field.

Supportive care continues to be the backbone on which disease
modifying treatments are used to achieve optimal results. Subse-
quently, a more interventionist approach, across all domains,
appears justified in the new ‘treated phenotype’. Improvements
in respiratory care will especially need to keep pace with these
shifting trajectories, and the changing natural history of the
disease.

As replicated inother specialitieswherediseasemodifying agents
have been initially introduced, there are far reaching implications
outside individualpatientmanagement. Anoverhaul of current ideas
not limited tobut inclusive of questions onwhoshouldbe eligible for
drug andsupportive treatment and towhat extent, timely access and
funding for care and the role of pre-symptomatic testing have all
been highlighted. Consequently, changes in future trial designs will
be imperative if a robust and reproducible evidence base is to inform
our models for best clinical practice.
DIRECTIONS FOR FUTURE RESEARCH

� Determine the impact of novel therapies, such as nusinersen, on
long-term outcomes, particularly respiratory function in chil-
dren with SMA.

� Improve motor and respiratory outcomes measures and identify
novel biomarkers for use in future clinical trials.

� Determine the effect of novel therapies across the broad spec-
trum of SMA.
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