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1 Introduction

1.1 Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) is a rare, debilitating genetic neuromuscular
disease. It affects approximately 1 in 10,000 individuals and when untreated is the
leading genetic cause of infant mortality [1]. SMA is characterized by progressive
loss of motor neurons (nerve cells that control muscle movement). The disease is
caused by mutations or deletions in the survival of motor neuron 1 (SMN1) gene,
which leads to a deficiency in SMN protein [2]. SMN protein is found throughout the
body and is essential for the function of nerves that control muscles and movement.
Without SMN protein, motor neurons cannot function properly, which in turn leads
to muscle wasting over time [3]. Depending on the type of SMA, an individual’s
physical strength and their ability to walk, eat, or breathe can be significantly
diminished or lost [4].

Patients with SMA are typically classified into types 1–4 based on the age of
symptom onset and highest motor milestone achieved [5–7], with types 1, 2, and 3
SMA representing approximately 99% of the SMA population [8]. Table 1 shows a
summary of the primary SMA types.

Since 2016, the US Food and Drug Administration (FDA) has approved three
medications to treat SMA: nusinersen (SPINRAZA®), onasemnogene abeparvovec-
xioi (ZOLGENSMA®), and risdiplam (EVRYSDI®). The goal of these disease-
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Table 1 Summary of primary SMA types

Type Age at onset Impact

1 Before 6 months Never sit independently
Life expectancy less than 2 years

2 6–18 months Able to sit and may stand with assistance
Never walk

3 18 months onward Able to stand and walk
Often lose the ability to walk in early life

SMA spinal muscular atrophy

modifying treatments is to increase the availability of SMN protein, leading to
clinically meaningful improvements in muscle function.

1.2 Risdiplam

At the time of initiating the risdiplam clinical development program in 2016, there
was no approved treatment for SMA. Risdiplam was developed by Roche/Genen-
tech (the sponsor) in partnership with PTC Therapeutics and the SMA Foundation
to help address the unmet needs for children and adults with SMA. Risdiplam is
a small molecule administered daily at home in liquid form by mouth or feeding
tube. It is a selective SMN2 gene splicing modifier that increases the production of
full-length SMN protein in the central nervous system and peripheral tissues [9]. It
was hypothesized that increasing the amount of SMN protein would reduce motor
neuron degeneration thereby limiting muscle atrophy.

A series of clinical studies on risdiplam were designed to represent a broad
spectrum of people with SMA, from birth to 60 years of age.

• FIREFISH (NCT02913482): an open-label, single-arm, two-part study in infants
aged 1–7 months with type 1 SMA (N = 62).

• SUNFISH (NCT02908685): a randomized, placebo-controlled, two-part study in
children and young adults aged 2–25 years with type 2 or 3 SMA (N = 231).

• JEWELFISH (NCT03032172): an open-label, single-arm study in children and
adults aged 6 months to 60 years who have taken part in clinical trials for SMA
or received other investigational or approved SMA therapies (N = 174).

• RAINBOWFISH (NCT03779334): an open-label, single-arm study in infants
genetically diagnosed with SMA and not yet presenting symptoms (N = 26).

Table 2 shows a summary of key milestones in the development of risdiplam.
As of September 2022, risdiplam has been approved in more than 90 countries

and the dossier is under review in 18 countries. More than 7000 people have
been treated with risdiplam across clinical trials, through the Compassionate Use
Program/Pre-Approval Access and in the commercial setting.
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Table 2 Summary of key milestones in the development of risdiplam

Year Milestone

2016 First patient dosed with risdiplam in a clinical study (SUNFISH)
2017 Risdiplam was granted Orphan Drug designation by the FDA
2018 Risdiplam was granted PRIME designation by the EMA
2020 The FDA approved risdiplam for the treatment of SMA in adults and children aged

2 months and older
2021 The EMA approved risdiplam for the treatment of SMA in patients from 2 months old

with type 1, 2, or 3 SMA, or those who have up to four copies of a gene known as
SMN2

2022 The FDA approved a label extension for the use of risdiplam in infants with SMA
under 2 months of age

EMA European Medicines Agency, FDAUS Food and Drug Administration, SMA spinal muscular
atrophy, SMN2, survival of motor neuron 2, PRIME Priority Medicines

The focus of this case study will be on the two pivotal studies in the risdiplam
clinical development program, FIREFISH and SUNFISH. Both these studies had
an operationally seamless design, with an exploratory dose-finding part (Part 1)
and a confirmatory part (Part 2). Real-world data (RWD) were critical to support
the clinical development planning, data interpretation, and registration of risdiplam.
Here, we describe how RWD from publications were used to define performance
criteria for key clinical endpoints in FIREFISH and benchmark the results for
success in patients with type 1 SMA. In addition, RWD from individual patients
were used to perform a robust statistical comparison and contextualize the results
from SUNFISH in patients with type 2 and 3 SMA. In this chapter, we will discuss
why we used RWD, how we used RWD and the impact of using RWD, including a
summary of challenges and lessons learned.

2 FIREFISH Study: External Control Data
from Publications

2.1 Design and Methods

2.1.1 Study Design

FIREFISH was an operationally seamless, two-part, open-label, multicenter Phase
2/3 study to investigate the safety, tolerability, pharmacokinetics, pharmacodynam-
ics, and efficacy of risdiplam in infants with type 1 SMA aged 1–7 months at
enrolment. Figure 1 shows a summary of the FIREFISH study design.

FIREFISH Part 1 was an exploratory, dose-finding study conducted in 21 infants
with type 1 SMA, which determined the dose for use in Part 2 [10]. FIREFISH Part
2 was a confirmatory study conducted in 41 infants with type 1 SMA [11]. Part
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*Comprises dose-ranging cohorts (A=low dose, B=high dose)

FIREFISH
Type 1 SMA

Part 2: Confirmatory
Open-label
N=41

Part 1:* Dose finding
Open-label
N=21

Active treatment with risdiplam

12-month
primary analysis

24-month
analysis

Risdiplam dose 
selected from Part 1

Extension

Extension

Open-label 
extension 

Risdiplam Cohort A (n=4)

Risdiplam Cohort B (n=17)

Aged 1–7 
months

Aged 1–7 
months

Open-label 
extension 

Fig. 1 Study Design of Part 1 and Part 2 of FIREFISH. SMA spinal muscular atrophy

1 and Part 2 enrolled different infants. The primary endpoint for the confirmatory
Part 2 of the study was the proportion of infants sitting without support for at least
5 seconds (s) after 12 months of treatment, as assessed by Item 22 of the Bayley
Scales of Infant and Toddler Development, third edition (BSID-III) Gross Motor
Subscale [12]. Sitting without support was selected as the primary endpoint because
achieving this milestone illustrates a divergence from the natural course of type 1
SMA as these infants would never achieve this motor milestone without treatment.
Besides, sitting independently is clinically meaningful for infants, as it allows them
to use their upper limbs to reach for objects, grasp objects, and feed themselves. In
addition, event-free survival, defined as being alive without permanent ventilation,
was a key secondary endpoint. The overall study design and choice of endpoints
incorporated health authority advice from both the European Medicines Agency
(EMA) Committee for Medicinal Products for Human Use (CHMP) and the FDA.
The efficacy outcome measures analyzed in FIREFISH Part 1 were consistent with
those in Part 2, but no formal hypothesis testing was planned for Part 1.

RWD as a Component of Study Design in FIREFISH

The natural history of type 1 SMA is well defined and has been described in
numerous studies [13, 14]. Untreated infants with type 1 SMA are never able to
sit independently [15]. In addition, natural history shows that 50% of infants will
have died or required permanent non-invasive ventilation support by 10.5 months of
age and 92% of infants by 20 months of age [13].

Given the severity, rapid decline, and high mortality and morbidity in infants with
type 1 SMA, a placebo comparator group was not included in the FIREFISH study.
In the absence of a control arm, RWD played an important role in the design of
the study and the analysis and interpretation of the study results. Natural history
data were used to define thresholds of achievement, or “performance criteria,”
against which to assess the efficacy of risdiplam treatment in Part 2 of the study.
This approach can be acceptable in the development of new treatments for serious
and rare diseases such as type 1 SMA if the natural course of the disease is well
understood, the external comparator group is similar to the treatment group (e.g.,
with regard to patient characteristics and endpoints), and a large treatment effect
is expected with the study drug. A treatment is considered to be effective if the
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threshold for success is crossed, and when the observed treatment effect is large, it
is reasonable to exclude chance or bias as a possible explanation [16].

The FIREFISH study included objective endpoints that facilitated the compar-
ison with RWD. The primary endpoint (sitting without support for at least 5 s)
was assessed using strict criteria to minimize bias following the BSID-III manual,
objectively measured by trained clinical evaluators, video recorded and scored by
two independent reviewers. As sitting without support is never achieved in untreated
infants with type 1 SMA [13], a large divergence from natural history would be
expected when treated with an efficacious drug. Secondary endpoints included
motor function, achievement of other developmental motor milestones, survival,
and event-free survival. Performance criteria were defined for the primary and key
secondary endpoints in Part 2 of the FIREFISH study.

Identification and Selection of Historical Data Sources for Defining
Performance Criteria

First, a literature search was performed to identify publications in infants with
type 1 SMA that included an endpoint reported in FIREFISH. A PubMed search
was undertaken using the following search terms: (spinal muscular atrophy
[Title/Abstract]) AND (observational OR cohort OR natural history OR registr*
OR association OR describe OR description OR match* or control*) AND
(“2000/01/01”[Date – Publication]: “3000/01/01”[Date – Publication]), which
gave 938 hits (February 1, 2018). Titles and abstracts were reviewed to identify
articles that appeared to report on the outcome measures included in the FIREFISH
study in an observational setting, from both retrospective and prospective data
collection, in infants with type 1 SMA. This left a total of 35 articles that could be
used for comparison with the FIREFISH study. From these 35 articles, publications
were excluded for the following reasons related to usability of the data, patient
characteristics, and standard of care:

• No data relating to any of the endpoints in the FIREFISH study
• No extractable data to derive a performance criterion for any of the endpoints in

the FIREFISH study, e.g., no longitudinal data were provided to calculate change
from baseline values

• No infants with a genetic confirmation of SMA
• Standard of care not reflective of guidelines described in the consensus statement

for standards of care in SMA [17], i.e., no consistent use of non-invasive
ventilation or gastrostomy tube

Of the 35 observational studies identified, 18 were excluded for meeting one or
more of these criteria. In addition to the 17 remaining observational studies, the
untreated, matched cohort selected retrospectively as a comparator group in a Phase
1/2 study of valproic acid and carnitine in infants with type 1 SMA [18] was also
included as a potential data source. Endpoints defined in the FIREFISH study were
sometimes described in more than one of these studies. The identified studies were
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ranked based on the level of similarity of the patient population to the expected
population in the FIREFISH study. When more than one source was available for
an endpoint, the published study cohort with baseline characteristics most similar
to those targeted by the FIREFISH study inclusion and exclusion criteria (i.e.,
the published study with the highest ranking) was selected to set the performance
criterion. The following characteristics were considered when determining the
similarity of the historical cohorts to the FIREFISH study population:

• SMN2 copy number
• Age at onset of symptoms
• Age at enrolment (start of follow-up in study or presentation at treating center)
• Type 1 SMA classification
• Standard of care
• Time period
• Region
• Type of treating center

Multicenter, prospective studies were given a higher ranking, while studies were
given a lower ranking if the data collection occurred prior to the publication of the
consensus statement for standards of care in SMA [17]; if the data were collected
over a long period of time (e.g., 15 years) over which the standard of care would be
expected to change; and if there was no information provided for important infant
characteristics such as SMN2 copy number and age at onset of symptoms. Based
on these criteria, the population in the NeuroNEXT SMA infant biomarker study
[14, 19] was judged to be most similar to the expected population in the FIREFISH
study. Whenever possible, the performance criterion derived from this study was
selected as the benchmark to be used for hypothesis testing. When data for an
endpoint were not available from the NeuroNEXT SMA infant biomarker study
(e.g., for the Hammersmith Infant Neurological Examination, Module 2, which is a
secondary endpoint not described in this book chapter), the benchmark was derived
from the study conducted by De Sanctis et al. [20]. The NeuroNEXT SMA infant
biomarker study included 16 patients with two copies of the SMN2 gene, and the
study conducted by De Sanctis et al. [20] included 24 infants classified as type 1B.
The demographic and baseline characteristics of these two cohorts and of the infants
enrolled in FIREFISH Part 2 are presented in Table 3.

2.1.2 Statistical Methodology: Performance Criteria Approach

The performance criterion for the primary endpoint in Part 2 of the FIREFISH study
(the proportion of infants sitting without support for at least 5 s after 12 months of
treatment) was based on the natural history of the disease in which untreated patients
with type 1 SMA never achieve sitting without support [13]. A threshold of 5%
was chosen to provide sufficient confidence that any effect seen in the FIREFISH
study would not otherwise have occurred in the natural history of infants enrolled
in the study. An exact binomial test was performed to test the hypothesis that the
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Table 3 Demographic and baseline characteristics of patients in the NeuroNEXT SMA infant
biomarker study, the study conducted by De Sanctis et al. and FIREFISH Part 2

NeuroNEXT SMA
Infant Biomarker Study
(N = 16)

De Sanctis et al.
(N = 24)

FIREFISH Part 2
(N = 41)

Age at enrolment/first
visit (months)

≤6 Range: 2–7 Median: 5.3
Range: 2.2–6.9

Age at onset of
symptoms (months)

<1 month: 6 (38%)
1–2 months: 5 (31%)
2–3 months: 3 (19%)
4–5 months: 1 (6%)
Unknown: 1 (6%)

After first week but
before 5–6 months

Median: 1.5
Range: 1.0–3.0

SMN2 copy number
2
Unknown

16 (100%)
–

–
24 (100%)

41 (100%)
–

Country United States Italy, United States Brazil, China, Croatia,
France, Italy, Japan,
Poland, Russia, Turkey,
United States

Source: Kolb et al. [19], De Sanctis et al. [20], Darras et al. [11]

proportion of infants who sit without support on treatment (p1) was:

H0 : p1 ≤ 5% (null) versus Ha : p1 > 5% (alternative)

If the one-sided p-value was ≤5%, then the null hypothesis would be rejected. If
the lower limit of the two-sided 90% confidence interval (CI) (Clopper–Pearson)
was above the 5% threshold, then the primary objective of the study would be
considered achieved. With a sample size of 41 infants, a minimum of 6 infants sitting
without support would be needed for a statistically significant result. Infants were
classified as non-responders for the primary endpoint if they were not able to sit
without support at Month 12, did not maintain sitting achieved at an earlier time-
point, were withdrawn or died prior to Month 12, or had a missing assessment at
Month 12.

The performance criterion for the key secondary endpoint of event-free survival
was based on the NeuroNEXT SMA infant biomarker study [14]. The point estimate
and 90% CI were obtained after selecting infants with two SMN2 gene copies,
similar to the population in the FIREFISH study. The performance criterion was
based on the upper limit of the 90% CI, derived using the complementary log-
log transformation for the proportion of patients who were alive without permanent
ventilation at 18 months of age. The benchmark was set at 18 months of age to reflect
the expected average age of infants in Part 2 of the FIREFISH study after 12 months
of treatment. The estimated proportion (90% CI) of patients alive without permanent
ventilation at 18 months of age based on the available data was 20% (5–42), giving
a performance criterion of 42%. Potential performance criteria were also calculated
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from other available data sources and documented in the appendix of the Statistical
Analysis Plan, along with key selection criteria and rankings for transparency.

When a pre-defined benchmark could be determined for a secondary endpoint,
hypothesis testing was performed. For the secondary endpoint of event-free survival,
a z-test was performed to test the hypothesis that the proportion of infants alive
without permanent ventilation at Month 12 on treatment (p2) was:

H0 : p2 ≤ 42% (null) versus Ha : p2 > 42% (alternative)

To control for multiplicity across the different endpoints, a hierarchical testing
approach was implemented.

2.2 Results

The baseline characteristics of the patients enrolled in Part 1 and Part 2 of
the FIREFISH study were representative of a population with well-established,
symptomatic type 1 SMA. Of the 41 infants enrolled in Part 2, 22 (54%) were
female. At enrolment, the median age of patients was 5.3 months (range: 2.2–
6.9 months). The median age at onset of symptoms was 1.5 months (range:
1.0–3.0 months). No infants were able to sit without support at baseline. The results
for sitting without support and event-free survival in FIREFISH Part 1 and Part 2 at
Month 12 compared with the pre-defined performance criteria are shown in Table 4.
The results are presented separately for Part 1 and Part 2 as they included different
infants. In addition, the performance criteria were pre-defined for the confirmatory
Part 2 only.

The primary efficacy endpoint of the study was successfully met. Twelve of 41
infants (29%; 90% CI 18–43) in Part 2 were able to sit without support for at least
5 s after 12 months of treatment. This proportion was significantly higher than the
pre-defined performance criterion of 5% based on well-established natural history
data (p < 0.0001). At 12 months of treatment, seven of 21 infants in Part 1 (33%;
90% CI 17–54) were able to sit without support for at least 5 s. All infants who were
ongoing in the study had an assessment at Month 12. These results were clinically
meaningful, as untreated patients with type 1 SMA are unable to sit without support
at any age.

In Part 2, the proportion of infants alive without permanent ventilation at Month
12 was 85% (90% CI 73–92). Three infants died within the first 3 months following
study enrolment, and three infants met the endpoint of permanent ventilation. One
infant who attended the Month 12 visit a few days early and therefore had not yet
reached 12 months from enrolment as of the data-cutoff date was censored in the
analysis. The proportion of infants alive without permanent ventilation (85%) was
significantly higher than the pre-defined performance criterion of 42% (p < 0.0001).
Figure 2 shows a summary of the results for event-free survival.
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Table 4 Results from FIREFISH part 1 and part 2 at month 12

Part 1 Part 2

Endpoint
Risdiplam
(N = 21)

Risdiplam
(N = 41)

Performance
criterion p-valuea

Sitting without support for ≥5 s
– BSID-III
(90% CI)

33%
(17–54)

29%
(18–43)

5% <0.0001

Alive without permanent
ventilationb

(90% CI)

90%
(73–97)

85%
(73–92)

42% <0.0001

Source: Baranello et al. [10], Darras et al. [11]
BSID-III Bayley Scales of Infant and Toddler Development, third edition, CI confidence interval
ap-value for sitting without support is based on an exact binomial test; p-value for event-free
survival is based on a z-test
bProportions are estimated using Kaplan–Meier methodology
Permanent ventilation is defined as tracheostomy, or ≥16 h of non-invasive ventilation per day for
>21 consecutive days or intubation for >21 consecutive days in the absence of, or following the
resolution of, an acute reversible event

Number of patients at risk
All patients 41                                36 34
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Fig. 2 FIREFISH Part 2: Event-free survival at Month 12 (Intent-to-Treat Population). (Source:
Darras et al. [11])

In Part 1, the proportion of infants alive without permanent ventilation at
Month 12 was 90% (90% CI 73–97). Two infants died prior to Month 12, and no
infants met the definition of permanent ventilation. The median time to death or
permanent ventilation was not estimable as few patients had an event. Clinically
meaningful and statistically significant improvements were also observed for other
key secondary endpoints in FIREFISH Part 2 [11]. The results of these analyses
were used to confirm the benefits of risdiplam in type 1 SMA and thus to support
the approval and registration of risdiplam in different countries around the world.
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The results for Part 1 were used for the initial regulatory filing and are included
in the United States prescribing information (EVRYSDI® prescribing information)
[21]. This was because we filed early based on the Part 1 results, before the results
from Part 2 were available due to the clear divergence shown from natural history
and the high unmet medical need.

3 SUNFISH Study: External Control Data from Individual
Patient Data

3.1 Design and Methods

3.1.1 Study Design

SUNFISH was an operationally seamless, two-part, multicenter, randomized,
double-blind, placebo controlled, Phase 2/3 study, designed to assess the safety,
tolerability, pharmacokinetics, pharmacodynamics, and efficacy of risdiplam in a
broad patient population including children, teenagers, and adults aged 2–25 years
with type 2 and 3 SMA. Figure 3 shows a summary of the SUNFISH study design.

SUNFISH Part 1 was an exploratory, dose-finding study conducted in 51 patients
with type 2 and ambulant or non-ambulant type 3 SMA, which determined the
dose for use in Part 2. SUNFISH Part 2 was a confirmatory study conducted in
180 patients with type 2 or non-ambulant type 3 SMA [22]. Part 1 and Part 2
had different patients. The primary efficacy endpoint in Part 2 was the change in
motor function assessed using the 32-item Motor Function Measure (MFM32) from
baseline to Month 12. The MFM32 is a clinician-reported outcome measure that
evaluates different levels of motor function in individuals with SMA, from distal
fine motor movements of the hands such as using a touch-screen to more complex
gross motor function activities such as standing and transfers [23]. The 32 items of
this measure were scored using a 4-point Likert scale: 0: cannot initiate the task, 1:
can perform the task partially, 2: can perform the task incompletely or completely
but imperfectly; 3: can perform the task fully and “normally.” The raw score of the

Part 2: Confirmatory
Placebo-controlled
Risdiplam:placebo, 2:1
N=180

Part 1: * Dose-finding
Placebo-controlled
Risdiplam:placebo, 2:1
N=51

Placebo-to-risdiplam 
switch†

Risdiplam

Placebo

Open-label 
extensionRisdiplam Cohort B*

Placebo

Risdiplam at pivotal dose

Risdiplam Cohort A*

PlaceboAged 2–25 
years

Aged 2–25 
years

SUNFISH
Type 2 or 3 SMA

Open-label 
extension

24-month
analysis

12-month
primary analysis

Fig. 3 Study design of Part 1 and Part 2 of SUNFISH [*Comprises two age groups (Cohort A:
2–11 years, two dose levels; Cohort B: 12–25 years, three dose levels). †Placebo-treated patients
were switched to risdiplam in a blinded manner]
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32 items (range: 0–96) was converted to a 0–100 scale, where lower scores indicate
poorer functional ability [24].

The overall study design and choice of endpoints incorporated health authority
advice from both the EMA CHMP and the FDA.

RWD as a Component of Study Design in SUNFISH

RWD were important for determining the anticipated treatment effect for the
primary endpoint (MFM32) in the SUNFISH study as natural history data demon-
strated that patients with type 2 and 3 SMA had a decline in motor function over
time. Patients with type 2 SMA are able to sit independently and occasionally
stand or take a few steps, but are unable to walk independently [15]. Patients with
type 3 SMA are able to sit, stand, and walk independently [15], though nearly a
third of patients with type 3 SMA lose their ability to walk between the ages of
3 and 28 years [24]. Natural history studies show that patients with type 2 and
3 SMA have a decline in motor function over time, as reported in a number of
publications with different validated motor function measures. For example, natural
history data demonstrated that the overall slope of decline over time, using the
MFM32 total score, is in the range of −0.9 points/year for patients with type 2 SMA
and −0.6 points/year for patients with type 3 SMA [24]. In order to gain additional
information on the Motor Function Measure (MFM) endpoint in a broad population,
the sponsor co-funded a Natural History Study (NatHis-SMA; NCT02391831) in
patients with type 2 and 3 SMA with the Institute of Myology, which was designed
in collaboration with Patient Advisory Groups (SMA Europe, Cure SMA, SMA
Foundation). This study was also critical to ensure access to good-quality data to
perform a robust statistical analysis of the MFM endpoint in SUNFISH compared
with RWD. RWD were used to generate an external comparator group of patients
with type 2 and 3 SMA to give context to the SUNFISH Part 1 results before the
placebo-controlled results from SUNFISH Part 2 were available.

Selection of External Comparator Sources

The external comparator group used to give context to the SUNFISH Part 1
results comprised of untreated patients with SMA from the NatHis-SMA study
and the placebo arm of a Phase 2 trial of olesoxime for the treatment of SMA
(NCT01302600).

• The NatHis-SMA Study was a prospective, multicenter, longitudinal natural
history study of patients with type 2 and 3 SMA. The primary objective of
this study was to characterize the disease course in patients with type 2 and 3
SMA using standardized evaluations including the MFM. The study included 81
patients aged 2–29 years and was conducted in Europe between 2015 and 2018.
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The maximum duration of study participation for each patient was 24 months
[25].

• The Olesoxime Study was a Phase 2, parallel-group, placebo-controlled, random-
ized, double-blind, multicenter study, designed to assess the efficacy and safety
of olesoxime over a 2-year period in patients with type 2 or non-ambulant type
3 SMA. The study included 165 patients aged 2–25 years, of whom 57 were
randomized to placebo and was conducted in Europe between 2010 and 2013
[26]. The development of olesoxime has since been discontinued.

The NatHis-SMA study and olesoxime study were considered as appropriate
sources for generating an external comparator group because of the following
similarities to SUNFISH:

• Similar patient population with type 2 and 3 SMA
• All studies included the MFM scale as an outcome measure
• Studies were conducted in Europe with an overlap of some study centers
• SUNFISH and the olesoxime study were both conducted in the same controlled

clinical setting. The olesoxime study was placebo controlled which provided a
robust control arm

• Investigators from SUNFISH and the NatHis-SMA study were trained in the
same way with regard to the MFM scale application, hence the assessment was
considered similar

• The first year of follow-up in the NatHis-SMA study occurred just before study
enrolment started for SUNFISH, hence patients had similar standards of care and
calendar time bias (a bias associated with patients treated in the past progressing
differently than those treated today due to changes in standard of care over time)
was likely small.

Endpoint Used for Comparison with External Control Analysis

Although patient motor function was measured using the MFM in all three studies,
the scale was not administered in the same way. In SUNFISH, all patients completed
all 32 items (MFM32), whereas in the NatHis-SMA and olesoxime studies, patients
aged less than 6 years completed 20 items (MFM20) while patients aged 6 years
or older completed all 32 items. MFM total score was chosen to compare motor
function between SUNFISH and the external comparator group. MFM total score
was derived from the MFM20 total score for all patients aged less than 6 years
and from the MFM32 total score for all patients aged 6 years or older. Both scales
were transformed to 0–100%. Missing items on the MFM scale were recorded as 0
(i.e., cannot initiate) prior to calculation of total score. Only patients with an MFM
assessment at baseline and at least one post-baseline assessment at Month 12 or
Month 24 were included in the analysis.
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3.1.2 Statistical Methodology

Patients in the external comparator group were weighted using Inverse Probability
of Treatment Weighting based upon pre-selected prognostic factors at baseline: age
at enrolment; SMA type; SMN2 copy number; ambulatory status; presence of scolio-
sis; MFM total score at baseline; and MFM scale used. This allowed a comparison
of the treated and untreated groups with similar prognostic factors. A propensity
score was estimated for each patient using logistic regression incorporating the
pre-selected prognostic factors of treatment assignment (risdiplam vs no risdiplam)
as independent variables. Patients with missing prognostic factors were excluded.
Trimming, defined as removing extreme values and outliers [27], was applied to
include only patients with an overlapping distribution of propensity scores. Inverse
Probability of Treatment Weighting (IPTW) was applied to the propensity scores
to derive weights only for the external comparator group based on the average
effect for treated patients approach. The IPTW approach was chosen because it
was considered to be an efficient approach where patients with unknown or missing
prognostic factors were not included in the weighting procedure. A weight of 1
was given to each of the patients in the risdiplam-treated group and a weight of
pj/(1 − pj) was given to the jth patient in the untreated external comparator group,
where pj was the propensity score of the jth patient. In other words, the IPTW was
applied to the propensity scores to derive weights only for the external control group
based on the average effect for the treated patients (ATT) approach. To control
for too much influence of patients with very low propensity scores, weights were
truncated at the 99th percentile. The truncation was applied after trimming. The
variance balance between the treated and untreated groups was assessed pre- and
post-weighting. The standardized mean difference (SMD) was computed for each
of the covariates to assess if adequate balance had been achieved between the treated
and the untreated groups. Adequate balance was assumed if all SMDs were less than
0.25 [28].

The statistical analysis was performed after weighting was applied. Change
from baseline in MFM total score was analyzed using a mixed model for repeated
measures (MMRM) with treatment; time; time by treatment; MFM total score at
baseline by time; and the prognostic factors (age at enrolment; SMA type; SMN2
copy number; ambulatory status; presence of scoliosis; MFM total score at baseline;
and MFM scale used) as covariates. Estimated treatment differences in least squares
mean change from baseline between patients treated with risdiplam in SUNFISH
Part 1, and the external comparator were calculated with corresponding 95% CIs
and p-values. The proportions of patients demonstrating improvement (≥3-points
change from baseline in MFM total score) were analyzed via logistic regression. In
the responder analyses, only patients with an MFM total score at baseline and the
post-baseline time point (Month 12 or Month 24) of interest were included in the
analysis. Supplemental analyses were performed on each of the external comparator
data sources separately.
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3.2 Results

After excluding patients with missing information on selected prognostic factors
and trimming, 48 patients from the risdiplam arm of SUNFISH Part 1 and 109
patients from the external comparator group who had a valid MFM total score at
baseline and Month 12 or Month 24 were included in this analysis. In particular,
with the trimming, two treated patients from SUNFISH Part 1 were excluded due
to extreme weights (i.e., the prognostic profile of these two patients was not similar
to those in the external control group) and no patients from the external control
group were excluded. In addition, no patients from either group were excluded due
to truncation. After weighting was applied, weights were summed to generate an
external comparator group of 49.3. All patients from SUNFISH Part 1 were given
a weight of 1, to give a sum of weights of 48.0. The balance between the treated
and untreated groups in terms of their baseline prognostic factors profile (covariate
balance) was assessed using the SMDs. The SMDs are presented in Fig. 4 for each
of the covariates prior to and after weighting.

Prior to weighting (for “All” and “Region”), except for the MFM total score, all
covariates had already achieved balance between the treated patients in SUNFISH
Part 1 and the untreated patients in the external comparator group, with their
corresponding SMD values lying within the range of −0.25 to +0.25. After
weighting (ATT weighted region), variance balance of each covariate was achieved

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
ATT Weighted Region All Region

Age

MFM total score

SMA type

Ambulatory status

Scoliosis

SMN2 copy number

MFM scale

Logit of the
propensity score

Lower cutoff Upper cutoff

Fig. 4 Results of the covariate balance assessment (standardized mean difference values) of
SUNFISH Part 1 compared with an external comparator group. “All” means based on the
population from the external comparator group, “Region” means based on the patients included
in the analysis and “ATT weighted region” means based on the patients after weighting. ATT
average effect for treated patients, MFM motor function measure, SMA spinal muscular atrophy,
SMN2 survival of motor neuron 2
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Table 5 Summary of baseline characteristics in SUNFISH part 1 compared with an external
comparator group before and after weighting

Before weighting After weighting

Risdiplam
(N = 48)

External
comparator
(N = 109)

Risdiplam
(wN = 48.0)

External
comparator
(wN = 49.3)

Age at enrolment
(years)
mean (SD)
median (range)

9.3 (6.1)
7 (2–24)

10.5 (6.8)
8 (2–28)

9.3 (6.1)
7.0 (2–24)

9.4 (6.3)
7.0 (2–28)

Age group
(years), n (%)
2–5
6–11
12–18
>18

17 (35.4)
13 (27.1)
14 (29.2)
4 (8.3)

37 (33.9)
27 (24.8)
28 (25.7)
17 (15.6)

17.0 (35.4)
13.0 (27.1)
14.0 (29.2)
4.0 (8.3)

16.9 (34.3)
16.3 (33.2)
11.5 (23.3)
4.5 (9.1)

SMA type, n (%)
Type 2
Type 3 (ambulant)
Type 3 (non-amb.)

35 (72.9)
7 (14.6)
6 (12.5)

70 (64.2)
17 (15.6)
22 (20.2)

35.0 (72.9)
7.0 (14.6)
6.0 (12.5)

35.5 (72.0)
6.9 (14.1)
6.9 (13.9)

SMN2 copy
number, n (%)
3
4

44 (91.7)
4 (8.3)

97 (89.0)
12 (11.0)

44.0 (91.7)
4.0 (8.3)

45.5 (92.3)
3.8 (7.7)

MFM total score,
mean (SD)
MFM20

MFM32

(n = 17)
53.9 (13.6)
(n = 31)
44.4 (15.4)

(n = 37)
57.1 (16.0)
(n = 72)
50.2 (18.0)

(n = 17.0)
53.9 (13.6)
(n = 31.0)
44.4 (15.4)

(n = 16.9)
55.3 (17.2)
(n = 32.4)
43.8 (17.8)

Scoliosis, n (%) 27 (56.3) 68 (62.4) 27.0 (56.3) 29.9 (60.6)

MFM Motor Function Measure, MFM20 20-item MFM, MFM32 32-item MFM, SD standard
deviation, SMA spinal muscular atrophy, SMN2 survival of motor neuron 2, wN number of patients
after weighting, non-amb non-ambulant

with all SMDs close to 0 and lying within the −0.25 to +0.25 boundaries. Summary
results for the baseline characteristics before and after weighting are shown in
Table 5. After weighting, the baseline characteristics became more similar and
more comparable between SUNFISH Part 1 and the external comparator group.
For example, the mean age in the external comparator group was 10.5 years before
weighting and 9.4 years after weighting, compared with 9.3 years in the SUNFISH
Part 1 treated group. The proportion of patients in each age group also became more
balanced between the two groups after weighting.

For the MMRM analysis, patients with a baseline and at least one post-baseline
result at Month 12 or at Month 24 were included. In SUNFISH Part 1, all 48 patients
had a result at baseline, Month 12 and Month 24. For the external comparator group,
109 patients had a result at baseline and at Month 12, and 79 patients had a result at
Month 24. Under the MMRM analysis, for those with a result at Month 12 but not at
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Table 6 Mean (LS Mean) change in motor function (as measured using the MFM) at month 12
and month 24 in patients with type 2 or 3 SMA in SUNFISH part 1 compared with an external
comparator group

Risdiplam External comparator
MFM-derived total score (weighted N = 48.0) (weighted N = 49.3)

Month 12

Baseline, mean total score (SD) 47.8 (15.35) 47.8 (18.26)
Change from baseline at Month 12,

mean (95% CI) 2.12 (0.61–3.62) −0.56 (−2.08–0.95)
Difference from external comparator,

LS mean (95% CI) 2.68 (1.44–3.93)

p-value p < 0.0001
Month 24

Change from baseline at Month 24,

mean (95% CI) 1.99 (0.33–3.66) −2.00 (−3.73 to 0.27)
Difference from external comparator,

LS mean (95% CI) 3.99 (2.34–5.65)

p-value p < 0.0001

Source: Mercuri et al. [22]
Data analyzed using an MMRM. The statistical model included treatment group (treated and
untreated); age at enrolment; SMA type; SMN2 copy number; ambulatory status; scoliosis; MFM
scale; MFM total score at baseline; time; treatment group*time interaction; and MFM total score
at baseline*time interaction
CI confidence interval, LS least squares (a standard method for fitting a curve to a set of
points),MFM Motor Function Measure,MMRM mixed model for repeated measures, SD standard
deviation

Month 24, their missing results were assumed as missing at random, i.e., those with
missing results behaved similarly to other patients with a similar covariate profile
in the same treatment group. As shown in Table 6, at Month 12, the change from
baseline in MFM total score was greater in the risdiplam group compared with the
external comparator group, and this difference continued to increase at Month 24.
The improvement in motor function in patients who received risdiplam treatment
compared with the external comparator group was both clinically meaningful and
highly statistically significant.

Figure 5 shows that risdiplam treatment in SUNFISH Part 1 led to an increase
in mean MFM total score from baseline over 24 months, which was significantly
different from the progressive decline observed in the untreated external comparator
group [22].

After both 12 and 24 months of treatment, a significantly higher proportion of
patients treated with risdiplam showed improvement (≥3-point change) in MFM
total score compared with the untreated external comparator group (Fig. 6).

These results provided evidence of longer term efficacy of risdiplam in a broad
population of patients with type 2 and 3 SMA compared with untreated patients.
Supplemental analysis results from the weighted analysis comparing SUNFISH Part
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1 with each of the two external comparator sources were generally in agreement with
the above results, supporting the robustness of the conclusions. This retrospective
weighted analysis comparing patients with type 2 and 3 SMA from SUNFISH Part 1
with two external comparator sources, the NatHis-SMA study and the placebo arm
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of the olesoxime study, helped to further understand the benefits of risdiplam. In
summary, the improvement in motor function with risdiplam treatment in SUNFISH
Part 1 was markedly different from the untreated external comparator groups, where
the expected decline in function inherent to this progressive disease was observed.
The difference observed at Month 12 continued to increase at Month 24, supporting
and confirming the benefits of prolonged exposure to risdiplam. This analysis also
complements recent results from the placebo-controlled Part 2 of the SUNFISH
study, in which the primary endpoint of the change from baseline in MFM32 total
score at Month 12 was met. At month 12, the least squares mean (95% CI) change
from baseline in MFM32 was 1.36 (0.61–2.11) in the risdiplam group and −0.19
(−1.22–0.84) in the placebo group, with a treatment difference of 1.55 (0.30–2.81,
p = 0.016) in favor of risdiplam [29].

4 Discussion

The use of RWD and comparisons with external controls are a rapidly evolving area.
In this section, we summarize the benefits of using RWD, especially in a rare disease
setting. We also discuss some of the challenges we faced and lessons learned.

4.1 Benefits of Using RWD

The use of RWD was critical in clinical development planning, contextualizing
the results and providing substantial evidence of efficacy of a disease-modifying
therapy in a rare disease setting. Randomized, double-blind, placebo-controlled (or
active controlled if standard of care exists) clinical trials are the gold standard.
Randomization avoids systematic differences between groups with respect to known
or unknown baseline variables that could affect outcomes. Blinding minimizes
the bias due to subject and investigator expectations, and a placebo arm provides
internal evidence of assay sensitivity. However, placebo-controlled trials with
blinding are not always feasible or appropriate. When an effective therapy that
is known to prevent death or irreversible morbidity exists for a particular patient
population that population cannot usually be ethically studied in placebo-controlled
trials; the particular conditions and populations for which this is true may be
controversial (ICH E10 [30]).

Given the severity, rapid decline, and high mortality and morbidity in infants
with type 1 SMA described in natural history, a comparator placebo group was
not included in the FIREFISH study. In addition, in 2016 when the study started,
there were no approved disease-modifying therapies for SMA, which precluded an
active comparator arm. In the absence of a control arm, comparisons with external
comparators or available natural history data are a valid approach in the development
of new treatments for serious and rare diseases. Such comparisons are possible if
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the natural history of the disease course is well understood, the external comparator
group is similar to the treatment group (e.g., with regard to patient characteristics
and endpoints), and a large treatment effect is expected to be seen with the study
drug. In our case studies, the external comparators were carefully selected based on
rigorous criteria described earlier.

RWD were also important in determining the anticipated treatment effect for
the primary endpoint (MFM32) in the SUNFISH study as natural history data
demonstrated that patients with type 2 and 3 SMA had a decline in motor function
over time. In addition to clinical development planning, RWD were important in
contextualizing study results for both FIREFISH and SUNFISH.

In FIREFISH, RWD from publications were used to define the performance
criteria and benchmarks for success. Infants in FIREFISH attained motor milestones
such as sitting without support that would never be achieved in infants with type
1 SMA without treatment. Infants in FIREFISH also achieved improved rates of
event-free survival compared with those observed in natural history studies. These
results confirmed that the disease course with risdiplam treatment substantially
diverged from the natural history of the disease [11]. Infants treated with risdiplam
also continued to benefit beyond Year 1. After 3 years of treatment in the FIREFISH
study, event-free survival time was greatly improved compared with natural history
[31].

In SUNFISH, the improvement in motor function with risdiplam treatment
was markedly different from the untreated external comparator group, where the
expected progressive decline in function inherent to SMA was observed. The
comparison of SUNFISH data (Part 1 and later Part 2) with RWD also confirmed the
longer term benefit of risdiplam over 24 months [32]. This was important because
the placebo-controlled period in SUNFISH Part 2 was only for 1 year. RWD were
used to provide substantial evidence of the efficacy of risdiplam, which was used
to support registration and approval of risdiplam in different countries around the
world.

The use of RWD for type 1 SMA was pivotal for regulatory decisions. The
FDA stated, “ . . . the study [FIREFISH] showed improvements in multiple clinical
functional measures compared to the natural history of SMA, including motor
function and developmental milestones as well as survival and ventilation free
survival.” The RWD used to contextualize the FIREFISH study results were
included in the US prescribing information, “Of the patients who were treated with
the recommended dosage of EVRYSDI 0.2mg/kg/day, 41% (7/17) were able to
sit independently for ≥5 s (BSID-III, item 22). These results indicate a clinically
meaningful deviation from the natural history of untreated infantile-onset [type 1]
SMA. As described in the natural history of untreated infantile-onset SMA, patients
would not be expected to attain the ability to sit independently, and no more than
25% of these patients would be expected to survive without permanent ventilation
beyond 14 months of age.” (EVRYSDI® prescribing information [21]).

The use of RWD for type 2 and 3 SMA was supplemental for regulatory
decisions. In order to accelerate the regulatory review and approval timelines in
the United States, the exploratory dose-finding SUNFISH Part 1 motor function
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results were compared with RWD to contextualize the study results before the
confirmatory SUNFISH Part 2 placebo-controlled results were available. The RWD
used to contextualize the results in patients with type 2 and 3 SMA showed clear
divergence between patients treated with risdiplam and untreated patients from
natural history. The use of RWD also accelerated the filing and approval timelines
for risdiplam, which was crucial given the high unmet need and the severe nature of
the disease. Approval in the United States was expedited by at least 7 months.

4.2 Challenges

The role of RWD in providing substantial evidence of efficacy was different across
regulatory regions. All regions accepted RWD as the benchmark for success for type
1 SMA. However, for patients with type 2 and 3 SMA, the acceptance of RWD
as substantial evidence of efficacy differed across regions. In the United States,
the FDA accepted an early filing based on FIREFISH Part 1 and SUNFISH Part
1, supplemented with placebo-controlled data from SUNFISH Part 2 during the
review. Approval by the FDA was granted in August 2020. In contrast, in Europe,
the EMA requested all data from SUNFISH Part 1 and Part 2 at the time of filing.
Approval by the EMA was granted in March 2021. To overcome this challenge, a
flexible filing strategy was implemented across regions.

At the time of our submission to the FDA in 2019, the recent fit-for-purpose
framework for RWD to support regulatory decision making was not in place.
Statistical considerations for fit-for-use RWD to support regulatory decision making
in drug development can be found in a recent publication [33].

The requirement to provide individual patient-level data also varied across
regions. The FDA required all individual patient data in Clinical Data Interchange
Standards Consortium (CDISC) format including RWD, whereas the EMA did
not. In order to file in the United States, the legacy data from the NatHis-SMA
study were converted to CDISC standards for submission to the FDA. A good
understanding of CDISC standards and regulatory requirements, technical skills,
and upfront planning for this activity were critical to avoid a delay in submission
timelines.

Although every effort was made to derive the performance criteria from infants
who were as similar as possible to the FIREFISH study population, there were
some limitations and challenges associated with this approach. These included
potential differences in patient characteristics between the historical cohorts and
study population; the limited number of studies available for some endpoints or
small sample sizes of the historical cohorts; and studies being conducted in a limited
number of countries or sites. For some endpoints, a performance criterion could not
be derived as no suitable natural history studies were available. The results observed
for motor function and motor milestone endpoints were consistent across natural
history studies, but for other endpoints such as event-free survival, the results were
more variable. These endpoints are more dependent on individual clinician practice
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and caregiver preferences, in particular pulmonary and nutritional intervention
strategies, and so may vary across countries and sites. Different definitions of
permanent ventilation were also used in each study, including differences in the
number of hours of ventilation per day, the number of consecutive days with
this level of respiratory support, and the type of respiratory support provided.
Despite these limitations, it should be noted that standard of care guidelines were
considered during the selection of study sites, and the FIREFISH results were
clearly differentiated from the natural course of type 1 SMA described in the
literature.

Subtle differences in definitions of endpoints were also challenging for the SUN-
FISH and external comparator comparison. For example, MFM was administered
differently across studies depending on a patient’s age. To overcome this issue, an
MFM total score was derived using either the MFM32 or MFM20 items depending
on the patient’s age. Missing data were also a challenge, with more missing data
in the external comparator data sources. For example, for those included in the
analysis, in the external comparator group, 73% of patients (i.e., 79 out of 109
patients) completed the Month 24 assessment, while in SUNFISH, all patients (i.e.,
all 48 patients included in the analysis) completed the Month 24 assessment. To deal
with this, sensitivity analyses were performed to assess the robustness of the results
using different methods for dealing with missing data.

4.3 Lessons Learned

The risdiplam clinical development program highlighted a number of key planning
considerations that can be applied to other drug development programs in which
RWD may play an important role, as follows:

1. Incorporate RWD into the Clinical Development Plan

We engaged with regulators early and pushed regulatory boundaries with robust
arguments. The FDA eventually accepted a single-arm design for FIREFISH despite
a preference for a placebo-controlled study. The overall study designs and choice of
endpoints for both FIREFISH and SUNFISH incorporated Health Authority advice
from both the EMA CHMP and the FDA. We pre-planned the statistical analysis
for the confirmatory parts, documented this in a statistical analysis plan, shared the
statistical analysis plan with Health Authorities, and asked for feedback in advance
of filing.

Collaborating with healthcare providers and Patient Advisory Groups (PAGs)
was also important to the success of the program. In particular, PAGs were actively
involved in designing the NatHis-SMA study, advising on the interpretation of
the clinical study results from both FIREFISH and SUNFISH, and validating
the meaningfulness of the results from both a patient and caregiver perspective.
This feedback was further supported by data collected by PAGs (e.g., a treatment
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expectation survey conducted by SMA Europe [34]), which were incorporated into
our regulatory dossiers to further contextualize our data.

2. Take Steps to Reduce Bias When Using RWD

We selected data sources that reflected considerations from ICH E10 to minimize
bias when using external controls [30], including selecting a control population as
similar as possible to the study population and selecting more than one external
control. In FIREFISH, the identified RWD studies were documented and ranked
based on the level of similarity of the patient population to the expected population
in the FIREFISH study. The endpoints were also robust and objectively measured.

In SUNFISH, two independent studies, the NatHis-SMA study and olesoxime
study, were selected based on their similarities to SUNFISH, such as the same effi-
cacy outcome measure (change in MFM total score) and similar patient population
(type 2 and 3 SMA and age range). In addition, some of the study centers collecting
the external comparator data also enrolled patients in SUNFISH, and the first year of
follow-up in the NatHis-SMA study occurred just before trial enrolment started for
SUNFISH. These common features mitigated potential biases relating to different
endpoint bias; selection bias; regional bias; different standards of care; and calendar
time bias. The RWD in the external comparator group were weighted based on
key prognostic factors to ensure the populations were as similar as possible. The
important prognostic factors that were used to perform the weighting were defined
a priori and described in the statistical analysis plan. It was also important to ensure
that these data were available. For example, if severity of scoliosis was an important
prognostic factor and was not collected in the RWD, it could not be used for the
calculation of propensity scores.

It is also recommended to perform sensitivity analyses. For SUNFISH, the
comparison was performed on the pooled external comparator data and separately
for each study to support the robustness of the conclusions. A compilation of the
different sources of biases from various types of external controls, such as those
used in this chapter, and the potential mitigation steps can be found in a recent
publication [35].

5 Conclusion

Risdiplam has now been approved in more than 90 countries worldwide, including
the United States and the EU for the treatment of SMA in a broad patient population.
In this case study, the use of RWD was pivotal in clinical development planning,
contextualizing the results and providing substantial evidence of the efficacy of
risdiplam, a disease-modifying therapy in a rare disease setting.

The results from the comparison of SMA patients treated with risdiplam from
both the FIREFISH and SUNFISH studies versus RWD clearly diverged from the
natural history of the disease and were clinically meaningful.
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RWD were also critical in our filing strategy and led to significantly reduced
approval timelines in the United States in a rare disease setting with a high unmet
medical need. RWD were more widely accepted for objective endpoints with well-
defined natural history (e.g., motor milestones and survival).
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