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Abstract

Background Spinal muscular atrophy (SMA) is a severe neuromuscular disease that is inherited in an autosomal recessive
manner with an estimated incidence of 1 in 10,000 live births. The traditional classification of SMA includes five types (Types
0-4 SMA) based on patient age at disease onset and the highest motor milestone achieved. Spinal muscular atrophy leads
to progressive muscle denervation, skeletal muscle atrophy and loss of motor function and ambulation, though phenotypes
vary along a disease continuum. Regardless of disease severity, or access to treatment, a multidisciplinary approach to care
is required to ease the burden of disease. To date, limited global data exist regarding the cost and resource use associated
with SMA management.

Objective We planned to perform a systematic literature review to identify studies on cost and healthcare resource use
associated with SMA.

Methods A comprehensive search was conducted in 2019 using several electronic databases in addition to supplementary
sources and updated in 2021 in order to capture recently published studies. Electronic searches performed in Embase, MED-
LINE, Evidence-Based Medicine Reviews and EconLit via the Ovid platform were supplemented by searches of the grey
literature (reference lists, conference proceedings, global Health Technology Assessment body websites and other relevant
sources). Study eligibility criteria were based on the population, interventions, comparators and outcomes (PICO) frame-
work. Quality assessment of full-text publications was evaluated with reference to a published checklist. To accommodate
heterogeneity across studies including countries, currencies, populations, time units and methods of reporting used, costs
were reported in Euros in 2019.

Results A total of 51 publications, comprising 49 unique studies of patients with SMA that met all eligibility criteria were
included in the final selection. The publications comprised data from 14 countries and seven additional studies that reported
multi-national data. Because of the heterogeneity between the different types of SMA, data were frequently reported sepa-
rately for individuals with Type 1 or early-onset SMA and for Types 2, 3, and 4 SMA or later-onset SMA. Generally, direct
medical costs and resource use were reported to be highest for patients with Type 1 SMA, decreasing incrementally for
patients with Type 2 and Type 3 disease. Where cost categories were similar, direct costs were much lower in Europe than
in the USA. Indirect costs were primarily associated with informal care, which was a substantial burden on patients and
families in terms of both cost and time. Cost drivers were generally found to be dependent on SMA type.

Conclusions Long-term robust studies are required to fully elucidate the economic burden of SMA. Considering that motor
function can vary broadly, especially in Type 2 SMA, it would be beneficial to understand how costs and resource use are
affected by different degrees of ambulation. Reporting data in terms of achieved motor function could also mitigate the chal-
lenges of comparing global data studies of small populations. Global, regional, and/or local data collection platforms and
disease registry networks could play an important role in helping to address current data gaps.
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Key Points for Decision Makers

Spinal muscular atrophy causes a significant burden to
patients, caregivers and healthcare systems, although the
extent of the burden is dependent on the type of spinal
muscular atrophy reported.

Current research demonstrates that disease-modifying
therapies can potentially reduce spinal muscular atrophy
costs, but more information is needed across all spinal
muscular atrophy types.

It is recommended that future cost and resource evalu-
ations in spinal muscular atrophy should be reported
according to the degree of ambulation by patients.

1 Introduction

Spinal muscular atrophy (SMA) is a severe neuromuscular
disease that is inherited in an autosomal recessive manner
with an estimated incidence of 1 in 10,000 live births [1].
Approximately 95% of SMA cases are caused by homozy-
gous deletions in the survival of the motor neuron 1 (SMN1)
gene that encodes the SMN protein; the remaining cases
arise from heterozygous deletions and point mutations in
SMNI [2]. While another SMN gene, SMN2, also encodes
the SMN protein, the majority of protein produced by this
gene is unstable and therefore insufficient to counteract defi-
ciency in SMNI [3, 4]. Individuals carry a variable number
of copies of the SMN2 gene, and in SMA, the number of
copies is typically inversely correlated with the severity of
disease [5, 6]. Despite ubiquitous expression, motor neurons
are particularly sensitive to insufficient SMN levels, lead-
ing to progressive muscle denervation, skeletal muscular
atrophy, overall weakness and loss of motor function and
ambulation [7-10]. Muscle atrophy can lead to disease-
associated complications such as pneumonia, scoliosis,
contractures and difficulty with sleep and nutrition, all of
which can impact survival and reduce quality of life, and
can result in the need for respiratory, orthopaedic, mobility
and nutritional support [11-14].

The traditional classification of SMA includes five types
(Types 0-4 SMA) based on patient age at disease onset
and the highest motor milestone achieved [7, 9, 15-17].
SMA phenotypes vary along the disease continuum; at the
extremes, Type 0 SMA causes foetal or neonatal death,
whereas Type 4 SMA is the mildest form of SMA which
manifests during adulthood [7, 9]. In the absence of dis-
ease-modifying therapies (DMTs), infants with Type 1 SMA
(also known as Werdnig—Hoffmann disease) are unable to
sit and life expectancy may not extend 2 years [7, 16, 17].
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In Type 2 SMA, muscle weakness may develop between 7
and 18 months of age; these individuals achieve the ability
to sit, and some can stand with support, but they are never
able to walk [7, 9]. Diagnosis of Type 3 SMA (also known
as Kugelberg—Welander disease) occurs after 18 months of
age in individuals who achieve the ability to walk but are
likely to progressively lose function, whereas individuals
with Type 4 SMA are ambulatory at initial diagnosis, which
occurs in adulthood [7, 9]. Of Types 1-3 SMA, the incidence
of Type 1 SMA is estimated at ~ 60%, whereas Type 2 and
Type 3 SMA each have an estimated incidence of ~ 20% [1].
It is estimated that 35% of the global SMA population are
adults [18]. In the USA, the prevalence of Types 1, 2, and
3 SMA cases was projected to be 8526, 9429 and 10,333 in
2016, respectively [19].

Three DMTs that increase SMN levels via distinct admin-
istration approaches have been approved in the USA and
Europe: nusinersen (Spinraza®; Biogen Inc., Cambridge,
MA, USA) [20, 21], onasemnogene abeparvovec-xioi
(Zolgensma®; AveXis Inc., Bannockburn, IL, USA) [22,
23] and risdiplam (Evrysdi®; Genentech Inc., South San
Francisco, CA, USA) [24, 25]. Nusinersen is an intrathe-
cally administered antisense oligonucleotide that modifies
SMN?2 pre-messenger RNA splicing to increase SMN pro-
tein production [26], while onasemnogene abeparvovec is
an intravenous gene therapy that introduces a copy of the
SMN1 gene [27]. Risdiplam is an oral small molecule that
increases SMN protein levels by modifying SMN2 messen-
ger RNA splicing [28]. Nusinersen, onasemnogene abepar-
vovec and risdiplam are changing the management of SMA
from previously supportive approaches to treatments that
can alter the natural history of the disease [29]. Subsequent
to the approval of nusinersen by the European Medicines
Agency, a survey across 26 European countries revealed
that although almost 95% (94.7%) of patients with SMA
wanted to initiate an approved treatment, nearly three quar-
ters (73.2%) of participants with SMA in a recent European
survey were not receiving treatment, with a lack of access
cited as the most common reason [30].

A lack of prognostic factors and biomarkers to detect pos-
itive responses to DMTs means it can be difficult to establish
treatment efficacy despite long-term drug use [31]. Several
validated measures of motor function in SMA exist and are
used to monitor disease progression, such as the Children’s
Hospital of Philadelphia Infant Test of Neuromuscular Dis-
orders (CHOP-INTEND) [32], the Hammersmith Infant
Neurological Examination Part 2 (HINE-2) scores [33], the
Hammersmith Functional Motor Scale-Expanded (HFMSE)
[34], the Revised Upper Limb Module (RULM) [35], the
6-Minute Walk Test (6MWT) [36], the Bayley Scales of
Infant Development (BSID) [37] and the 32-item Motor
Function Measure (MFM32) [38].
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Regardless of the severity of SMA an individual has, or
access to treatment, a multidisciplinary approach to care is
required to ease the burden of disease [11, 12, 14]. The first
published recommendations for an international SMA stand-
ard of care [14] were updated in 2018 to reflect improve-
ments in SMA management approaches such as non-invasive
ventilation and enteral feedings [11, 12]. However, as SMA
is a rare disease, patient outcome studies tend to involve rela-
tively small patient populations, precluding a comprehensive
understanding of the burden of SMA to patients, their fami-
lies and caregivers. Additional hindrances to understanding
rare diseases such as SMA include small and geographically
diverse patient populations [18], delays in diagnosis [39],
disparities in health insurance coverage [40, 41] and varied
access to specialised treatment options [41]. Family and car-
egiver support also play a crucial part of SMA management,
including help with respiratory function, daily movement
and activities, feeding or digestive issues, and responding
to medical emergencies. Current recommendations for SMA
management include the at-home use of assistive devices,
for example, respiratory support equipment and wheelchairs,
and adaptive home and transportation modifications [11, 12].

To date, limited global data exist regarding the cost and
resource use associated with SMA management. The objec-
tive of this systematic literature review (SLR) was to iden-
tify studies on costs and healthcare resource use associated
with SMA. We then examine in more detail costs (direct and
non-direct medical costs, indirect costs and cost drivers) and
healthcare resource use associated with the management of
SMA.

2 Methods
2.1 Search Strategy and Selection Criteria

An SLR was performed to identify available evidence of
healthcare costs and resource use associated with SMA. The
Preferred Reporting Items for Systematic reviews and Meta-
Analyses for Protocols 2020 [42] guidelines were followed
to identify and screen scientific literature and extract data
[42]. A comprehensive search was performed using several
electronic databases (Embase, MEDLINE, Evidence-Based
Medicine Reviews and EconLit) on 29 August, 2019. Addi-
tional searches (hand searching) of congress proceedings,
reference lists of included publications, Health Technology
Assessment bodies, and searches of additional sources and
websites were also conducted to identify relevant evidence
(Table 1 of the Electronic Supplementary Material [ESM]).
Eligibility criteria included cost and resource use studies
conducted in any patient with SMA. The search was updated
on 29 July, 2021 to ensure that any recently published stud-
ies were captured. The full search strategies (up to 29 July,

2021), including free-text words, subject index headings
(e.g. MeSH), the relationship between search terms (e.g.
Boolean) and database start dates are provided in Table 2
of the ESM. The literature searches in the database cov-
ered several decades; therefore, few studies included in
the SLR examined the impact of treatment with DMTSs on
costs and resource use. Eligibility criteria were based on
the population, interventions, comparators, and outcomes
(PICO) framework [43] to identify relevant data (Table 3
of the ESM). Because of the expected paucity of relevant
data for patients with SMA, the scope of searches was ini-
tially broad to include patients with other neuromuscular and
neurodegenerative disorders including, but not limited to,
myodystrophy, muscular dystrophy and amyotrophic lateral
sclerosis; however, publications relevant to these disorders
were not analysed further. Studies that included patients with
any type of SMA (Types 1, 2, 3 and/or 4) were selected for
further analysis. No limitations were imposed on the search
strategy regarding intervention, geography, the language of
publication or the publication date (Table 3 of the ESM).

2.2 Data Extraction

Data extraction was carried out by the first reviewer and
checked for accuracy and completeness by a second reviewer
and any inconsistencies were resolved through discussion.

2.3 Assessment of Bias and Quality of Evidence

Quality assessment of eligible cost/resource use studies was
performed using the checklist adapted to cost of illness by
Molinier et al. [44].

2.4 Cost Adjustments

To accommodate heterogeneity across studies including
countries, currencies, populations, time units and meth-
ods of reporting used, costs were adjusted to account for
inflation and were reported in Euros (EUR). Non-US costs
were converted to EUR 2019 values using the Harmonised
Index of Consumer Prices extracted from Eurostat [45]. US
costs were converted to 2019 prices using the Consumer
Price Index for all Urban Consumers extracted from the US
Bureau of Labor Statistics [46]. Costs reported in currencies
other than EUR were converted to EUR using purchasing
power parities [47] for gross domestic product. For stud-
ies in which the reference year of costs was unclear, the
year of publication was assumed for the base year (with the
exception of 2021 publications for which the base year was
assumed to be 2020).
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Fig.1 Study flowchart. Fifty-one publications reporting costs and
resource use in spinal muscular atrophy (SMA) were included in this
systematic review. *Citations were excluded on the basis of language
if: a they did not have an English abstract or b they had an English
abstract but relevant data were not reported in the abstract. "Covering

3 Results
3.1 Description of Identified Studies

The original electronic database searches conducted in
August 2019 identified 2447 records. Following removal
of 293 duplicates, 2154 titles and abstracts were screened,
and 199 full-text records were deemed potentially relevant
before 103 were excluded based on PICO criteria. Fourteen
additional records were identified via hand searching. A total
of 34 publications, comprising 32 unique studies of patients
with SMA that met all eligibility criteria were identified in
the original search. Two conference abstracts were linked
[48, 49], and one conference abstract and one manuscript
were linked [50, 51]. However, these abstracts and manu-
scripts contained unique data; therefore, all were included
as discrete publications. The update search in July 2021
yielded an additional 17 publications including 11 full-text
publications and six conference abstracts; one abstract had
an associated poster [52] (Fig. 1).
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49 unique studies; two full publications and two conference abstracts
were linked studies; both have been retained in the current report as
they each report unique relevant data. EBM evidence-based medicine
reviews, SLR systematic literature review

The final list of 51 publications comprised 27 full-text
publications [50, 53-78], 23 conference abstracts [48, 49,
51, 52, 79-97] and one slide deck [98]. Cost and resource
use data were reported in 23 publications [48, 50, 53-57,
60, 61, 68, 70-77, 79, 84, 85, 92, 98]. Cost data only were
reported in nine publications [58, 59, 83, 86, 93-97],
whereas resource use data only were found in 19 publica-
tions [49, 51, 52, 62-67, 69, 78, 80-82, 87-91].

The publications comprised data from 14 countries,
including the USA (n = 20) [48-50, 53, 54, 56, 57, 60, 63,
70, 74, 77, 80, 84-86, 88, 91-93], UK (n = 5) [52, 68, 81,
89, 98], Italy (n = 2) [59, 83], Australia (n = 2) [64, 71],
Canada (n = 1) [75], Germany (n = 1) [55], Croatia (n = 1)
[87], Korea (n = 1) [65], Japan (n = 1) [66], France (n = 1)
[79], Spain (n = 4) [58, 72, 73, 78], Sweden (n = 1) [61],
Russia (n = 2) [94, 97] and Turkey (n = 1) [96]. Seven stud-
ies reported multi-national data [62, 67, 69, 76, 82, 90, 95].

The following study designs were adopted across the
49 unique studies: retrospective analyses (n = 35) [48, 50,
53-60, 63, 65, 66, 68, 70, 72-74, 77-93], cross-sectional
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analysis (n =7) [52, 69, 71,75, 76, 95, 96], cost analysis (n
= 2) [94, 97], exploratory qualitative analysis (n = 1) [64],
prospective cohort study (n = 1) [62], economic evaluation
(reporting original cost data; n = 1) [61], survey (n = 1) [98]
and a symposium briefing report (n =1) [67]. Because of the
heterogeneity between the different types of SMA, data were
frequently reported separately for individuals with Type 1
(n=11) [48, 54, 57, 63, 65, 66, 68, 81, 84, 91, 93]; Types
1-3 SMA (n = 11; each type reported separately [52, 55,
58,59, 67, 69, 71, 75, 76, 96, 98]; Type 3 SMA including
subgroups (n = 1) [82]; and adult patients with SMA (n = 1)
[74] or were reported for a mixed population of individuals
with SMA: infantile-onset and other SMA (excluding Type 4
SMA; n = 1) [79]; infantile-onset (< 7 years) and later-onset
(2-12 years) SMA (n = 1) [61]; Type 1 SMA and other SMA
(including Type 4 SMA; n = 2) [50, 97]; early-onset SMA
(patients with Types 1, 2 and 3 SMA aged < 3 years); and
other SMA (later-onset Types 2 and 3 SMA in addition to
Type 4 SMA) [n = 1] [60]—reported separately for infan-
tile-onset, childhood-onset and juvenile-onset SMA (n = 1)
[70]; reported separately for patients with infantile-onset,
childhood-onset and late-onset SMA (n = 1) [77]; a mixed
population with Types 1,2 and 3 SMA (n = 1) [95]; a mixed
population with Types 2 and 3 SMA (n = 1) [64]; a mixed
population with Types 2 and 3 SMA including subgroups
(n = 1) [62]; a mixed population with Types 2 and 3 and
unreported SMA type (n = 1) [88]; a mixed population with
Types 1, 2, 3 and 4 SMA (n = 1) [73]; and a mixed popula-
tion with SMA in which SMA type was neither specified nor
reported (n = 11) [53, 56, 80, 83, 85-87, 89, 90, 92, 94, 99].
Of the 51 publications included in the SLR, 12 included
data that examined the use of DMTs nusinersen and
onasemnogene abeparvovec; four were full-text publica-
tions [50, 61, 63, 68], whereas eight were abstracts [48, 49,
51, 81, 88, 90, 91, 93]. Because of earlier approval in the
USA and Europe for nusinersen, most of the 12 publica-
tions examined nusinersen only [50, 51, 61, 68, 81, 88, 90,
93], whereas three publications compared treatment with
onasemnogene abeparvovec vs nusinersen [48, 49, 63], and
one publication examined onasemnogene abeparvovec [91].
No data are currently available for the effect of treatment
with risdiplam on cost and resource use as a result of the
recent approval of risdiplam in the USA and Europe.
Overall, 30 studies reported direct cost data [48, 50,
53-61, 68, 70-74, 76, 77, 79, 84-86, 92-98], 22 studies
reported disaggregated direct costs [48, 50, 52, 53, 55,
58-61, 68, 71, 73-77, 79, 84-86, 92, 98] and 26 studies
reported aggregated direct costs [50, 53-60, 70-74, 76, 77,
81, 84, 85, 92-98]. Of the 30 studies reporting direct cost
data, 20 studies used a bottom-up approach [53-61, 70, 71,
73,74,76, 77, 81, 84, 95-97] and four studies used a top-
down approach [50, 79, 85, 92]. Six studies did not specify
the method of cost collection [48, 72, 86, 93, 94, 98]. Forty

publications reported data on resource use (Table 4 of the
ESM), which included requirement for respiratory support
(n = 30), length of stay in hospital (n = 19), number of
hospital admissions (n = 24), requirement for nutritional
support (n = 18), outpatient or specialist visits (n = 20),
medication (non-DMT) resource use (n = 15), patients
requiring carers (n = 16), physiotherapy (n = 9) and use
of assistive devices or medical aids, such as care aids or
adaptive beds (n = 14).

3.2 Direct Medical Costs and Resource Use

Direct medical costs associated with inpatient and outpa-
tient hospitalisation, consultations with specialists and
other healthcare providers, current treatment and posology
(excluding DMT costs), tests/examinations and rehabilita-
tion were of primary interest for this SLR. Thirty studies
reported direct medical cost data (data from 20 studies are
shown in Table 1) and 35 studies recorded resource use
data aligned with the categories described for direct medi-
cal costs.

Generally, direct medical costs and resource use were
reported to be highest for patients with Type 1 SMA,
decreasing incrementally for patients with Types 2 and 3
SMA [55, 59, 60, 71, 83]. A resource use study in Ger-
many [55] found the consumption of medical resources to
be highest in patients with Type 1 SMA, particularly for out-
patient medical consultations, inpatient treatment and arti-
ficial nutrition; 67% of patients with Type 1 SMA required
inpatient treatment compared with only 17% of patients
with Type 2 SMA, and 7% with Type 3 SMA [55]. The
same study found that 100% of patients with Type 1 SMA
required outpatient medical consultation compared with 79%
of patients with Type 2 SMA, and 54% with Type 3 SMA
[55]. Consumption of rehabilitation resources was 100% for
Type 1, 96% for Type 2, and 79% for Type 3 SMA; how-
ever, use of sleep laboratory diagnostics, drug treatments,
medical aids and respiratory management was most fre-
quent in patients with Type 2 SMA, and the highest need
for psychological assistance occurred in patients with Type
3 SMA [55]. Direct costs incurred by the Italian National
Health Service were €3385.49, €1828.23 and €767.20 per
patient per annum with Types 1, 2 and 3 SMA, respectively
[59]. An analysis of hospital admission records from 1997
to 2015 in Spain revealed that the average annual cost per
hospital admission was associated with length of stay and
SMA type [72]. Another study of records collected from
2006 to 2016 in the USA of 14 geographically dispersed
health plans found that compared with age-matched controls,
the average total healthcare costs were 54.2, 33.7 and 3.1
times higher in infantile-onset, childhood-onset and later-
onset SMA cohorts, respectively [77]. Mean intensive care
unit and non-intensive care unit (inpatient only) costs over
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a 3-year study period were higher for patients with SMA in
the 18-29 years age group, compared with older patients
with SMA [74]. Of households of children with Type 1, 2
or 3 SMA in Australia between 2016 and 2017, 56% of total
costs were attributed to direct costs, and the average total
indirect healthcare costs were highest for households with a
child with Type 2 SMA [71].

However, given the variation in life expectancy by SMA
type, in 2018, D’Angiolella et al. [83] noted that patients
with Types 2 and 3 SMA will incur higher costs over a life-
time compared with patients with Type 1 SMA. The mean
annual cost per patient with SMA in Spain was estimated
to be €33,721 (EUR 2014), with direct healthcare costs,
such as medical visits and hospitalisation, accounting for
32.3% (€10,882; EUR 2014) of the total cost and direct non-
healthcare costs for the remaining 67.7% (€22,839; EUR
2014) [58].

Where cost categories were similar, direct costs were
much lower in Europe than in the USA. In Italy, annual
direct costs incurred by a patient were reported to be
€1244.81, €3414.82 and €2234.29 per patient with Types
1, 2 and 3 SMA, respectively [59]. In Germany, the mean
annual outpatient and inpatient cost per patient with SMA
was €339.56 and €24,193, respectively [55]. In Spain, the
mean annual cost per patient with any type of SMA for out-
patient and inpatient admissions was €111.88 and €3490.52,
respectively [73]. The mean per capita outpatient cost in the
USA was €25,261.72 and €8881.01 for early-onset SMA
and other SMA, respectively [60]. In the USA, inpatient
costs per patient per month were €22,500 for infants with
SMA compared with €15.54 for age-matched infants without
SMA.

3.3 Effect of Treatment with DMTs on Cost
and Resource Use in SMA

Preliminary data on the effect of treatment with DMTs on
cost and resource use were identified in this SLR. No DMT-
related costs and resource use were found in Types 2 and 3
SMA. One published full-text article revealed that patients
with Type 1 SMA who initiated treatment with nusinersen
had a lower average number of inpatient days per person per
year compared with patients with Type 1 SMA who were not
treated with nusinersen (4.6 days vs 14.1 days, respectively
[50]). Short-term follow-up of patients treated with nusin-
ersen showed that invasive respiratory support may still be
required despite treatment with a DMT [81]. Another study
found that although cost and resource use in nusinersen-
treated patients were substantial, a reduction in associated
costs occurred 3 months after initiation of treatment [51].
Two abstracts, published by the same research group, sug-
gested that onasemnogene abeparvovec, a single-dose treat-
ment, may lead to lower estimated direct medical costs for
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patients with Type 1 SMA compared with treatment with
nusinersen [48, 49].

3.4 Direct Non-Medical Costs and Resource Use

Direct non-medical costs and resource use include those
associated with travel (e.g. distance to treatment centre by
car and/or public transport), home adaptation and assistive
devices (i.e. respiratory support, wheelchairs and communi-
cation devices). Twelve studies reported direct non-medical
costs and/or resource use data (results from 11 studies are
shown in Table 2; one study [97] reports an overall cost
and direct non-medical costs are not reported separately).
Of these studies, seven highlighted a significant travel bur-
den on patients and caregivers. Goble et al. [86] reported
that 65.9% of patients living in urban areas, and 99.5% of
patients living in rural areas of the USA experienced a sig-
nificant travel burden to visit their nearest SMA care centre.
Patients also reported having to pay out-of-pocket expenses
for flights and hotel accommodation to attend treatment cen-
tres [86]. A survey of 188 patients with Type 1, 2 or 3 SMA
found that the mean annual out-of-pocket costs incurred
for health materials, travel and accommodation (associated
appointment costs and hospital stays) was €8329.68 per
patient [98]. A study conducted in Australia reported that
Type 2 SMA was associated with the highest mean annual
cost per patient for travel (€2386.91) compared with Type 1
SMA (€523.28) or Type 3 SMA (€355.92) [71].

Home and/or vehicle modifications were reported in six
studies [52, 55, 59, 60, 71, 75]. A study conducted in the
USA reported that the mean annual cost per patient associ-
ated with moving or modifying their home was €3023.19
and €2780.26 for patients with early-onset SMA and later-
onset SMA, respectively [60]. When analysed individually
for Types 1, 2 and 3 SMA, another study found that the total
cost of home modification in the prior 12 months per patient
was highest for patients with Type 2 SMA (€14,942.46),
decreasing for patients with Type 3 SMA (€10,796.57) and
Type 1 SMA (€5485.84) [75]. Two studies [59, 71] provided
combined costs for home and vehicle modifications accord-
ing to SMA type. Both studies found that vehicle and home
modifications were lowest for patients with Type 3 SMA [59,
71], but differed according to whether patients with Type 1
SMA [59] or Type 2 SMA [71] incurred the highest costs
for these modifications.

3.5 Indirect Costs

Only 14 studies reported indirect costs (results from 13 stud-
ies are presented in Table 3). A Swedish resource use study
estimated that annual costs associated with lost productiv-
ity were €44,957.52 for caregivers of patients with infan-
tile-onset SMA, €11,520.33 for caregivers of patients with
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later-onset SMA and €2880.12 for caregivers of patients
with later-onset SMA with advanced motor milestones
[61]. In addition, one study reported costs associated with
absenteeism, presenteeism and unemployment, and car-
egiver absenteeism and unemployment, which amounted to
an annual indirect cost per patient of €13,053.55, €10,731.73
and €9522.03 for Types 1, 2 and 3 SMA, respectively [59].

The remaining studies that reported indirect costs were
primarily associated with informal care, which was a sub-
stantial burden on patients and families in terms of both
cost and time. Informal care provided by family members
or caregivers was reported to result in a mean annual loss
of productivity cost per unpaid caregiver of €14,894.82,
based on reducing their working hours by 25 h per week
[98]. More weekly unpaid caregiving hours were noted for
patients with SMA who were able to sit and roll indepen-
dently, those able to sit without support but cannot roll, and
those unable to sit without support (Fig. 2). These findings
indicate that informal care costs are higher for individuals
with Type 2 SMA compared with Type 3 SMA [98]. A study
in Australia conducted before DMTs were available reported
that the mean annual cost for informal care was €24,803.41
for Type 2 SMA, decreasing for patients with Type 1 SMA
(€20,694.10) and Type 3 SMA (€9353.45) [71]. Substan-
tial informal care costs have been reported for patients with
Type 1 SMA as these patients require the highest level of
care [55]. Two linked studies assessed the burden of SMA
on informal caregivers across three countries in Europe [69,
76]. Informal caregivers spent a daily average of 12.50 h,
10.65 h and 9.31 h in the UK, France and Germany, respec-
tively, attending to a patient with SMA [76], and caregivers
had a 3.63-point higher likelihood of spending > 10 h a day
providing care if the patients had Type 1 SMA compared
with Type 3 SMA [69]. Collectively, the indirect cost data
analysed in this review demonstrate the major burden, time
given to care and loss of hourly pay experienced by caregiv-
ers of patients with SMA.

3.6 CostDrivers

Cost drivers (factors that create or drive the cost of manage-
ment) associated with SMA were reported in 28 studies [50,
53-61, 64, 68, 70-79, 83-85, 92, 94, 97]. Major cost drivers
included the requirement for inpatient care (n = 22) [50,
53-56, 58, 60, 68, 70-74, 76-79, 84, 85, 92, 94, 97], use of
outpatient services or specialist visits (n = 16) [50, 53-55,
58-60, 70-74, 76, 78, 84, 85], respiratory care (n = 10) [50,
54,55,57,61,70,71, 73, 78, 83], rehabilitation (n = 4) [50,
55,79, 97], orthopaedic care (n = 2) [61, 83], prescription
costs (excluding DMT-related costs) [n = 8] [50, 53, 58, 60,
74,76, 77, 84], home stays (n = 3) [58, 70, 79] and structural
changes to the house or car (n = 6) [55, 59, 60, 64, 71, 75].
One study reported cost drivers to be type dependent, with
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Type 1 SMA costs driven by respiratory care, and Types
2 and 3 SMA costs driven by orthopaedic care [83]. The
impact of non-medical costs on the socioeconomic burden
of SMA and any proxy costs on disability in general were
not examined further in this review.

3.7 Quality Assessment and Study Limitations

Quality assessment of eligible studies was performed using
the checklist adapted to cost of illness by Molinier et al. [44].
Implementation of this checklist revealed that the studies
generally had clearly described objectives and methods and
well-presented results as shown in Table 5 (original search)
and Table 6 (update search) of the ESM. However, a sensi-
tivity analysis to test the robustness of findings was rarely
conducted. Limitations of individual studies included: (1)
small sample sizes because of the rarity of the disease (n
= 11) [50, 58-60, 62, 64, 65, 68, 69, 76, 77]; (2) potential
biases and inability to adjust for confounding factors in ret-
rospective and cross-sectional study designs (n = 5) [55,
58, 65, 68, 76]; (3) potential underestimation of costs due
to consideration of indirect costs only or restriction of costs
to a particular setting, such as a hospital (n =7) [50, 53, 54,
59, 68, 74, 77]; (4) inherent limitations of claims databases
including the potential for coding errors and other inaccura-
cies (n =9) [50, 53, 56, 60, 70, 72, 73,77, 78]; (5) limited
generalisability of results beyond study settings, i.e. to dif-
ferent countries and healthcare systems (n = 5) [50, 53, 64,
70, 77], (6) reliance of self-reported data, which may lead
to potential recall or response bias (n = 4) [52, 58, 69, 75];
(7) potential selection bias due to recruitment of patients via
advocacy groups or organisations (n = 4) [52, 55, 58, 76];
and (8) estimates calculated before approval of nusinersen;
therefore, estimates may not be reflective of patients treated
with this DMT (n = 1) [54].

4 Discussion
4.1 Overall Costs of SMA

Overall, a total of 51 publications covering 49 unique studies
in SMA were identified for inclusion in this SLR. Reported
costs varied broadly between studies; for example, the annual
mean inpatient hospitalisation cost for patients with Type
1/early-onset SMA ranged from €13,536 [79] to €76,935
[54]. However, for later-onset SMA/Types 2 and 3 SMA,
reported cost ranges were more similar, for example, from
€6696 to [60] to €8991 [79]. Significantly higher all-cause
mean outpatient costs for infants with SMA (€3006.24) com-
pared with matched infants without SMA (€166.66) were
reported by one US study included in this review [84]. Col-
lectively, the evidence reviewed in this SLR demonstrates
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that SMA causes a significant burden to patients, caregivers
and healthcare systems, although the extent of the burden is
dependent on the type of SMA reported.

In studies that reported SMA type, most studies consid-
ered patients with Type 1 SMA (n = 11), reporting higher
annual costs and resource use because of the level of upfront
care required by patients compared with Type 2 or 3 SMA.
Three studies described the highest mean annual direct cost
for patients with Type 1 SMA and found that this cost pro-
gressively decreased in Types 2 and 3 SMA [55, 71, 83].
The authors of one of the studies mentioned that given the
differential life expectancy by SMA type, patients with
Types 2 and 3 SMA are likely to incur higher lifetime costs
compared with patients with Type 1 SMA [83]. However,
it should be noted that with new therapies now available,
the life expectancy of patients with SMA is increasing [29],
which is likely to affect the cost associated with Type 1 SMA
in the near future.

In contrast to direct costs, indirect costs were found to
vary by SMA type (Type 1, €47,145.66; Type 2, €60,122.84;
and Type 3, €27,636.79 per annum) [55]. Patients who may
not incur high direct healthcare costs from treatment have
a cost-of-illness burden that is commonly affected by car-
egiver absenteeism and loss of work productivity [55]. The
mean annual cost of caregiver absenteeism was highest
for patients with Type 2 (€2431.26), followed by Type 3
(€2237.62) and Type 1 (€1543.66) SMA [59]. Of households
of children with Type 1, 2 or 3 SMA in Australia, 56% of
total costs were attributed to direct costs, and the average
total indirect healthcare costs were highest for households
with a child with Type 2 SMA [71]. However, the mean
annual cost associated with caregiver unemployment was
highest for patients with Type 1 (€11,310.07), followed by
Type 2 (€5769.51) and Type 3 (€1381.77) SMA [59]. Major
cost drivers also included inpatient care, outpatient services,
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specialist visits, respiratory care, rehabilitation and prescrip-
tion costs. Cost drivers were dependent on SMA type; for
patients with Type 1 SMA, this was mainly due to respira-
tory care, whereas in patients with Types 2 and 3 SMA, the
main cost driver was orthopaedic care [83].

4.2 Limitations of Individual Studies Identified
in this SLR

The findings from this SLR should be considered in the con-
text of the individual study caveats. For instance, one study
was presented as a slide deck. Data were obtained from two
unpublished surveys conducted in the UK that were not peer
reviewed and indeed the survey authors highlighted that the
results should therefore be interpreted with caution. In addi-
tion, 35 studies were retrospective analyses, and 11 studies
enrolled relatively small patient samples [50, 58—-60, 62, 64,
65, 68, 69, 76, 77]. Conference abstracts comprised 45% of
the publications that met the eligibility criteria for the SLR;
therefore, limited reporting makes robust interpretation and
quality assessment of these data challenging. Clinical trials
reporting resource use data as secondary outcomes were not
included in this SLR, as the primary aim of those trials was
not to assess costs and resource use in SMA.

This SLR highlights several data gaps in the current pub-
lished literature. As SMA is a rare disease, studies of the
cost and burden of SMA on patients, caregivers and soci-
ety at large are limited. In particular, there is a paucity of
robust evidence relating to the indirect costs associated with
SMA. In addition, no studies describing relevant outcomes
of interest distinctly for patients with Type 4 SMA were
identified, likely because this demographic has the mildest
form of the disease and these patients do not typically pre-
sent with symptoms until their second or third decade [9].
Where data from patients with Type 4 SMA were included,
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these data were typically combined with Types 2 and 3 SMA
data in a later-onset SMA cohort or were included in a study
of adult patients with SMA. Limited cost and resource use
data were also available for professional caregiving, surgi-
cal procedures, tests and examinations, complications and
palliative care.

4.3 Implications for Future Assessments of Cost
and Resource Use in SMA

This review highlights the cost and resource use associated
with SMA and strongly suggests that they are dependent on
SMA type. Despite the trend of SMA type association with
costs, direct data comparisons between studies were chal-
lenging because of the heterogeneity of the data reported.
Interestingly, the studies examined in this review did not
assess the cost and resource use associated with SMA by
motor function. Considering that motor function can vary
broadly, especially in Type 2 SMA, it would be beneficial
to understand how cost and resource use are affected by dif-
ferent degrees of ambulation, or generally by different motor
function levels, for example, sitters/non-sitters and patients
who can stand or walk. Reporting SMA severity by motor
function would harmonise global data and would be consist-
ent with SMA management. This approach would comple-
ment emerging evidence of a phenotypic overlap between
SMA types that has led to recommendations that the tradi-
tional classification of SMA should be revised, in favour of
descriptive terms of the mobility status of individuals that
better reflect the continuum of disease [100, 101].

Two recently published SLRs on the cost associated with
SMA describe the exceptional cost burden of standard of
care for patients with SMA [102, 103]. In agreement with
the current SLR findings, Type 1 SMA was associated with
the highest annual direct medical costs, although cost ranges
varied from the current SLR because of different inclusion
criteria [102, 103]. For a rare disease such as SMA, SLRs
provide valuable knowledge of cost and resource use that is
urgently needed to aid decisions about resource use alloca-
tion. Recently, the cost burden of SMA has been estimated to
be 54.2 times greater for patients with SMA compared with
a healthy population, with a predicted $4—$5 million cost for
patients with early-onset SMA over a 10-year period [104].

4.4 Consideration of Treatment with DMTs
for Future Assessments of Cost and Resource
Use in SMA

Given the approvals for nusinersen, onasemnogene abe-
parvovec and risdiplam, treatment costs will need to be
considered in future assessments. Preliminary data from
studies included in this SLR have indicated that treatment

with DMTs has a positive effect on costs and resource use
associated with SMA; however, long-term follow-up data are
currently lacking. Treatment with DMTs has led to longer
survival for patients with Type 1 SMA and a clinically
meaningful improvement in patients with early-onset and
later-onset SMA [105-111]. In addition to the cost of DMTs,
future economic evaluations should consider the shifts in
costs that will occur between cost categories and between
the healthcare system and patients and their caregivers. For
example, DMT treatment for patients with Type 1 SMA
may reduce acute hospitalisation and permanent ventilation
costs, whereas the use of other, less invasive respiratory sup-
port aids may increase. For patients with SMA who achieve
better motor function as a result of treatment with DMTs,
indirect costs may increase because of the introduction of
new mobility equipment. Important cost considerations
include the comorbidities associated with SMA. For exam-
ple, one study included in this SLR [73] found that 71.26%
of patients with SMA had chronic conditions that affected
four or more body systems. Recent research has identified
several non-neuromuscular clinical signs, affecting the car-
diovascular, gastrointestinal, metabolic, reproductive and
skeletal systems, which manifest prior to clinical signs of
neuromuscular degeneration [40]. Treatment approaches to
mitigate the severity of non-neuromuscular conditions may
also change the natural course of SMA progression and con-
tribute to cost and resource use savings. A long-term whole-
body approach, potentially including both SMN-dependent
and SMN-independent therapies, should be considered for
SMA management [101].

A cost associated with SMA that should also be consid-
ered in future studies is newborn screening (NBS), espe-
cially in the USA following the recent addition of SMA to
the Recommended Uniform Screening Panel for newborns.
NBS for SMA that detects the exon 7 deletion in SMNI
should identify at least 95% of SMA cases [112, 113], and
early treatment should slow disease progression [114]. Even
though early detection would potentially extend treatment
duration (with the exception of one-time administration
of onasemnogene abeparvovec), DMTs for SMA are most
likely to be effective if initiated before patients become
symptomatic, leading to reduced costs and resource use
over the long term. While limited follow-up data of DMTs
are currently available, NBS will increase access to treat-
ments that can be initiated within a short time [113], which
is important because of the developmental component and
severity of SMA. In addition to identification of SMNI dele-
tion in NBS for SMA, laboratory analyses also usually deter-
mine the number of SMN2 copies of a newborn [115], which
is inversely correlated to disease severity [5, 116]. Therefore,
SMN?2 copy number as a predictor of clinical disease and
a tool to identify individuals who may benefit most from
DMTs [117] could be factored into treatment plans following
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NBS. It should be noted, however, that SMN2 copy num-
ber determination from NBS does not definitively predict
disease severity, and discordant results between the SMN2
copy number and the SMA phenotype arising from genetic
analysis are described [115, 118]. Questions have been
raised regarding the timing of commencing DMTs in cases
of SMA identified at birth but for whom clinical signs may
not present until adulthood [114], for example, with patients
with a higher SMN2 copy number. Failure to begin DMT use
in the landscape of improved treatment options could lead to
an increase in costs for patients who initiate treatment only
when symptomatic. These patients may subsequently require
long-term multi-disciplinary care because of motor neuron
function that has already been irreversibly lost [112].

5 Conclusions

The economic burden of SMA is substantial to patients, car-
egivers and the health service, especially when compared
with the general population. Even though SMA is a mono-
genic disorder, SMA types are associated with different, yet
all high, cost-of-illness burdens. Long-term robust studies
are required to fully elucidate the economic burden of SMA,
particularly regarding indirect costs and data for patients
with Type 4 SMA. As patients with Type 1 SMA are now
living longer and have better outcomes following treatment
with DMTs, a new understanding of the cost burden of SMA
should be assessed for these patients and is relevant for DMT
improvements provided in Types 2 and 3 SMA. Differenti-
ating data in terms of motor function may also be benefi-
cial to determine long-term improvements aided by DMTs
compared with natural history in untreated patients. Global,
regional and/or local data collection platforms and disease
registry networks could play an important role in helping to
address these current data gaps. Cost and resource studies
should also incorporate the patient/caregiver perspective to
better understand the cost of burden, and most importantly,
which factors (direct and/or indirect costs and resource use)
impact quality of life the most for patients with SMA.
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