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Research in context panel:  60 

Evidence before this study 61 

We searched PubMed, on May 15th, 2022, for primary manuscripts on spinal muscular atrophy 62 
(SMA) using the search term 'spinal muscular atrophy'. We identified clinical trials using the search 63 
terms ‘nusinersen’ OR ‘onasemnogene abeparvovec’ OR ‘risdiplam’ in ‘Type 1 SMA’. The search was 64 
unbounded by year or language.  65 

Our initial search identified twelve publications that evaluated the safety, efficacy, or both, of the 66 
above-mentioned therapies in infants with Type 1 SMA. One manuscript was published in Japanese 67 
and removed from our search. We manually searched the remaining studies for those conducting a 68 
follow-up visit after treatment initiation for either safety or efficacy endpoints: five publications 69 
reported on clinical efficacy and safety assessments following nusinersen treatment, over 6 months, 70 
12 months, 24 months (one paper each), and two publications with follow-up over 3 years from 71 
treatment initiation. Four publications reported on onasemnogene abeparvovec treatment: one 72 
paper assessed motor function over 12 months from treatment initiation, two papers evaluated 73 
clinical efficacy and safety until 18 months of age at study visit or early termination, and one paper 74 
evaluated safety and efficacy assessments after a maximum follow-up of 6·2 years from treatment 75 
initiation. 76 

Lastly, we identified two papers on FIREFISH (NCT02913482) that reported on risdiplam treatment: 77 
one publication presented safety and dose-finding data over 12 months (FIREFISH part 1) and one 78 
publication reported safety and clinical efficacy assessments over 12 months (the primary results 79 
from FIREFISH part 2).  80 

Results from FIREFISH part 2 demonstrated efficacy and safety of risdiplam in infants with Type 1 81 
SMA after 12 months of treatment. The primary endpoint of the FIREFISH study, the proportion of 82 
infants in part 2 sitting without support for ≥5 s at Month 12, was met (as assessed by item 22 of the 83 
Bayley Scales of Infant and Toddler Development, third edition gross motor subscale), and 84 
demonstrated a clinically meaningful benefit of risdiplam to infants with Type 1 SMA. The majority of 85 
infants in this study were alive, without permanent ventilation, and were able to feed orally after 12 86 
months of risdiplam treatment. Furthermore, infants achieved clinically meaningful motor 87 
milestones and showed improvements in motor function compared with natural history cohorts.  88 

Added value of this study 89 

In this manuscript, we provide evidence for the safety and efficacy of risdiplam over 24 months of 90 
treatment in infants with Type 1 SMA. We found that infants continued to improve in motor 91 
functions (as assessed by the Bayley Scales of Infant and Toddler Development, third edition gross 92 
motor subscale, the Hammersmith Infant Neurological Examination, Section 2 and the Children’s 93 
Hospital of Philadelphia Infant Test of Neuromuscular Disorders scale), and the majority of infants 94 
were alive without permanent ventilation. Most patients maintained the ability to swallow and feed 95 
orally from baseline to Month 24. Furthermore, the efficacy results observed at Month 12 were 96 
maintained at Month 24. To the best of our knowledge, FIREFISH is the only study of an approved 97 
orally administered treatment that demonstrated efficacy and safety in the most vulnerable group of 98 
patients with SMA – infants with Type 1.   99 

Implications of all the evidence 100 

Overall, the efficacy and safety of risdiplam treatment over 24 months in the FIREFISH study indicate 101 
that infants continued to benefit from treatment and demonstrated levels of motor function and 102 
motor development that deviate from the natural history cohorts of untreated infants with Type 1 103 
SMA. The FIREFISH open-label extension phase will provide further evidence regarding long-term 104 
safety and efficacy over an additional 3 years of risdiplam treatment in infants with Type 1 SMA.   105 
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Background 106 

Risdiplam is the first orally administered therapy that modifies the pre-mRNA splicing of the survival 107 

of motor neuron 2 (SMN2) gene approved for the treatment of spinal muscular atrophy (SMA). 108 

Risdiplam is distributed both systemically and in the central nervous system.  FIREFISH 109 

(NCT02913482) is a multicentre, open-label, two-part study of risdiplam in infants with Type 1 SMA. 110 

The primary endpoint of FIREFISH part 2 demonstrated that infants attained the ability to sit without 111 

support for ≥5 s after 12 months of treatment. This study reports on the safety and efficacy of 112 

risdiplam in infants with Type 1 SMA over 24 months of treatment.  113 

Methods  114 

FIREFISH was conducted in 14 hospitals in ten countries across Europe, North and South America, 115 

and Asia. Eligible infants were aged 1–7 months at enrolment, with a genetically confirmed diagnosis 116 

of SMA, and two SMN2 gene copies. Risdiplam was orally administered once daily at 0·2 mg/kg for 117 

infants ≥5 months and <2 years of age. Once an infant reached 2 years of age the dose was increased 118 

to 0.25 mg/kg. Infants <5 months old started at 0.04 or 0.08 mg/kg, and this starting dose was 119 

adjusted to 0.2 mg/kg as soon as possible once pharmacokinetic data was available for each infant. 120 

Herein we present the remainder of the secondary efficacy endpoints that were included in the 121 

statistical hierarchy at Month 24, these were: the ability to sit without support for ≥30 s, stand 122 

alone, and walk alone, as assessed by the Bayley Scales of Infant and Toddler Development, third 123 

edition gross motor subscale. Secondary endpoints in the statistical hierarchy at Month 24 were 124 

compared with a performance criterion of 5% that was defined based on the natural history of Type 125 

1 SMA; the results were considered statistically significant if the lower limit of the two-sided 90% 126 

confidence interval (CI) was above the 5% threshold. FIREFISH is ongoing. 127 

Findings  128 

Forty-one infants were enrolled in FIREFISH part 2 between March 13, 2018 and November 19, 2018. 129 

After 24 months of treatment, 38 infants were ongoing in the study and 18 infants (44%, 90% CI 31–130 

58) were able to sit without support for ≥30 s (p<0·0001), compared with the performance criterion 131 

derived from the natural history of untreated infants with Type 1 SMA. No infants could stand alone 132 

(0%, 90% CI 0–7) or walk alone (0%, 90% CI 0–7) after 24 months of treatment (p=1·0, both), 133 

compared with the performance criteria based on the natural history of Type 1 SMA. The most 134 

common serious adverse events were pneumonia in 16 infants (39%) and respiratory distress in 135 

three infants (7%).  136 

Interpretation 137 

Treatment with risdiplam over 24 months resulted in continual improvements in motor function and 138 

achievement of developmental motor milestones. The FIREFISH open-label extension phase will 139 

provide additional evidence regarding long-term safety and efficacy of risdiplam. 140 

Funding  141 

F. Hoffmann-La Roche Ltd.  142 
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Introduction 143 

Spinal muscular atrophy (SMA) is a neuromuscular disease caused by reduced levels of the survival 144 

of motor neuron (SMN) protein due to mutations in the SMN1 gene.1,2 Individuals with SMA retain at 145 

least one copy of the paralogous gene SMN2 which produces low levels of functional SMN protein 146 

that are insufficient to fully compensate for the loss of SMN1.3,4 147 

Type 1 SMA is a common and severe form of SMA (approximately 50%–70% of cases) with 148 

symptoms occurring by 6 months of age.2 Untreated infants are unable to sit without support and 149 

have reduced life expectancy.5,6 Most infants fail to achieve almost any motor milestones,7 and 150 

experience progressive motor function decline, along with a decline in respiratory and swallowing 151 

functions.5,8 To date, the Food and Drug Administration and the European Commission have 152 

approved three disease-modifying treatments with published clinical efficacy and safety assessments 153 

over at least 12 months: nusinersen, an intrathecally dosed SMN2-targeting antisense 154 

oligonucleotide;9,10ꟷ15 onasemnogene abeparvovec, an intravenously administered adeno-associated 155 

virus vector-based gene replacement therapy;16ꟷ21 and risdiplam, an orally administered small 156 

molecule.22ꟷ25 Risdiplam selectively modifies splicing of SMN2 pre-mRNA to increase the levels of 157 

functional SMN protein through promoting inclusion of exon 7 into the mRNA transcript, and is 158 

approved for the treatment of patients with SMA of all ages (US) or patients aged ≥2 months with a 159 

clinical diagnosis of Type 1, 2, or 3 SMA or with 1–4 SMN2 copies (EU).22,23  160 

The disease course of SMA is changing as disease-modifying therapies are becoming more widely 161 

available, with treated individuals living longer and demonstrating improved functional abilities 162 

(motor, respiratory, bulbar).13,21,24 However, these treatments are not curative; patients can 163 

continue to experience motor disability and exhibit downstream consequences of reduced 164 

respiratory function, bulbar dysfunction, and speech impairment.26,27 Long-term studies into the 165 

efficacy and safety of disease-modifying therapies are still warranted, whilst the efficacy and safety 166 

of combinations of approved disease-modifying therapies are still under investigation.28-31  167 

FIREFISH (NCT02913482) is an ongoing, multicentre, open-label, two-part study of risdiplam in 168 

infants with Type 1 SMA. Part 1 assessed the safety, tolerability, pharmacokinetics, and 169 

pharmacodynamics of risdiplam at different dose levels.25 In part 1, risdiplam treatment led to an 170 

increase in functional SMN protein in the blood. Part 2 assessed the efficacy and safety of risdiplam 171 

at the dose selected in part 1.24 The primary endpoint, the proportion of infants able to sit without 172 

support for ≥5s after 12 months of treatment, as assessed by item 22 of the Bayley Scales of Infant 173 

and Toddler Development, third edition (BSID-III) gross motor subscale, was met by 12 (29%) infants; 174 

the percentage was significantly higher than the performance criterion of 5% defined based on 175 

natural history data (p<0·0001); this motor milestone is never attained by untreated infants with 176 

Type 1 SMA. Here, we present safety and efficacy results of risdiplam treatment after 24 months for 177 

part 2 (clinical cut-off date [CCOD]: 12 November 2020). 178 

Methods 179 

Study design and participants  180 

FIREFISH (NCT02913482) is an ongoing, multicentre, open-label, two-part study of risdiplam in 181 
infants with Type 1 SMA compared with untreated historical controls (part 2). In FREFISH part 2 182 
infants were enrolled at 14 hospitals in ten countries across Europe, North and South America, and 183 
Asia. The clinical trial was conducted in accordance with the principles of the “Declaration of 184 
Helsinki”, following Good Clinical Practice guidelines and was approved by an ethics committee at 185 
each site. Written informed consent was provided by the infant’s legally authorised representative 186 
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at screening. All authors attest to adherence to the protocol, accuracy of analysis and complete 187 
reporting of adverse events (AEs). After dose selection in part 1, an external independent data 188 
monitoring committee reviewed safety data from both FIREFISH parts 1 and 2 on an ongoing basis. 189 

Eligible infants were aged 1–7 months, with a genetically confirmed diagnosis of SMA, two SMN2 190 
gene copies, and a clinical profile consistent with Type 1 SMA, with onset of symptoms between 28 191 
days and 3 months of age (inclusive). At the time of screening, infants were required to have 192 
received adequate nutrition and hydration (with or without gastrostomy). Infants were excluded if 193 
they required invasive ventilation or awake non-invasive ventilation, if they had experienced awake 194 
hypoxemia (oxygen saturation <95%) with or without ventilatory support, required tracheostomy, or 195 
had received concomitant or previous treatment with an SMN2-targeting antisense oligonucleotide, 196 
other SMN2 splicing modifier, or gene therapy. Full inclusion and exclusion criteria can be found in 197 
the appendix pp. 6. Patients’ demographic and clinical characteristics at baseline have been 198 
published previously.24,25 Copies of the study protocol and statistical analysis plan are included in the 199 
appendix pp. 27 and pp 155.  200 

Study procedures 201 

As determined in part 1, risdiplam was orally administered once daily at 0·2 mg/kg for infants aged 202 
≥5 months and <2 years of age. Infants <5 months of age started treatment at 0·04 or 0·08 mg/kg 203 
and the dose was adjusted to 0·2 mg/kg following review of initial pharmacokinetic data. The dose 204 
was increased to 0·25 mg/kg once an infant reached 2 years of age.24,25 Risdiplam was administered 205 
with an oral syringe or through a feeding tube. Efficacy and safety assessments were conducted 206 
following the study protocol and schedule of assessments. Briefly, during the first 24 months of 207 
treatment, the following study assessments were performed on the days with site visits starting on 208 
week 1 (pre-risdiplam treatment): the CHOP-INTEND, respiratory plethysmography, level of 209 
respiratory support and nutritional checks were performed every 2 months (8/9 weeks), BSID-III, 210 
HINE-2 and compound muscle action potential, and the Infant/ toddler quality of life questionnaire – 211 
short form 47 item version every 4 months (17/18 weeks) and the swallowing assessment every 6 212 
months (26 weeks). Laboratory assessments were scheduled every 4 months after Week 17 (Month 213 
4); ECG, vital sign assessments and physical examinations (including anthropometric measurements) 214 
were performed every 2 months (8/9 weeks) and ophthalmology assessments were performed every 215 
2 or 6 months. AEs and serious AEs (SAEs) were monitored through the entire study (screening 216 
through open-label extension or the study completion/early withdrawal visit and follow-up); see 217 
appendix pp. 10 for the relevant methodology.  218 

 219 

Outcomes    220 

The primary endpoint of part 2 was the proportion of infants sitting without support for ≥5s at 221 
Month 12 (as assessed by item 22 of the BSID-III gross motor subscale).24 The secondary endpoints in 222 
the statistical hierarchy at Month 12 were:24 the proportion of infants who achieve a score ≥40 on 223 
the CHOP-INTEND (the scale ranges from 0–64, the higher the score the better the motor function); 224 
the proportion of infants who achieve a ≥4-point increase in CHOP-INTEND score from baseline; the 225 
proportion of motor milestone responders as assessed by the HINE-2 scale (see appendix pp. 11 for 226 
the definition of motor milestone responder); proportion of infants who are alive without 227 
permanent ventilation (event-free survival). 228 

Secondary endpoints included in the statistical hierarchy at Month 24 were assessed using selected 229 
items from the BSID-III gross motor subscale as follows: proportion of infants sitting without support 230 
for ≥30s (item 26), proportion of infants standing alone (item 40), and proportion of infants walking 231 
alone (item 42). These motor outcomes are clinically relevant for infants with Type 1 SMA and were 232 
pre-specified in the statistical analysis plan.  233 
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Secondary endpoints not included in the statistical hierarchy at Month 24 were not adjusted for 234 
multiplicity, and thus no definitive conclusions can be drawn for these endpoints. The endpoints 235 
were: proportion of infants who achieve head control (defined as a score ≥3 for item 12 of the 236 
CHOP-INTEND); change from baseline in the total raw score of the BSID-III gross motor subscale; 237 
achievement of motor milestones as measured by the HINE-2 (milestones include head control, 238 
sitting, voluntary grasp, ability to kick, rolling, crawling, standing, and walking); proportion of motor 239 
milestone responders as assessed by the HINE-2 (see appendix pp. 11 for definition); proportion of 240 
infants who are sitting without support for ≥5 s, as assessed by the BSID-III gross motor subscale; 241 
proportion of infants who are alive; proportion of infants who are alive without permanent 242 
ventilation (event-free survival); proportion of infants who are without permanent ventilation; 243 
proportion of infants who do not require invasive or non-invasive respiratory support; proportion of 244 
infants able to feed orally; and highest motor milestone achieved as assessed by six items of the 245 
BSID-III gross motor subscale. The BSID-III endpoint of the highest motor milestone achieved by an 246 
infant during the 24 months of treatment was calculated, per protocol, from among the following six 247 
milestones: head control (item 9 ‘controls head while upright for 15s’), rolling (item 14 ‘rolls from 248 
side to back’), sitting without support for 5s (item 22), crawling (item 30 ‘crawls on stomach’), 249 
standing (item 40 ‘stands alone’), and walking (item 42 ‘walks alone’). 250 
Safety assessments were incidence and severity of AEs, laboratory values, electrocardiogram (ECG), 251 
vital signs (body temperature, systolic and diastolic blood pressure, pulse rate, and respiratory rate), 252 
ophthalmological, physical and anthropometric examinations. SMN protein levels were measured 253 
for every patient from venous blood samples.  254 

Additional methodological details (including statistical methodology, information on the hierarchical 255 
endpoint analysis, a full list of safety assessments, the study protocol and the statistical analysis 256 
plan, as well as the SMN protein data and the results of the exploratory efficacy endpoints at Month 257 
24) are available in the appendix pp. 8. 258 

Statistical analysis 259 

To assess the efficacy of risdiplam treatment, a performance criterion was defined for the primary 260 
endpoint based on the well-established natural history of Type 1 SMA. For secondary endpoints at 261 
Month 12 included in the statistical hierarchy, performance criteria were based on the upper limit of 262 
the 90% confidence intervals (CIs) from the historical data on individuals who met each endpoint. CIs 263 
were calculated using the Clopper-Pearson method for the BSID-III, CHOP-INTEND and HINE-2 264 
endpoints, and the complementary log-log transformation for the proportion of infants alive without 265 
permanent ventilation. For secondary endpoints at Month 24 included in the statistical hierarchy, 266 
performance criteria were based on the well-defined natural history of Type 1 SMA. Details of the 267 
pre-defined performance criteria are available in the appendix table S4 pp. 21. The study protocol 268 
and statistical analysis plan pre-specified the use of 90% CIs for proportions and to match the one-269 
sided statistical tests employed for the hypotheses testing. Hypothesis testing was performed for 270 
endpoints with a pre-defined performance criterion. An exact binomial test was performed for the 271 
BSID-III, CHOP-INTEND and HINE-2 endpoints, and a z-test conducted for event-free survival. 272 

The proportion of infants who were event free at Month 24 was estimated using Kaplan–Meier 273 

methodology. For the other endpoints, infants were classified as non-responders if they were unable 274 

to achieve a response, had not maintained a response achieved earlier at the time of the 275 

assessment, had withdrawn from the study, had died, or were missing an assessment at a visit. 276 

Missing scores or instances recorded as ‘cannot test’ for items on the CHOP-INTEND, BSID-III, and 277 

HINE-2 were assigned a score of 0. 278 

Because the same enrolment criteria, safety and efficacy assessments, schedule, and dosing regimen 279 

were used, exploratory post-hoc safety and efficacy (at Month 12 and Month 24) analyses were 280 



 

8 
 

conducted with pooled data from the part 1 (high-dose cohort, n=17) and part 2 (N=41) populations. 281 

No formal hypothesis testing was performed for the pooled populations. 282 

Role of the funding source  283 

The funder of the study (F. Hoffmann-La Roche) provided study drug, study management, medical 284 

monitoring, drug safety management and analysis, data management, and statistical analysis. Some 285 

employees of F. Hoffmann-La Roche (Ksenija Gorni, Heidemarie Kletzl, and Paulo Fontoura) 286 

contributed to study conception and design. F. Hoffmann-La Roche had no role in data collection, 287 

which was performed by the clinical staff at each study site. All authors were involved in data 288 

interpretation, including employees of F. Hoffmann-La Roche. Medical writing and editorial support 289 

were funded by F. Hoffmann-La Roche.  290 

Results 291 

41 infants (n=22 [54%] female and n=19 [46%] male) were enrolled in FIREFISH part 2 between 292 

March 13, 2018 –and November 19, 2018 (figure 1). The majority of infants were White (22/41, 54%) 293 

or Asian (14/41, 34%); race was reported as unknown for five infants (12%). Five infants (12%) were 294 

of Hispanic or Latino ethnicity.  295 

The median age at enrolment was 5·3 months (interquartile range [IQR]: 4·2–6·8) and the median 296 

disease duration (i.e., time between onset of symptoms and first treatment) was 3·4 months (IQR: 297 

2·5–4·9). Median baseline CHOP-INTEND total score (22·0, IQR: 15·0–28·0) and HINE-2 score (1·0, 298 

IQR: 0·0–1·0) were low, as expected for this population. Most infants (n=35, 85%) fed orally at 299 

baseline, including infants who fed exclusively orally (n=33, 80%) and those who fed orally in 300 

combination with a feeding tube (n=2, 5%).  301 

The primary and secondary endpoints included in the statistical hierarchy and assessed at Month 12 302 

were met (p<0·0001 for all endpoints; table 1), and previously reported. The first secondary 303 

endpoint included in the statistical hierarchy at Month 24 was met, with 18 infants (44%, 90% CI 31–304 

58) able to sit without support for ≥30s. This was significantly higher than the 5% performance 305 

criterion (p<0·0001). No infants (0%, 90% CI 0–7) could stand alone or walk alone after 24 months of 306 

treatment; these milestones were not statistically different from the pre-defined performance 307 

criterion of 5% (p=1·0).  308 

At Month 24, further improvements were reported for the majority of endpoints included in the 309 

statistical hierarchy at Month 12 (table 1). An increase was observed in both the proportion of 310 

infants achieving sitting without support for ≥5s and of infants achieving a CHOP-INTEND score ≥40 311 

points. The proportion of infants who achieved an increase of ≥4 points from baseline on the CHOP-312 

INTEND was maintained at Month 24. Overall, three more infants were HINE-2 motor milestone 313 

responders at Month 24 versus Month 12 (table 1). Additionally, over 24 months of risdiplam 314 

treatment, the infants showed continued improvement in their mean change from baseline in CHOP-315 

INTEND score (appendix figure S1 pp. 22).   316 

Up to the current CCOD, one additional infant required permanent ventilation after Month 12 317 

(figure 2). Therefore, at Month 24, a total of 34 of 41 infants (83%, 90% CI 71–90) were event free 318 

versus 35 infants (85%, 90% CI 73–92) at Month 12 (table 1).  319 

Similarly, a greater proportion of infants showed improvements in the other secondary endpoints at 320 
Month 24 versus Month 12 (not included in the statistical hierarchy). Seven more infants achieved 321 
head control (score ≥3 on item 12 of the CHOP-INTEND) at Month 24 (table 2). 322 
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Although no infants could walk or stand independently at Month 24, more infants achieved a higher 323 
motor milestone category in the HINE-2 compared with Month 12. For example, for the standing 324 
milestone, more infants achieved ‘standing with support’ (n=6 [15%] vs 2 [5%] at Month 12) (figure 325 
3); for the walking milestone, one infant (2%) achieved ‘cruising’, while no infant achieved this 326 
milestone at Month 12 (figure 3). Furthermore, more infants were recorded as able to achieve the 327 
highest motor milestone category. For instance, more infants were able to ‘pivot (rotate)’ as 328 
recorded within the sitting milestone (n=12 [29%] vs 4 [10%] at Month 12), more infants were able 329 
to ‘roll from supine to prone’ (n=18 [44%] vs 4 [10%] at Month 12) (figure 3); two infants (5%) were 330 
recorded for the crawling milestone as able to ‘crawl on their hands and knees’ at Month 24 331 
(appendix figure S2 pp. 23) while no infant attained this milestone at Month 12. 332 
Following 24 months of risdiplam treatment, 38 of 41 infants (93%, 90% CI 82–97) were alive. 333 
Furthermore, 35 infants (85%, 90% CI 73–93) were able to feed orally at Month 24 versus 34 infants 334 
(83%, 90% CI 70–92) at Month 12. Moreover, at Month 24, eight infants (20%, 90% CI 10–33) did not 335 
require ventilatory support and 37 infants (90%, 90% CI 78–95) were without permanent ventilation 336 
compared with ten infants (24%, 90% CI 14–38) and 38 infants (92%, 90% CI 81–97) at Month 12, 337 
respectively (table 1).  338 
 339 
The median blood SMN protein concentration at Month 24 was 4·76 ng per millilitre (IQR: 4·11–5·62) 340 
with a median 1·95-fold change (IQR: 1·33–2·26) from baseline (appendix figure S3 pp. 25).  341 

Up to the CCOD, a total of 356 AEs were reported in part 2 (table 2). A full list of AEs and SAEs can be 342 
found in appendix table S2 pp. 16. The most frequently reported AE was upper respiratory tract 343 
infection in 22 infants (54%). A total of 28 infants (68%) experienced 68 SAEs; the most frequently 344 
reported SAE was pneumonia in 16 infants (39%).  345 
Seven infants (17%) experienced at least one AE that was considered to be related to risdiplam 346 
treatment by the Investigator. Treatment-related AEs included: rash maculo-papular, skin 347 
discolouration, and constipation, each in two infants (5%); eosinophilia, neutropenia, upper 348 
respiratory tract infection, decreased neutrophil count, and pulmonary hypertension each in one 349 
infant (2%). No infants left the study due to drug-related AEs. 350 

One infant had an SAE (pneumonia event), unrelated to the study treatment, that required dose 351 
interruption. The incidence of SAE (pneumonia) per patient-year (PY) declined approximately three-352 
fold between the first and second 12-month periods (from 38·85 events/100PY to 13·14 353 
events/100PY).  354 

A review of all available safety laboratory results, vital signs, ECGs, and ophthalmological 355 
assessments did not show any clinically significant adverse findings. No risdiplam-associated 356 
retinal/skin events observed in preclinical studies were observed in any patients up to the CCOD.32,33 357 
Results from the post-hoc pooled safety and efficacy analyses at Month 24 of FIREFISH part 1 (high-358 
dose cohort) and part 2 are presented in appendix pp. 13. 359 

Discussion 360 

FIREFISH part 2 is an open-label study of risdiplam in infants with Type 1 SMA over a treatment 361 
period of 24 months (followed by a 36-month extension period). The primary analysis was 362 
performed after 12 months, and the primary endpoint was met.24 The first secondary endpoint in the 363 
statistical hierarchy at Month 24, the proportion of infants sitting without support for ≥30s, was 364 
markedly different from the pre-defined performance criterion of 5% based on natural history data. 365 
Without treatment, children with Type 1 SMA are never able to sit without support,7,34and thus the 366 
ability to achieve sitting is an important motor milestone in treated Type 1 SMA.  367 

All infants who met the primary endpoint at Month 12 continued to do so at Month 24. By Month 368 
24, 13 more infants were able to sit without support for ≥5s and 11 more infants were able to sit 369 
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without support for ≥30s. Additionally, three more infants were classified as having a motor 370 
milestone response in the HINE-2 and eight more infants achieved a CHOP-INTEND score ≥40 points. 371 
The continuous benefit of risdiplam treatment is also reflected in the changes from baseline in the 372 
CHOP-INTEND total score and BSID-III gross motor subscale total score, demonstrating that motor 373 
ability continues to progress over 24 months. These findings demonstrate clinically meaningful gains 374 
in motor function and show a clear deviation from natural history data, where achievement of major 375 
motor milestones and a CHOP-INTEND score ≥40 points is rarely observed.5,8 376 

After 24 months of treatment, infants showed continued improvement in motor function and in 377 
attaining motor milestones, demonstrating a continuum of developmental gains from Month 12. 378 
Despite this progress, no infants achieved independent standing or walking, as assessed by the BSID-379 
III gross motor subscale. This may be related to the age at disease onset, age at treatment initiation 380 
(treatment initiated one day after enrolment; median age at enrolment: 5.3 months [IQR]: 4·2–6·8), 381 
and disease severity when patients started treatment (median disease duration [defined as time 382 
from symptom onset to first dose]: 3·4 months [IQR: 2·5–4·9]). Longer treatment might lead to 383 
achievement of some or part of these milestones; a possibility supported by the greater proportion 384 
of infants achieving higher responses in the sitting, standing, and walking categories in the HINE-2 at 385 
Month 24 versus Month 12. 386 

Most infants maintained the ability to swallow and feed orally after 24 months of risdiplam 387 
treatment. This is markedly different from the results of the US Paediatric Neuromuscular Clinical 388 
Research Network natural history study, where infants with Type 1 SMA typically required 389 
nutritional support or combined ventilatory and feeding support by 11 months of age.8 Event-free 390 
survival time was greatly improved in infants treated with risdiplam compared with natural history. 391 
In FIREFISH part 2, three infants experienced fatal respiratory complications characteristic of Type 1 392 
SMA which occurred early in the study (within the first 3 months of treatment). Between the CCOD 393 
of the primary analysis and this CCOD there have been no additional deaths, and only one additional 394 
infant required permanent ventilation between Month 12 and Month 24.  395 

Most AEs reported up to the CCOD (12 November 2020) were consistent with results from the 396 
previous CCODs for part 1 and part 2 of the study. No risdiplam-related AEs led to withdrawal or 397 
discontinuation of treatment. The SAE incidence rate of pneumonia declined in the second year of 398 
treatment. Ophthalmological monitoring did not reveal any findings suggestive of risdiplam effects 399 
previously observed in the preclinical study.32 SMN protein levels were stable over time and were 400 
consistent with the results reported for the FIREFISH part 1 study,25 and at Month 12 in FIREFISH part 401 
2.24  402 

Based on non-clinical studies in pubertal and adult rats and monkeys, male sperm cell division may 403 
be arrested while on treatment thus possibly affecting male fertility.32 These effects are expected to 404 
be reversible upon discontinuation of treatment.32 To date, there is no clinical evidence suggesting 405 
that risdiplam causes male fertility issues in humans.22, 23 406 

Post-hoc analysis of the pooled efficacy results including data from the dose-finding part 1 of the 407 
study were consistent with the results from FIREFISH part 2 (see appendix table S1 pp. 14), 408 
demonstrating that in a larger cohort of infants with Type 1 SMA, prolonged treatment with 409 
risdiplam was associated with a clinically meaningful improvement in survival, motor function, and 410 
developmental milestones compared with natural history.  411 

Despite the COVID-19 pandemic, at-home oral treatment with risdiplam was unaffected. The impact 412 
of the pandemic on the study was small and occurred due to hospital and/or pandemic-imposed 413 
movement restrictions which resulted in patients missing scheduled study assessments. Despite this, 414 
the reported deviations did not affect the conclusions and interpretation of the safety data or 415 
cumulative study results. All infants had an on-site visit at Month 24. 416 
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There were some limitations to this study, particularly the use of natural history data to derive 417 
performance criteria for achieving the clinical endpoints. Specifically, these were: differences in 418 
baseline characteristics between the natural history and FIREFISH cohorts, the relatively small 419 
sample size of historical cohorts, and the potential for unconscious selection bias associated with the 420 
use of historical cohorts. Despite these limitations, it is noteworthy that the primary and secondary 421 
endpoints are based on objective assessments and the results are clearly differentiated from 422 
available natural history data.  423 

Treatment with risdiplam over 24 months in the FIREFISH part 2 study resulted in extended survival, 424 
continued improvements in motor function, and achievement of motor milestones. These findings 425 
demonstrate meaningful gains in motor function from Month 12, confirming that longer-term 426 
treatment with risdiplam benefited patients with Type 1 SMA.  427 

428 
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 Figures and Tables 600 

Table 1 Baseline characteristics  601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

*The time between onset of symptoms and first treatment. †All infants had undergone the CHOP-INTEND and 618 
HINE-2 assessments at baseline. No infants were missing any items with the CHOP-INTEND baseline 619 
assessment. One item, for the baseline HINE-2 score (walking item, which would be expected to be 0) was 620 
missing for one infant and was imputed to 0. ‡One infant was fed exclusively via tube at baseline due to 621 
inadequate weight gain, the ability to swallow had not been assessed following enrolment into the study. 622 
§Defined as no ventilation support or airway clearance. 623 

CHOP-INTEND, Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders; HINE-2, 624 
Hammersmith Infant Neurological Examination, Section 2; IQR, interquartile range.  625 

  626 

 
Risdiplam 

(N=41) 
Age at enrolment — months, median (IQR) 5.3 (4·2–6·8) 

Gender — no. (%) 

Female 

Male  

 

22 (54) 

19 (46) 

Race — no. (%) 

Asian  

White 

Unknown  

 

14 (34) 

22 (54) 

  5 (12) 

Ethnicity — no. (%)  
Hispanic or Latino  5 (12) 

Not Hispanic or Latino          36 (88) 

Age at onset of symptoms — months, median (IQR) 1.5 (1·0–2·0) 

Disease duration — months, median (IQR)* 3.4 (2·5–4·9) 

≤3 months, no. (%) 14 (34) 

>3 months, no. (%) 27 (66) 

CHOP-INTEND score — median (IQR)† 22.0 (15·0–28·0) 

HINE-2 score — median (IQR)† 1.0 (0·0–1·0) 

Able to swallow — no. (%)  39 (95)‡ 

Able to feed orally at baseline 35 (85) 

Feeding Route — no. (%)  

Fed exclusively orally          33 (80) 

Fed exclusively via a feeding tube            4 (10) 

Fed via a combination oral and feeding tube             2 (5) 

No pulmonary care — no. (%)§  29 (71) 
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 627 

Table 2 Primary and secondary efficacy endpoints at Month 12 and Month 24 from FIREFISH part 2 628 
 629 

 630 
*CCOD Month 12: 14 November 2019. †p values are for the comparison of the proportion of infants with the 631 
performance criterion from historical data for each endpoint. Hypothesis testing was performed hierarchically, 632 
at one-sided 5% significance level per endpoint, if p≤0·05 for previous endpoints in the hierarchy. Where data 633 
are presented without a p value, the outcomes were not part of the statistical hierarchy at the respective 634 
timepoint (Month 12 or Month 24); CHOP INTEND secondary endpoints that were part of the statistical 635 
hierarchy at month 12 were also not prespecified for analysis at month 24. For a list of endpoints for which a 636 
performance criterion was defined together with the resources used please refer to appendix table S4 pp. 21. 637 
‡CCOD Month 24: 12 November 2020. §As assessed by item 22 of the BSID-III gross motor subscale. ||Infants 638 
were classed as a responder if more motor milestones showed improvement than showed worsening. 639 
Improvement was defined as a ≥2-point increase in ability to kick (or maximal score) or a ≥1-point increase in 640 
head control, rolling, sitting, crawling, standing, or walking. Worsening was defined as a ≥2-point decrease in 641 
ability to kick (or lowest score) or a ≥1-point decrease in head control, rolling, sitting, crawling, standing, or 642 
walking. ¶Defined as alive with no permanent ventilation (i.e. no tracheostomy or BiPAP for ≥16 hours per day 643 

Endpoint 

Month 12 

All infants (N=41) 

n (%) [90% CI]* 
Performance 

criterion (%) p value† 

Month 24 

All infants (N=41) 

n (%) [90% CI]‡ 
Performance 

criterion (%) p value† 
Primary endpoint:       
Sitting without support for ≥5 secs§ 12 (29) [18–43] 5 <0·0001 25 (61) [47–74] .. .. 

Secondary endpoints:       

CHOP-INTEND       
Score ≥40 23 (56) [42–69] 17 <0·0001 31 (76) [62–86] .. .. 

Increase of ≥4 points from baseline 37 (90) [79–97] 17 <0·0001 37 (90) [79–97] .. .. 

HINE-2 motor milestone responder|| 32 (78) [65–88] 12 <0·0001 35 (85) [73–93] .. .. 

Event-free survival¶ 35 (85) [73–92] 42 <0·0001 34 (83) [71–90] .. .. 

Sitting without support for ≥30 secs** 7 (17) [8–30] .. .. 18 (44) [31–58] 5 <0·0001 

Standing alone†† 0 [0–7] .. .. 0 [0–7] 5 1§§ 

Walking alone‡‡ 0 [0–7] .. .. 0 [0–7] 5 1§§ 

Secondary endpoints not in the 

statistical hierarchy at Month 12  

and Month 24:  

      

Head control (item 12 of the CHOP-

INTEND)||||  
22 (54) [40–67] .. .. 29 (71) [57, 82] .. .. 

Change from baseline in the total raw 

score of the BSID-III gross motor 

subscale; median 

7·0 (IQR: 2·0–11·0)¶¶ .. .. 14·5 (IQR: 8·0–18·0)¶¶ .. .. 

Highest motor milestone achieved out  

of six motor milestones assessed by the 

BSID-III gross motor subscale*** 

  ..  .. .. 

Controls head upright for 15 seconds 

(item 9) 
0††† .. .. 0‡‡‡ .. .. 

Rolls from side to back (item 14) 23 (56)††† .. .. 12 (29)‡‡‡ .. .. 

Sits without support for ≥5 seconds 

(item 22) 
12 (29) .. .. 25 (61) .. .. 

Crawls on stomach (item 30)§§§ 0 .. .. 0 .. .. 

Stands alone (item 40) 0 .. .. 0 .. .. 

Walks alone (item 42) 0 .. .. 0 .. .. 

Alive|||||| 38 (93) [82–97] .. .. 38 (93) [82–97] .. .. 

Without permanent ventilation||||||  38 (92) [81–97] .. .. 37 (90) [78–95] .. .. 

Without invasive or non-invasive 

respiratory support 
10 (24) [14–38] .. .. 8 (20) [10–33] .. .. 

Able to feed orally 34 (83) [70–92]¶¶¶ .. .. 35 (85) [73–93]**** .. .. 
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continuously for >21 consecutive days or continuous intubation for >21 consecutive days, in the absence of, or 644 
following the resolution of, an acute reversible event). The proportion of infants alive without permanent 645 
ventilation was estimated using Kaplan-Meier methodology. **As assessed by item 26 of the BSID-III gross 646 
motor subscale. ††As assessed by item 40 of the BSID-III gross motor subscale. ‡‡As assessed by item 42 of the 647 
BSID-III gross motor subscale. §§p value was not significant; the hierarchy was broken at the standing endpoint. 648 
||||Defined as a score ≥3, patients maintain head upright for >15 seconds while sitting with trunk erect and 649 
support at the shoulders.  650 
¶¶n=38 infants with data for this endpoint. ***Six infants (15%) did not achieve any of the six milestones by 651 
Month 12 and four infants (10%) did not achieve any of the six milestones by Month 24. However, because this 652 
endpoint includes only the six items, it does not reflect the overall highest milestones achieved by infants on 653 
the BSID-III gross motor subscale. †††Note, at Month 12, 18 infants (44%) were able to ‘control head upright for 654 
15 seconds’ (item 9) and 34 infants (83%) were able to ‘roll from side to back’ (item 14), as assessed by the 655 
BSID-III gross motor subscale. ‡‡‡At Month 24, 30 infants (73%) were able to ‘control head upright for 15 656 
seconds’ (item 9), and 35 infants (85%) were able to ‘roll from side to back’ (item 14), as assessed by the BSID-657 
III gross motor subscale. §§§The infants who achieved the 'crawls on hands and knees' motor milestone at 658 
Month 24 (appendix figure S2 pp. 23) were assessed using the HINE-2 scale. This is different from the 659 
'crawling' reported herein, which was assessed using item 30 (crawling on stomach) of the BSID-III gross motor 660 
subscale. ||||||The proportion of infants alive and the proportion of infants without permanent ventilation 661 
were estimated using Kaplan-Meier methodology. ¶¶¶Includes 68% (28 of 41) of infants who were able to feed 662 
exclusively orally, and 15% (6 of 41) who were fed orally in combination with a feeding tube. ****Includes 71% 663 
(29 of 41) of infants who were fed exclusively orally, 7% (3 of 41) of infants who were fed exclusively via a 664 
feeding tube, and 15% (6 of 41) of infants who were fed orally in combination with a feeding tube.  665 
BiPAP=Bilevel Positive Airway Pressure; BSID-III=Bayley Scales of Infant and Toddler Development, third 666 
edition; CCOD=clinical cut-off date; CHOP-INTEND=Children’s Hospital of Philadelphia Infant Test of 667 
Neuromuscular Disorders; CI=confidence interval; IQR=interquartile range. 668 
 669 
 670 
 671 
 672 
 673 
 674 
  675 
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 676 
 677 
Table 2. AEs* in FIREFISH part 2  678 

 All infants  

(N=41) 

Patients with at least one AE, n (%) 41 (100) 

Total number of AEs 356 

Total number of deaths, n (%) 3 (7) 

Total number of patients with at least one AE, n (%) 

AE with fatal outcome† 3 (7) 

SAE 28 (68) 

SAE leading to withdrawal from treatment 0 

SAE leading to dose modification/interruption 1 (2) 

Treatment-related SAE 0 

AE leading to withdrawal from treatment 0 

AE leading to dose modification/interruption 2 (5) 

Treatment-related AE 7 (17) 

Related AE leading to withdrawal from treatment 0 

Related AE leading to dose modification/interruption 0 

Grade 3–5 AE 25 (61) 

Most common AEs, ≥5 patients, n (%) 

Upper respiratory tract infection 22 (54) 

Pneumonia 19 (46) 

Pyrexia 18 (44) 

Constipation 12 (29) 

Nasopharyngitis 7 (17) 

Bronchitis 6 (15) 

Diarrhoea 6 (15) 

Rhinitis 5 (12) 

Most common SAEs, ≥2 patients, n (%) 

Pneumonia 16 (39) 

Respiratory distress 3 (7) 

Other‡ 2 (5) 

*Safety data up to the CCOD of 12 November 2020. †Fatal events were reported in three infants: (1) 679 
Pneumonia with fatal outcome on Study Day 51 in male infant aged 4·4 months at first dose; (2) Acute 680 
respiratory failure on Study Day 68 in male infant aged 6·9 months at first dose, related to Type 1 SMA and 681 
medical history or concurrent illness (thoracic cage deformity, probably an infection); (3) Pneumonia with fatal 682 
outcome on Study Day 79 in male infant aged 4·6 months at first dose. Events reported as unrelated to 683 
risdiplam and secondary to SMA-related respiratory complications. ‡Other SAEs include acute respiratory 684 
failure, aspiration, bronchiolitis, dehydration, hypotonia, and respiratory failure.  685 
Medical Dictionary for Regulatory Activities (MedDRA 23·1)-preferred terms were used to classify the events. 686 
For frequency counts by preferred term, multiple occurrences of the same AE or SAE in an infant are counted 687 
once. For the “Total number of events” rows, multiple occurrences of the same AE or SAE in an infant are 688 
counted separately. Includes AEs or SAEs with onset from the first dose of study drug up to the CCOD. See 689 
appendix table S2 pp. 16 for a full list of AEs and SAEs. AE=adverse event; CCOD=clinical cut-off date; SAE= 690 
serious AE; SMA=spinal muscular atrophy. 691 
  692 
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Figure 1. Patient disposition  693 

 694 

 695 

 696 

 697 

 698 

 699 
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 702 

 703 

 704 

 705 

 706 

 707 

 708 

*Three patients died from SMA-related respiratory complications that occurred while on treatment. 709 

†Patients who completed or discontinued from the study were to complete the safety follow-up 710 

period. By the CCOD: 12 November 2020, there were no patients who had started safety follow-up. 711 

CCOD=clinical cut-off date; OLE=open-label extension; SFU= safety follow-up; SMA=spinal muscular 712 

atrophy.   713 
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n=0
†
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n=38 
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n=38 
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n=38 

Withdrawn from treatment 

n=3* 

Enrolled 
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 714 
Figure 2. Event-free survival after 24 months of risdiplam treatment, from FIREFISH part 2 715 

 716 

Event-free survival, a secondary endpoint in FIREFISH, is defined as alive with no permanent 717 
ventilation (i.e. no tracheostomy or BiPAP for ≥16 hours per day continuously for >21 consecutive 718 
days or continuous intubation for >21 consecutive days, in the absence of, or following the 719 
resolution of, an acute reversible event). Two patients attended the 24-month visit early, and 720 
therefore had not yet reached 24 months from enrolment as of the CCOD (12 November 2020), at 721 
which point the infants’ data were censored (plus sign). The median time to death or permanent 722 
ventilation was not estimable as few patients had an event. 723 
BiPAP=Bilevel Positive Airway Pressure; CCOD=clinical cut-off date. 724 
 725 
 726 
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Figure 3. Secondary efficacy endpoint: HINE-2 motor milestones at Month 12 and Month 24  727 
  728 

 729 
Three infants had died within the first 3 months following enrolment. *For the ‘standing’ milestone, no infants were recorded as ‘standing unaided’ at Month 12 and 730 
Month 24. †For the walking milestone, no infants achieved ‘cruising (walks holding on)’ at Month 12 and ‘walking independently’ at Month 12 and Month 24. One infant for 731 
each of the following milestones was recorded as ‘cannot test/not done’: ‘head control’, ‘sitting’, and ‘rolling’ at Month 24; and for the ‘standing’ milestone, four infants at 732 
Month 12 and one infant at Month 24 were recorded as ‘cannot test/not done’. For the ‘walking’ milestone, 37 (90%) infants at Month 12 and 36 (88%) infants at Month 733 
24, were recorded as ‘cannot test/not done’. For each motor milestone category, the values shown are in the format number of motor milestone responders (n) and 734 
percentage (%). CCOD: 14 November 2019 (Month 12); CCOD: 12 November 2020 (Month 24). CCOD=clinical cut-off date; HINE-2=Hammersmith Infant Neurological 735 
Examination, Section 2. 736 


