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Abstract

Background Spinal muscular atrophy (SMA) is a rare, progressive neuromuscular disease that affects individuals with a
broad age range. SMA is typically characterised by symmetrical muscle weakness but is also associated with cardiac defects,
life-limiting impairments in respiratory function and bulbar function defects that affect swallowing and speech. Despite
the advent of three innovative disease-modifying therapies (DMTs) for SMA, the cost of DMTs in addition to the costs of
standard of care can be a barrier to treatment access for patients. Health Technology Assessment (HTA) decision makers
evaluate the cost effectiveness of a new treatment before making a reimbursement decision.

Objective The primary objective was to conduct a systematic literature review (SLR) to identify the modelling approaches
used in economic evaluations that assess current approved treatments in SMA, with a secondary objective to widen the scope
and identify economic evaluations assessing other (non-SMA) neuromuscular disorders.

Methods An SLR was performed to identify available economic evaluations associated with any type of SMA (Type 1,2, 3
and/or 4). Economic evaluations associated with other (non-SMA) neuromuscular disorders were identified but not further
analysed. Electronic searches were conducted in Embase, MEDLINE, Evidence-Based Medicine Reviews and EconLit
via the Ovid platform in August 2019, and were supplemented by searches of the grey literature (reference lists, confer-
ence proceedings, global HTA body websites and other relevant sources). Eligibility criteria were based on the population,
interventions, comparators and outcomes (PICO) framework. Quality assessment of full publications was conducted with
reference to a published checklist.

Results Nine publications covering eight unique studies met all eligibility criteria for inclusion in the SLR, including four
conference abstracts, two peer-reviewed original research articles and three HTA submissions (conducted in Canada, the US
and the UK). Evaluations considered patients with early infantile-onset (most likely to develop Type 1 or Type 2 SMA), later-
onset SMA and both infantile- and later-onset SMA. Data for the identified economic models were collected from literature
reviews and relatively short-term clinical trials. Several intent-to-treat clinical trial populations were used in the studies,
which resulted in variation in cycle length and different outcome measures to determine clinical efficacy. The results of the
quality assessment on the five full-text, peer-reviewed publications found that they generally provided clear descriptions of
objectives, modelling methods and results. However, key decisions, such as choice of economic evaluation, model type and
choice of variables for sensitivity analysis, were often not adequately justified.

Conclusions This SLR highlights the need for economic evaluations in SMA to better align in modelling approaches with
respect to (i) consistency in model structure and use of motor function milestones as health states; (ii) consensus on meas-
uring quality of life to estimate utilities; (iii) consistency in data collection by registries; and (iv) consensus on SMA-type
classification and endpoints that determine intervention efficacy. Future economic evaluations should also incorporate the
review group critiques of previous HTA submissions relating to data inputs and approaches to modelling and should include
patient data reflective of the SMA population being modelled. Economic evaluations would also be improved with inclusion
of long-term efficacy and safety data from clinical trials and valid patient and caregiver utility data.

Extended author information available on the last page of the article
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Key Points for Decision Makers

The advent of three innovative disease-modifying
therapies for spinal muscular atrophy (SMA) has led to
a recent increase in economic evaluations, yet a lack of
long-term clinical trial data remains a challenge.

Nine economic evaluations of SMA showed inconsistent
methodological approaches, and recommendations by
Health Technology Assessment bodies were generally
not met.

Consensus for future economic evaluations in SMA
should include standardised intervention efficacy
endpoints and consideration of revised classification of
SMA types.

1 Introduction

Spinal muscular atrophy (SMA) is a rare, hereditary, pro-
gressive neuromuscular disease that is a leading genetic
cause of infant mortality, when untreated, and for which
there is currently no cure [1, 2]. In approximately 96% of
cases, SMA is caused by homozygous deletions, or less
frequently (~4% of cases) deletions and mutations in the
survival of motor neuron 1 (SMN1) gene [3]. Another SMN
gene, SMN2, produces SMN protein at insufficient levels
to fully compensate for loss of SMNI function [4, 5]. The
SMN?2 copy number is inversely correlated with the sever-
ity of SMA [6, 7]; however, this correlation is not absolute
due to additional genetic and epigenetic disease modifiers
[8]. SMA, although a disease continuum, is classified into
five types (0—4; most to least severe) [9—12] and SMA types
differ with respect to survival and overall quality of life
[13—16]. Type O SMA results in intrauterine or early neona-
tal death [9], whereas onset of Type 4 SMA occurs during
adulthood and represents the least severe SMA type with the
lowest incidence [17]. Type 1 SMA, clinically characterised
by symmetrical skeletal muscle weakness, hypotonia and
respiratory deficiency, results in death by 2 years of age in
the majority of untreated infants [14, 18]. More than 50% of
individuals with Type 1 SMA require feeding support by 8
months of age due to compromised swallowing function [19]
and, if untreated, would never be able to sit independently
and would show a decline in motor function [14]. Individu-
als with Type 2 SMA can sit, but never walk, whereas indi-
viduals with Type 3 SMA are able to walk, but progressively
lose the ability due to muscle weakness [12, 20].
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A standard of care (SOC) for SMA management was
established in 2007 to standardise the care of patients
with SMA [21]. The SOC recommendations focussed on
active respiratory management or acute care, and support-
ive or palliative treatments that had no ability to prevent
motor neuron loss or improve muscle weakness [2, 21,
22]. The SOC recommendations for SMA management
were updated in 2018; these recommendations reflect an
extensive multidisciplinary approach to SOC including the
expertise of neurologists, respiratory specialists, gastroen-
terologists, dietitians, physical therapists, geneticists, pal-
liative care physicians and orthopaedic surgeons [15, 23].
It should be noted, however, that this update was devel-
oped prior to widespread approval of disease-modifying
therapies (DMTs).

Better understanding of the underlying pathogenic pro-
cess in SMA led to the development of novel DMTs that
target the deficit of functional SMN protein using different
molecular approaches. Nusinersen (SPINRAZA®; Biogen
Inc., Cambridge, MA, USA) was approved in the US by the
Food and Drug Administration in 2016 [24] and in Europe
by the European Medicines Agency in 2017 [25]. Onasem-
nogene abeparvovec-xioi (ZOLGENSMA®; AveXis Inc.,
Bannockburn, IL, USA) was approved in the US and Europe
in 2019 and 2020, respectively [26, 27], while risdiplam
(EVRYSDI®; Genentech Inc. a member of the Roche Group,
South San Francisco, CA, USA) was approved in the US in
2020 [28] and in Europe on 30 March 2021 [29]. Nusinersen,
onasemnogene abeparvovec and risdiplam differ according
to route of administration, posology and maintenance regi-
mens, and approved indication regarding SMA populations.
Nusinersen, an intrathecally administered SMN2-targeting
antisense oligonucleotide, designed to increase functional
SMN production [30], requires four loading doses, then
three maintenance doses per year for adult and paediatric
patients of all SMA types [24, 25]. Onasemnogene abepar-
vovec is an intravenously administered adeno-associated
virus vector-based gene transfer therapy that requires one
dose to facilitate the transfer of a copy of the SMNI gene
[31]. Onasemnogene abeparvovec is approved in the US for
patients aged <2 years with bi-allelic mutations in SMNI
[26] and in Europe for children with an inherited mutation
in SMN1 and up to three copies of SMN2 [27]. Risdiplam
is a daily, orally administered SMN2 splicing modifier that
promotes the inclusion of exon 7 and is distributed both
centrally and peripherally [32]. Risdiplam is approved for
patients of all SMA types aged =2 months of age (US) [28]
and for patients =2 months of age with a clinical diagnosis
of Type 1, Type 2 or Type 3 SMA or with 04 SMN2 copies
(Europe) [29].

Clinical trials of nusinersen, onasemnogene abeparvo-
vec and risdiplam have demonstrated clinically meaning-
ful improvement for individuals with early- and later-onset
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SMA [33-40]; the benefits of DMTs are greater when
treatment is initiated during the presymptomatic phase
of SMA [41]. However, the cost of DMTs in addition to
the costs of SOC can be a barrier to treatment access for
patients with SMA [42, 43]. Similar barriers to treatment
access also occur for other rare neuromuscular conditions
such as Duchenne muscular dystrophy (DMD) [44]. Health
Technology Assessment (HTA) decision makers rely on
economic evaluations to determine the cost effectiveness of
a new treatment before making a reimbursement decision
[45]. Economic evaluations report the net costs of a novel
medical intervention with respect to the net health benefits
that the intervention yields, relative to a comparator such as
SOC [46]. Conducting HTA assessments for rare diseases
has many challenges, including the absence of a tailored
HTA method for rare diseases [47, 48]. The US Institute
for Clinical and Economic Review (US ICER Group) has
identified particular challenges that exist for assessing eco-
nomic evaluations of treatments [49]; for example, a lack of
robust methods for assessing health-related quality of life in
young patients (often requiring the use of caregivers acting
as proxies or data from general population samples), small
sample sizes (resulting in large measures of variance and
subsequent additional uncertainty in economic evaluation
findings), a lack of robust and long-term clinical data across
all SMA types, and cost-effectiveness estimates that exceed
commonly cited thresholds [49].

The primary objective of this systematic literature review
(SLR) was to identify the modelling approaches in economic
evaluations that assess current approved treatments relevant
to SMA, with a secondary objective to widen the scope and
identify economic evaluations assessing other (non-SMA)
neuromuscular disorders. We identify consensus and dispar-
ity between these models, as well as summarise the reported
cost effectiveness of available DMTs for SMA.

2 Methods
2.1 Search Strategy and Selection Criteria

An SLR was performed to identify available economic
evaluations associated with SMA. The Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA)
2020 guidelines [50] were followed to identify and screen
scientific literature and extract data (Fig. 1).

A comprehensive search was performed on 29 August
2019 using the following electronic databases accessed via
the Ovid platform: Embase, MEDLINE® (including Epub
Ahead of Print, In-Process & Other Non-Indexed Citations
and Daily update), Evidence-Based Medicine Reviews and
EconLit. Additional searches (hand searching) of congress
proceedings from the past 3 years, reference lists of included

publications, HTA bodies and searches of additional sources
and websites, such as SMA UK, were also conducted to
identify relevant evidence (electronic supplementary mate-
rial [ESM] Table 1). Eligibility criteria included economic
value analyses conducted in any patient with SMA (Type 1,
2, 3 and/or 4) and other (non-SMA) neuromuscular disor-
ders. As it was anticipated that there would be a small num-
ber of relevant publications involving patients with SMA,
the scope was initially broad to include patients with other
(non-SMA) neuromuscular disorders including, but not lim-
ited to, myodystrophy, muscular dystrophy and amyotrophic
lateral sclerosis. The search strategies, including database
search start dates, are shown in ESM Table 2. Eligibility
criteria were based on the population, interventions, com-
parators and outcomes (PICO) framework [51] to identify
relevant data (ESM Table 3). Economic evaluation study
designs included cost-utility, cost-effectiveness, cost-mini-
misation and cost-benefit analyses. There was no restriction
regarding intervention, geography, language of publication,
or publication date.

2.2 Data Extraction

Records were reviewed by a single reviewer based on title
and abstract in the first instance, and included records were
based on the full publication. A second reviewer checked the
data extraction for accuracy and completeness; any incon-
sistencies were referred to a third reviewer and resolved
through discussion.

2.3 Assessment of Bias and Quality of Evidence

Quality assessment of primary full publications was con-
ducted using the National Institute for Health and Clinical
Excellence (NICE) single technology appraisal specification
for manufacturer submission of evidence (June 2012), as
adapted from Drummond and Jefferson [52].

3 Results

The search of databases yielded 3276 records. Following
removal of duplicates, 2898 citations were screened based
on title and abstract. In total, 42 citations were deemed
potentially relevant and 41 (one record not retrieved) under-
went full-text review before 18 studies were further excluded
based on PICO criteria. Of these, 11 studies considering
other (non-SMA) neuromuscular disorders (ESM Table 4)
and six studies considering the cost effectiveness of screen-
ing/diagnostic techniques for SMA (ESM Table 5) were
not analysed further. Three additional potentially relevant
records were identified via hand searching. Overall, nine
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Fig.1 PRISMA flow diagram of the selection process that identi-
fied nine publications, reporting economic evaluations in SMA that
were included in this SLR. *One full publication and one conference
abstract were linked studies; both have been retained in the current

publications covering eight unique studies met all eligibility
criteria for final inclusion in this SLR (Fig. 1).

3.1 Characteristics of Economic Evaluations
3.1.1 Cost-Utility Analysis Publication Types

The nine publications included in this SLR comprised four
conference abstracts [53—-56], two peer-reviewed, original
research articles [57, 58] and three distinct HTA submis-
sions: one submission to the Canadian Agency for Drugs
and Technologies in Health (CADTH) published in 2018
[59], one submission (TA588) to the UK NICE published
in 2018 [60] and one submission to the US ICER Group
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report as they each report unique relevant data. EBM Evidence-Based
Medicine Reviews, HTA Health Technology Assessment, SLR sys-
tematic literature review, SMA spinal muscular atrophy

published in 2019 [61]. The CADTH [59], NICE [60] and
US ICER Group [61] HTA submissions comprised eco-
nomic models from studies conducted in Canada, the UK
and the US, respectively. There was some overlap between
the identified published economic evaluations and HTA
submissions: the published analysis by Zuluaga-Sanchez
et al. 2019 [58] included a similar model to that submit-
ted to NICE [60] and to CADTH [59]. Furthermore, the
published analysis by Thokala et al. 2019 [54] included
the model submitted to the US ICER Group [61]. All nine
publications (including HTA submissions, abstracts and
full manuscripts) that met the eligibility requirements of
the literature search contained unique data and were there-
fore considered as discrete publications for the review.
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3.1.2 HTA Submissions

The HTA submission to CADTH compared nusinersen
with SOC for patients with Types 1, 2 and 3 SMA [59].
The HTA submission to NICE assessed nusinersen com-
pared with SOC for patients with infantile-onset (Type
1) and later-onset (Types 2 and 3) SMA [60]. The HTA
submission to the US ICER Group examined nusinersen
and onasemnogene abeparvovec, each compared with SOC
for patients with SMA of all ages and SMA types [61].

3.1.3 Conference Abstracts and Journal Articles

Six economic evaluations, published as conference
abstracts or journal articles, represented five studies con-
ducted in the US [53-57] and one published economic
evaluation reported a study conducted in Sweden [58].
Two publications based on a study conducted by the same
research group in the US were published as an abstract
[53] and a full-text publication [57]. The evaluations con-
sidered patients with early infantile-onset SMA (most
likely to develop Type 1 or Type 2 SMA) (n = 4) [53-55,
57], later-onset SMA (n = 1) [56] and both infantile- and
later-onset SMA (n = 1) [58]. Treatment comparisons
considered across the six published economic evaluations
included nusinersen versus SOC [54-56], nusinersen +
SOC versus SOC [58], onasemnogene abeparvovec ver-
sus SOC [54], onasemnogene abeparvovec compared with
nusinersen + SOC [57] and onasemnogene abeparvovec
compared with nusinersen as the SOC [53]. An incremen-
tal cost per quality-adjusted life-year (QALY) gained was
reported in all six publications [53—58].

3.2 Interventions and Comparator Definitions

Interventions in this SLR refer to nusinersen or onasemno-
gene abeparvovec. In the nine publications, the comparator
was typically described as SOC, although the terms best
supportive care or real-world care were also used. For sim-
plicity, herein we refer to SOC as the comparator assessed in
all nine economic evaluation publications; additional infor-
mation regarding comparators is listed in the footnotes of
Table 1. For clinical trials involving nusinersen, SOC was
with or without sham administration. Inclusion of SOC in
addition to an intervention was assumed, although was not
explicitly stated in Malone et al. 2019 [57] and Zuluaga-
Sanchez et al. 2019 [58]. Malone et al. 2019 [53] was the
only publication in which nusinersen treatment was con-
sidered as the SOC for comparison with the intervention
onasemnogene abeparvovec. This has been highlighted in
Table 1 to avoid confusion with the definition of SOC in the

remainder of this manuscript, which does not include treat-
ment with an approved DMT.

3.3 Modelling Methodology

3.3.1 Model Outcomes, Perspectives, Discounting and Time
Horizon

To estimate costs and benefits, the CADTH [59] and NICE
[60] HTA submissions used a Markov approach, while the
US ICER Group [61] HTA submission used a partitioned
survival approach. The models presented in the CADTH
[59] and NICE [60] HTA submissions were developed by
Biogen Inc. and the CADTH [59] model structure is also
described in Zuluaga-Sanchez et al. 2019 [58]; these analy-
ses examined nusinersen versus SOC. The model developed
in Malone et al. 2019 [57] that compared nusinersen and
onasemnogene abeparvovec and was reviewed by the US
ICER Group [61] was funded by AveXis, Inc (Novartis).

All three HTA submissions adopted a payer perspective
and discounting was performed in accordance with country-
specific (Canada, US and UK) requirements for both costs
and benefits (ranging from 1.5 to 3.5%) [59-61] (Table 1).
The HTA submission to NICE adopted a health and social
care perspective in the base case and considered the societal
perspective in a scenario analysis [60]. In the nine studies,
the payer perspective included the Canadian health care sys-
tem [59], the US health care sector [54, 61], US commercial
payer [57], US third-party payer [55, 56], the UK National
Health Service (NHS) reference costs and published litera-
ture for general health management costs [60] and the Swed-
ish societal perspective [58]; one study did not report the
perspective [53]. A discount rate of 3.0% costs and benefits
per annum was used in five studies [53, 54, 57, 58, 61], while
the HTA submissions to CADTH and NICE used 1.5% [59]
and 3.5% [60], respectively, and two studies did not report
discount rates [55, 56].

The time horizons of the nine publications included in
this SLR ranged from 25 years to lifetime and were depend-
ent on whether early-onset or later-onset models were used
(Table 1). Early-onset models had a time horizon of 25 years
to lifetime, and later-onset models had a time horizon of 80
years to lifetime. The difference in time horizons between
early-onset and later-onset models reflected the shorter
survival time in patients with Type 1 SMA compared with
patients with Types 2, 3 and 4 SMA [12].

3.3.2 Model Health States and Survival
Data for the identified economic models were collected from
literature reviews and relatively short-term clinical trials.

Several intent-to-treat clinical trial populations were used in
the studies, which resulted in patient populations of different
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ages, variation in cycle length and the use of different out-
come measures to determine clinical efficacy (Table 1). Clin-
ical trial populations included ENDEAR (NCT02193074;
infants with SMA aged <210 days and with two SMN2 cop-
ies) [62], CHERISH (NCT02292537; patients with SMA
aged 2—12 years with onset of clinical symptoms after 6
months of age) [63] and SHINE (NCT02594124; patients
with SMA who had previously participated in ENDEAR).
The population of patients in these trials included patients
with Type 1 SMA (ENDEAR and SHINE) [2] and Types
2 and 3 SMA (CHERISH) [63]. Long-term extrapolation
beyond clinical trial periods were considered assumptions
in the economic evaluations.

Health states included in these models varied between
studies for the different types of SMA being modelled
(Table 1). The number of health states included in models
for Type 1 SMA ranged from five to nine, with the addi-
tion of accounting for major clinical interventions such as
permanent ventilation, gastrostomy and scoliosis surgery in
three of the publications [55, 56, 58]. All the health states
included in the models were based on combinations of motor
function scales and the achievement of motor milestones
(Table 1), and three published economic evaluations incor-
porated ventilation status [53, 54, 57]. Death (mortality)
was included as a health state in the models reported in five
publications identified in this SLR [57-61] (Table 1). The
health states used were dependent on the scales or motor
milestone measures used as endpoints for determining treat-
ment efficacy in the clinical trials used as source data. For
example, for early-/infantile-onset SMA, Zuluaga-Sanchez
et al. [58] and the HTA submission to NICE [60] (amongst
others) used data from the ENDEAR trial [33]. Stabilisa-
tion/worsening/improving based on 4-point changes in
Children’s Hospital of Philadelphia Infant Test of Neuro-
muscular Disorders (CHOP-INTEND) score were used as
health states by Zuluaga-Sanchez et al. [58], while the HTA
submission to NICE [60] used health states based on discrete
motor milestones as measured by the Hammersmith Infant
Neurological Examination, Module 2 (HINE-2). Motor
milestones were evaluated using the HINE, which is used
to assess Type 1 SMA [64] or World Health Organization
(WHO) motor development milestones [65] for later-onset
SMA. Motor function scales used were the CHOP-INTEND
[66], to evaluate Type 1 SMA, and the Hammersmith Func-
tional Motor Scale-Expanded (HFMSE), to evaluate Type
2 or 3 SMA [67].

3.3.3 Model Inputs: Healthcare Resource Utilisation
and Utilities

Healthcare resource utilisation, in terms of cost inputs for
the models (Table 1), was estimated from a combination
of analyses of US health plan claims data and published

literature in three of the publications identified in this SLR
[53, 57, 61]; from claim data, published literature and expert
opinion from the US healthcare perspective [54]; from UK
NHS reference costs and general healthcare costs based on
published literature and unpublished data from four Euro-
pean countries including the UK [60]; from specified or
unspecified published literature [55, 56, 59]; or from an SLR
that was reviewed by UK and Swedish clinical experts [58].

All the publications included or considered utility for
patients and caregivers and almost all reported/included
societal costs (i.e., productivity loss). However, there was
an absence of valid patient and caregiver utility data, and
the source was not always recorded (Table 1). In the absence
of European Quality of Life (EQ-5D) or any preference-
based instrument to estimate utilities in the source data,
several economic evaluations used a mapping technique to
derive patient utilities as an alternative. Two studies [57,
59] used a mapping technique based on a published [68]
or unspecified algorithm. The study by Malone et al. 2019
[57] included utilities mapped from CHERISH to EQ-
5D-Youth version (EQ-5D-Y), case study review by clinical
experts in SMA using EQ-5D-Y and Pediatric Quality of
Life Inventory Neuromuscular Module and parent proxy-
assessed EQ-5D-3 Dimensions utilities. Published sources
of utilities for patients with SMA [68—70] were used for the
HTA submission to the US ICER Group [61], while other
economic evaluations combined unpublished patient utility
sources with review by experts in SMA [57, 58]. In the HTA
submission to NICE [60], patient utilities were generated by
the manufacturer’s clinical advisors. In two economic evalu-
ations, patient utilities were derived from unspecified pub-
lished literature [55, 56] and one study did not report patient
utilities [54]. Only three economic evaluations reported car-
egiver utilities [58, 60, 61], which were derived from a study
of caregiver utilities in Spain [71] or a comparison of health
states with the Swedish general population [72].

3.4 Reported Cost-Effectiveness Results
and Uncertainty Analyses

Although nusinersen was generally found to be associated
with improved survival in individuals with SMA, it was
found not to be cost effective compared with SOC across
all SMA types examined [54-56, 58—61]. The review by
NICE [60] reported that nusinersen was in excess of their
conventional benchmark of 20,000-30,000 GBP per QALY.
The review by CADTH stated that each of the incremen-
tal cost-effectiveness ratios obtained in the HTA submis-
sion (Types 1, 2 and 3 SMA) were substantially above the
standard willingness-to-pay threshold of 300,000 USD per
QALY [59]. Similarly, the review by the US ICER Group
[61] found that nusinersen exceeded the generally accepted
cost-per-QALY threshold for all SMA types. Onasemnogene
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abeparvovec was found to be cost effective compared with
chronic nusinersen use in individuals with Type 1 SMA [57],
but was not cost effective compared with SOC [61]. The
incremental cost-effectiveness ratio range was 203,072 to
31,379 USD per QALY gained for onasemnogene abeparvo-
vec versus nusinersen [61]. Estimates of uncertainty, such as
one-way sensitivity analysis, probabilistic sensitivity analy-
sis or scenario analyses, were reported in six of the publica-
tions identified in the SLR [54, 57—-61]; three studies did not
state that estimates of uncertainty were used [53, 55, 56].

3.5 Quality Assessment

Quality assessment was performed for SMA studies pre-
sented as full publications (n = 5) that were included in
this SLR [57-61]. The results of the quality assessment
were that these five publications generally provided clear
descriptions of objectives, modelling methods and results
(ESM Table 6). However, key decisions, such as choice of
economic evaluation, model type and choice of variables
for sensitivity analysis, were often not adequately justified.
Furthermore, while limitations were briefly acknowledged,
issues relating to the generalisability of results were rarely
addressed. The lowest quality assessment scores were attrib-
uted to the HTA submissions to CADTH [59] and NICE [60]
(both <20 quality considerations); this is likely due to the
poor reporting in the available submission documents (less
information available) and to an absence of justification for
key modelling decisions.

4 Discussion

Our SLR of economic modelling studies in SMA identified
nine publications covering eight unique studies, including
some overlap between the identified published analyses and
HTA submissions. In addition, 11 economic evaluations
considering the cost effectiveness of treatments for other
(non-SMA) neuromuscular disorders (e.g. amyotrophic lat-
eral sclerosis) were identified (refer to ESM) but not ana-
lysed further. Given the historic paucity of data on the SMA
population, data from these studies may be considered useful
for informing future economic evaluations of SMA but were
not included in this SLR.

From studies identified in the current SLR, it is evi-
dent that different approaches to models exist in the litera-
ture. Of the three HTA submissions on SMA, NICE [60]
and CADTH [59] used a Markov modelling approach,
whereas the US ICER Group [61] used a partitioned sur-
vival approach. However, all three HTA submissions devel-
oped separate models for infantile-onset and later-onset
SMA. Models were based on motor function milestone, but
either the milestone definition (which defined the extent of
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granularity) and/or execution in the models differed between
the modelling approaches. Study comparisons across eco-
nomic evaluations of SMA are challenging because of (i)
inconsistences in model structure despite modelling the
same disease and using motor milestones as disease health
states; (ii) no consensus on which generic instrument should
be used to measure utilities for patients (i.e. EQ-5D, EQ-
5D-Y, Child Health Utility, Health Utility Index Mark 2 or
Mark 3); (iii) no consensus on the inclusion of caregiver util-
ities although deemed important; (iv) no consensus on how
resource use should be collected/reported/analysed/included
in the model; and (v) no consensus on endpoints such as
consistency in measuring motor milestones or measuring
progression of the disease (i.e. HINE-2, HFMSE, CHOP-
INTEND, WHO scores).

Despite inconsistencies in modelling approaches with
regards to milestone definitions and milestone inclusion,
models using either a Markov or partitioned survival
model found that nusinersen was generally associated with
increased survival but was not deemed to be cost effective
within payer-relevant thresholds when compared with SOC
across all SMA types [54-56, 58—61]. Onasemnogene abe-
parvovec was found to be cost effective when compared
with chronic nusinersen treatment in individuals with Type
1 SMA using a Markov model focusing on motor-milestone
achievement [57]; however, onasemnogene abeparvovec was
not cost effective when compared with SOC [61]. These lat-
ter analyses were not carried out using a partitioned survival
model.

4.1 Emerging Economic Evaluations in SMA

The number of publications relevant to economic evalua-
tions in SMA has increased in the past few years, presuma-
bly due to the approval of three DMTs for SMA. Payers may
be more willing to accept a higher price for the first available
treatment for a rare disease because of the unmet need and
lack of competitive treatment options to limit pricing [73].
An outcomes-based managed entry agreement between the
manufacturer and payers was established for nusinersen in
several countries [74]. Since the SLR was conducted, a sum-
mary of the effectiveness and value of treatments for SMA
by the US ICER Group [48] and two full-text publications,
each with an updated economic model following review
by the US ICER Group, have been published. The updated
models included nusinersen in patients with infantile-onset
SMA [75] and onasemnogene abeparvovec in patients with
Type 1 SMA [76]. A recently published SLR assessed six
economic evaluations for SMA that included nusinersen
versus SOC, nusinersen versus onasemnogene abeparvovec
and each against no drug treatment, and nusinersen versus
SOC with and without newborn drug screening [77]. Sim-
ilar to the findings of this SLR, the publication reported
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that nusinersen and onasemnogene abeparvovec were not
cost effective as new treatments for SMA management, but
the study relied on official prices rather than potential dis-
counted prices [77]. A cost-utility valuation that explored
the benefits of available therapies for the UK NHS reported
that onasemnogene abeparvovec would not be cost effec-
tive compared with SOC or nusinersen; however, a lack of
transparency due to a confidential cost arrangement between
stakeholders was challenging for a thorough and reliable
economic evaluation [78]. Another recently published SLR
examined the cost of illness associated with SMA from 14
studies [79]. Recent publications also comprise data sug-
gesting that universal newborn screening for SMA provides
improved economic value for payers and patients when
nusinersen is available [80]. The two recently published
SLRs highlighted the challenges of compiling cross-study
comparisons relevant to economic evaluations and cost of
illness associated with SMA due to variation in methodo-
logical approaches [77, 79]. SLRs have inherent limitations
due to variable selection of study criteria [81], which may
add further complexity to assessing the economic value
of new DMTs for SMA. In contrast to recently published
SLRs for SMA [77, 79], we have focussed on evaluating the
methodological approaches to economic evaluations in SMA
to provide a foundation upon which future payer decisions
between innovative treatments for SMA may be more easily
compared. To date, no economic evaluation of risdiplam has
been published.

4.2 Implementation of HTA Body
Recommendations

HTA body reviews of the CADTH and NICE HTA sub-
missions [59, 60] highlighted limitations in some of the
assumptions used in models for both early- and later-onset
SMA. From these reviews, HTA body recommendations for
future models are that (i) health states should be absolute
states relating to the level of functioning at that time rather
than states relative to previous functioning [59]; (ii) models
with health states based on motor function milestones only
should also capture the impact of other outcomes such as
respiratory function and the requirement for ventilation [60];
(iii) utility values should be derived from published analy-
ses and direct methods, instead of mapping [59]; and (iv)
costs associated with the management of SMA should be
reported in an age- and motor milestone-dependent context
[60]. Some of the changes between the reviewed economic
evaluation models may have been implemented following
feedback from HTA body review groups. For example, entry
of patients into the model in the baseline health state was
used in the HTA submission to CADTH for nusinersen [59],
but the review by the CADTH HTA body recommended
that health states should not relate to previous functioning.

Health state at baseline was not incorporated in the HTA
submission to NICE [60]. The inclusion of additional health
states such as respiratory function and the requirement for
ventilation may also have helped these models to capture the
impact of SMA more accurately.

4.3 Long-Term Modelling Implications

Findings from the six published economic evaluations must
be interpreted in the context of individual study caveats.
Limitations of the five studies on which the publications
were based often related to the absence of long-term effec-
tiveness and safety data [54, 55, 58], the restricted general-
isability of results [57] and a requirement for assumptions
concerning survival, utilities and whether the motor function
milestone was sustained over a lifetime [54]. Economic eval-
uations would benefit from long-term follow-up of clinical
trial participants to fully capture the benefits, such as QALY's
or motor function improvement, associated with SMA treat-
ment. Compilation of such treatment benefits should be
included in registries to better inform future model updates.
Indeed, almost half of the studies identified in this SLR
were conference abstracts; limited reporting renders robust
quality assessment of economic evaluation studies more dif-
ficult. As additional economic evaluations are carried out
with longer-term data, conclusions may change. For exam-
ple, when compared with individuals with Type 1 SMA,
individuals with Types 2 and 3 SMA have a longer latency
between clinical onset and significant disease progression,
which provides more time for treatments to offer beneficial
effects [82]. Therefore, ICER-per-QALY values may show
increased variation in Types 2 and 3 SMA, compared with
Type 1 SMA. Other challenges for economic evaluations
in SMA that could be addressed in the future include lack
of consideration for patient preference regarding treatment
benefit versus risk, potential for improvement in particular
clinical domains (e.g. motor function, respiratory function)
and treatment attributes such as route of administration and
age indications [83, 84].

4.4 Consistency in Appropriate Motor Function
Assessment

There is no uniform approach or standardised scale to meas-
ure outcomes for all types of SMA, from childhood through
to adulthood. This has proven to be a barrier for understand-
ing disease progression and for comparing results from dif-
ferent studies [14, 22, 85]. The publications identified in
this SLR have shown some consistency with both HINE-2
and WHO motor milestones used for early- and later-onset
SMA, respectively, and the CHOP-INTEND and HFMSE
scales to define worsening/improvement in some health
states in early- and later-onset SMA, respectively. HFMSE
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is commonly used to assess motor function ability in later-
onset SMA but it has been shown that this scale is more
appropriate to assess stronger non-ambulant patients and
may be less sensitive to detect change in weaker patients
[86]. Inclusion of additional scales more able to capture
change in weaker patients, or a combination of scales, may
be needed to improve scale reliability across patient cohorts
[87—89] to ensure that clinical efficacy is fully captured. It
would be helpful if a consensus on the method of measur-
ing motor function used in modelling could be reached that
reflects the newer recommended terms for SMA, based on
descriptive terms of the motor milestones achieved by indi-
viduals, in contrast to the traditional ‘types’. As real-world
evidence is valuable for decision making, in particular for a
rare disease such as SMA, consistency in clinical trial and
natural history data collection by registries will also prove
to be important.

4.5 Consensus in Modelling Structure and SMA
Health State Classification

To improve consistency in cost-effectiveness modelling in
SMA, it may be useful to examine the approach used in other
diseases to unify models. Project HERCULES is a collabora-
tive project between Duchenne UK and eight pharmaceutical
companies to develop a cost-effectiveness model for DMD
in which health states are informed by clinicians, patients
and caregivers [90]. In addition to model flexibility to incor-
porate different input parameters, such as interventions and
comparators, patient populations and treatment effects,
Project HERCULES incorporates expertise from manu-
facturers, decision makers and clinical experts to develop a
model [90]. In the past, key opinion leaders, modellers and
economists liaised to develop the CORE Diabetes Model for
diabetes mellitus [91], which later became a global, internet-
based, interactive computer model that permits simulations
of different populations of patients with diabetes in realis-
tic clinical settings. It would be beneficial for stakeholders
associated with SMA to consider a bespoke approach to eco-
nomic modelling of SMA through the adoption of successful
elements of approaches used elsewhere.

An important consideration for future economic evalu-
ations involves a change in the way many experts are clas-
sifying SMA (the traditional categorisation of types is based
on the age of onset and highest motor milestone achieved).
Increased survival and improvement of motor function have
been a direct result of both DMTs and enhanced medical care
and are leading to the emergence of new phenotypes [2, 82,
92, 93]. For example, DMT use has resulted in patients with
Type 1 SMA who can sit and patients with Type 2 SMA who
can walk [92], which are milestones that are never achieved
in natural history. Recommended terms for re-classification
of SMA include ‘non-sitters’, ‘sitters’ and ‘walkers’, which
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better reflect current motor function and associated depend-
ence on caregivers [2]. This approach to classification allows
for both attainment of milestones following treatment that
are never normally achieved in natural history, and also for
the loss of motor function that may occur in a degenera-
tive disease (e.g. a patient initially classified as having Type
2 SMA may become a ‘non-sitter’ due to disease progres-
sion). An abstract and associated poster presented by Para-
cha et al. at ISPOR 2020 [94] highlighted further refine-
ment in economic models proposed for SMA. In the study by
Paracha et al., the functional milestones were defined using
the HINE-2 and 32-item Motor Function Measure scales
for infantile-onset (Type 1) SMA and later-onset (Types 2
and 3) SMA, respectively. Moreover, the proposed Markov
model for Type 1 SMA included four motor function mile-
stones (‘not sitting’, ‘sitting’, ‘standing’ and ‘walking’) to
reflect disease severity together with ‘permanent ventilation’
and ‘death’ health states. Standing was added as an inter-
mediate health state because reliance on a caregiver may
diminish or may not be required in this state, which is an
important consideration both for informal costs and quality
of life. The proposed Types 2/3 SMA Markov model was
identical to the Type 1 SMA model, except for the removal
of ‘not sitting’ and ‘permanent ventilation’ health states.
Individuals could transition between these defined motor
function milestones and each of the health states included
a ‘with or without’ sub-health state to account for potential
differences in quality of life and costs, which has not been
included in previous models. A recently published economic
model using the health states ‘permanent ventilation’, ‘not
sitting’, ‘walking’ and ‘death’ assessed nusinersen treatment
versus SOC for patients with infantile-onset SMA in the US
[75]. This study found that nusinersen treatment achieved
QALYs and life-years (LYs) (3.24 and 7.64, respectively)
that were higher than SOC (QALY, 0.46; LYs, 2.40) [75].
Therefore, the application of revised SMA classification,
in addition to increased understanding of the prevalence of
SMA, may impact assessments of economic modelling of
SMA in the future.

4.6 Measuring Change That is Meaningful
for Patients in Economic Evaluations

Although payers are primarily interested in generic prefer-
ence-based measures to compare the added value of inter-
ventions across diseases [95], patient-reported outcomes
are becoming increasingly important in decision making
by payers. Motor and respiratory function were the pri-
mary outcome measures assessed in the studies identified
in this SLR. However, meaningful changes to patients with
SMA, such as fine finger movements or the ability to turn
one’s head, may not be captured by current scales for clini-
cal trial endpoints [96]. Patients, caregivers and clinicians
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have also highlighted that outcome measures should assess
aspects of SMA such as the ability to perform daily activi-
ties, respiratory function, swallowing, fatigue and endurance
[97]. Indeed, from a survey of patients with Type 2/3 SMA,
respiratory-related symptoms were commonly selected as
having significant impact on life [98]. The models presented
by Paracha et al. at ISPOR 2020 allowed for the application
of utility decrements to disease-related impacts of interest
such as respiratory support and orthopaedic conditions [94].
Guidance for clinical outcome assessments increasingly
emphasises the inclusion of meaningful change at an indi-
vidual patient level [99], and so this may be more routinely
addressed in future economic evaluations in SMA.

5 Conclusions

This SLR provides a comprehensive repository of the meth-
odological approaches used in currently available economic
evaluations relevant to patients with SMA. Importantly, limi-
tations of the identified studies highlight several weaknesses,
such as lack of consensus on modelling the disease (model
structure) and data defining model health states. In addi-
tion, several data gaps exist, including a lack of long-term
efficacy and safety data from clinical trials, and an absence
of consensus on which generic preference measure should
be used to estimate utilities in both infantile-onset and later-
onset SMA. The application of traditional cost-effectiveness
thresholds means that orphan drugs for rare and ultra-rare
conditions rarely meet cost-effectiveness thresholds [49].
The absence of robust data inputs also highlights the impor-
tance of global, regional and/or local data collection plat-
forms and disease registry networks.

Long-term data generated by clinical trials and improved
data collection in registries will further inform future eco-
nomic evaluation model updates and help to fully capture
the long-term benefits associated with current and emerging
SMA treatments such as QALYs or motor function among
individuals with early- and later-onset SMA. Future eco-
nomic evaluations should incorporate the review group cri-
tiques of previous HTA submissions relating to data inputs
and approaches to modelling, and should include patient
data reflective of the SMA population being modelled. Col-
laboration between pharmaceutical companies and HTA
decisions makers should also be considered based on Pro-
ject HERCULES for DMD [90] and CORE Diabetes [91].
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