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Outline 

!  Introduction 
-  Spinal muscular atrophy (SMA) 
-  Nusinersen 

!  Statistical issues in the ENDEAR study (Phase 3 in Infantile Onset SMA)  
-  A novel endpoint 
-  Considerations in the construction of the Efficacy Set 
-  Multiplicity adjustment 
-  Timing of interim 
-  ITT analysis of functional endpoint censored by death 

!  Statistical issues in the CHERISH study (Phase 3 in Later Onset SMA) 
-  Timing of interim 
-  Alpha spending calculation for the final analysis 
-  Considerations in using the multiple imputation (MI) approach 

!  Conclusion 
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Spinal Muscular Atrophy (SMA) 

!  SMA is a rare, debilitating, autosomal recessive neuromuscular disorder 

-  One of the leading genetic causes of death in infants  
-  Prevalence: ~1 per 11,000 live birth 
-  Caused by insufficient levels of SMN protein  

!  Nusinersen: First approved therapy for SMA 
-  Currently Approved in US, EU, Japan, Canada, Argentina, Brazil, and Switzerland  

Nusinersen mechanism of action:  The SMN2 gene 
produces insufficient levels of SMN protein.  
Nusinersen promotes increased production of 
functional SMN protein. 

2a 2a 
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Though classified into distinct types, the disorder demonstrates a continuous range of severity and overlap.  

SMA is classified into subtypes based on age of onset and maximum motor 
function achieved (Finkel 2015).  
 

Type Typical Age at 
Onset Highest Function Achieved 

Type 1 
(Werding Hoffmann 

disease) 

0-6 months Never sits or rolls over 

Type 2 
(Intermediate) 

7-18 months Sits, may stand, never walks 

Type 3 
(mild, Kugelberg-

Weldander disease) 

>18 months Walks 

Type 4 
(Adult) 

2nd -3rd decade Walk unaided 

SMA Disease Classification 
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Nusinersen Clinical Development Program 

NURTURE (pre-symptomatic)  
N=25, ongoing 

CS3A (infantile onset open label) 
 N=20, completed 

ENDEAR (infantile onset,  randomized  P3)  
N=121, completed 

CS1, CS2, CS10, CS12 (later onset, open label, P1/2) 
N=56 unique subjects, all completed 

CHERISH (later onset,  randomized  Phase 3)  
N=126, completed 

EMBRACE (infantile and later onset,  randomized  P2 
plus open label extension)  
N=21, Part 1 completed 

SHINE (open label 
extension) 

10 studies, 7 completed, 3 ongoing 
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2:1 randomization; 13 months of treatment and follow-up 

 
 

Dosing schedule: 

ENDEAR Study Design 

Screening 

Randomization was stratified by disease duration during screening (age at screening minus age at symptom onset): ≤12 vs. >12 weeks.  

Double-blind  
treatment period 

Pre-specified interim efficacy analysis: ~80 participants 
with opportunity for Day 183 assessment 

D1 D15 D29 D64 D183 

R
an
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≤21-day 
screening 

Study 
participants 
transferred  
to SHINE  

open-label 
extensionc 

Loading dose Maintenance dose 

D302 D394 

•  Phase 3, randomized, double-blind, sham-procedure controlled study to assess the clinical 
efficacy, safety, and tolerability of intrathecal nusinersen in infants with SMA 
−  Key eligibility criteria: genetic diagnosis of SMA, 2 copies of the SMN2 gene, onset of 

SMA symptoms at age ≤6 months and age ≤7 months with no hypoxemia at screening 

Sham procedure control (n=41) 

Nusinersen 12-mg scaled equivalent dose (n=80) 



7 

ENDEAR: A Novel Endpoint (1) 

!  Original primary endpoint: Time to death or permanent ventilation 
(ventilation free survival) 

!  Observation of some early events in the blinded data 
-  Nusinersen may not take effect until after 2-3 months 
-  If true, this will lead to decreased power 

!  Observation from the open-label study and literature on nature history 
-  Functional endpoints such as motor milestones may provide clinical meaningful separation of 

treatment vs. control as early as 6 months 
!  Discussion with regulators: Both FDA and EU agreed that regulatory path 

based on functional endpoint should be pursued. 
!  Developed a new first primary endpoint and gained agreement from 

regulators (ventilation free survival is now the second primary endpoint) 
-  Proportion of motor milestones responders based on the assessment at the later of Day 183, 

Day 302, or Day 394 study visit 
-  Results of extensive explorations, simulations, and discussions 
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Date of presentation: Apr 28, 2017 

ENDEAR: A Novel Endpoint (2) 

Modified section 2 of the HINE1 

•  Motor milestone responder definitiona: more HINE categories with improvement 
than worsening 

-  Participants who die or withdraw are counted as non-responders 

Im
pr

ov
em

en
t 

Improvement 

aStudy participants on permanent ventilation will be assessed. 1. Haataja L, et al. J Pediatr. 1999;135(2 pt 1):153-161.  

Improvement: ≥2-point 
improvement in ability to 
kick (or maximal score), or 
≥1-point improvement in 
any other milestone, 
excluding voluntary grasp 
 
 
Worsening: ≥2-point 
worsening in ability to kick 
(or zero score), or ≥1-point 
worsening in any other 
milestone, excluding 
voluntary grasp 

Motor function 

Milestone progression score 

0 1 2 3 4 

Voluntary grasp No grasp Uses whole hand 
Index finger and 
thumb but 
immature grasp 

Pincer grasp 

Ability to kick 
(supine)    

No kicking Kick horizontal, 
legs do not lift Upward (vertical) Touches leg Touches toes 

Head control Unable to 
maintain upright Wobbles All the time 

upright 

Rolling No rolling Rolling to side Prone to supine Supine to prone 

Sitting Cannot sit Sit with support at 
hips Props Stable sit Pivots (rotates) 

Crawling Does not lift head On elbow On outstretched 
hand 

Crawling flat on 
abdomen 

On hands and 
knees 

Standing Does not support 
weight Supports weight Stands with 

support Stands unaided 

Walking No walking Bouncing Cruising (walks 
holding on) 

Walking 
independently 
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ENDEAR: Efficacy Set 

!  The primary endpoint is based on the assessment at the later of Day 183, 
Day 302, and Day 394 visit 

!  Efficacy set: Subjects with opportunity for assessment at Day 183   
-  Constructed based on date of enrollment. For example, a subject who died was included 

provided the subject was enrolled approximately 6 months prior to the clinical cut-off date. 

!  Key discussion point with the FDA: 
-  At the time of the interim, 4 subjects died but were not included in the Efficacy Set. The 4 

subjects were not included due to late enrolment. Should they be included since they are 
completers? 

!  Key considerations 
-  Subject’s survival status is a post-randomization factor. Using post-randomization factor for 

patient selection can introduce bias.  
-  For illustration purpose, consider the evaluable set for Day 394 visit instead at the time of the 

interim: 
•  Based on our definition, the set was consisted of 34 patients 
•  If we were to include all subject who died, this means 16 subjects would need to be added to the set. 
•  Since subjects who died were non-responders, this leads to significantly biased estimates of the 

response rates 
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ENDEAR: Multiplicity Adjustment (1) 

!  Objective 
-  Maximize the probability of success (POS) of motor milestones responder endpoint at the 

interim  
-  Maximize the POS of the ventilation free endpoint at the final  

!  Adapted a published methodology: 
-  Staged-wise hierarchical strategy with independent alpha spending (Glimm et al. 2010) 
-  This enables us to test the ventilation free survival endpoint at alpha=0.05 in the final if the 

motor milestones endpoint is positive at the interim  

!  The study was terminated early at the interim due to highly favorable benefit 
risk profile: 

-  The interim results were the basis for the FDA approval 
-  A final analysis is well-defined in this scenario 

•  Patients came in for the final study visit and then transition to the extension study so sham patients could start to receive 
active treatment 

•  Significant data had accumulated from the interim cut-off date to the end of study 
•  From the time of interim cut-off date until final database lock, the investigators, site staff, patients, and sponsor personnel 

who were responsible for the conduct of the study remained blinded.  
•  There was no public communication of the interim results before the final database lock 

-  The pre-specified multiple testing framework took into account the scenario of early 
termination 
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ENDEAR: Multiplicity Adjustment (2) 

!  Independent alpha spending function 
-  First primary endpoint of motor milestones response: The Lans-DeMets linear alpha 

spending 
•  alpha=0.032 with 70% information at the interim and alpha=0.03 if the study goes to completion 

-   Second primary endpoint of ventilation free survival: 
•  Alpha=0 at the interim and alpha=0.05 at the final  
•  At the interim analysis, descriptive analyses were provided with no formal statistical testing 

!  Stage-wise hierarchical testing 
-  If motor milestones response is significant at the interim 

•  Testing of motor milestones response is not needed at the final since significance has been achieved 
at the interim 

•  Ventilation free survival can be directly tested with alpha=0.05 at the final 

-  If motor milestones response is not significant at the interim 
•  Motor milestones response will need to tested again at alpha=0.03 at the final 
•  Ventilation free survival can only be tested at alpha=0.05 at the final provided motor milestones 

response is significant at the final 
•  If motor milestones response is not significant at the final, then no statistical significance can be 

claimed for ventilation free survival 
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ENDEAR: Timing of Interim  

!  Key considerations  
-  Important to conduct the interim: The opportunity to give patients in desperate need early 

access to an effective treatment 
-  Implications of a positive interim 

•  Early termination of the study is warranted.  
•  No guarantee of regulatory approval based on the interim data 

!  Based on extensive analyses, the timing of interim was set up at 
~70% information based on the motor milestones response endpoint 

-  Originally, an interim at ~40% information was considered. This was a critical 
change in retrospect to allow for an unequivocal decision 

-  The change was also critical for the success of the ventilation free survival 
endpoint at the final analysis  
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ENDEAR: ITT Analysis Functional Endpoints Censored by Death (1)  

!  Endpoint of interest: A continuous endpoint such as total motor 
milestones score 

!  Requirement for Germany reimbursement dossier 
-  An ITT analysis that compares the difference in mean change from baseline, 

with all subjects accounted for 

!  Challenging problem:  
-  Functional measure after death is undefined: Not a missing data issue 
-  Imputing functional measures after death to 0 can lead to over estimate of the 

treatment effect: Higher percentage of death in the sham arm 

!  We conducted an a sensitivity analysis using the ITT set based on 
the LOCF (last observation carried forward) approach: 

-  For subjects who died, the last observation before death was used 
-  The LOCF provided a conservative estimate of the treatment effect: 

•  Functional measure has an increasing trend over time for nusinersen treated patients (next slide) 
•  Functional measure has a decreasing trend over time for sham patients from month 2 and onward 

(next slide) 

!  Further research on this is needed 
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ENDEAR: ITT Analysis Functional Endpoints Censored by Death (2)  



15 

ENDEAR: Results of Motor Milestones Response 

!  Nusinersen-treated infants demonstrated continued improvement over 
the previous interim analysis 
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51% 

aInterim endpoint re-evaluated with final study data with no alpha spending. bThe interim efficacy analysis was conducted on June 15, 2016, once ~80 participants had the 
opportunity to be assessed at the Day 183 visit; n=78. c For the end of the study, the last subject last visit is on November 21, 2016. Infants with opportunity for at least a Day 183 
assessment were included; n=110.  

41% 

Interim analysisb End of studyc% 

0% 0% 

P<0.0001 
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ENDEAR: Event-Free Survival at End of Study 

 

•  Significantly prolonged event-free survivala in nusinersen-treated 
infants (HR, 0.53; P=0.0046b) 

All infants randomized who received at least one dose of nusinersen or sham procedure were included in the analysis. aEvent-free survival = time to death or permanent ventilation 
(permanent ventilation was defined as tracheostomy or ≥16 hours ventilatory support per day for >21 days in the absence of acute reversible event in the determination of an 
independent endpoint adjudication committee). bLog-rank statistical test stratified by disease duration. cEstimated from the Kaplan-Meier method. HR = hazard ratio. 

Outcome Sham procedure control  Nusinersen  

Death or permanent ventilation, n (%) 28 (68%) 31 (39%) 

Alive and no permanent ventilation, n (%) 13 (32%) 49 (61%) 
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Median time to death or permanent ventilation: 
Nusinersen: not reached 
Sham procedure control: 22.6 weeks 

13 26 
T ime, weeks 

39 52 56 
Sham procedure control 41 30 14 9 7 7 

Nusinersen 80 59 46 29 16 13 

Nusinersen 
Sham procedure control 

Nusinersen: 
55% 

Sham procedure control: 
26% 
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The CHERISH Study 
(Later-Onset SMA – Most Likely to Develop Type 2 or Type 3) 

Ra
nd

om
iz
a)

on
	  

	  	   	  
2:1	  randomiza)on;	  15	  months	  of	  treatment	  and	  follow-‐up	  

	  
	  

Dosing	  schedule:	   D1	   D29	   D85	  

Treatment	  period	  

Sham	  procedure	  control	  (n=42)	  

Nusinersen	  12	  mg	  (n=84)	  

D274	  
Maintenance	  dose	  

Follow-‐up	  period	  

Children 
transferred to 
an open label 

extension study 

D456	  

Pre-specified interim efficacy analysis when all children had completed 
their 6-mo assessment and ≥39 had completed their 15-mo assessment 

≤28-day 
screening 

period 

•  Double blinded randomized Phase III study. Key eligibility criteria included age 2-12 years, 
confirmed 5q SMA, and onset of SMA symptoms at age >6 months, can sit independently 
but never able to walk independently, HFMSE score >=10 and <=54 at screening 

•  Primary efficacy endpoint: Change from baseline at Month 15 in Hammersmith 
Functional Motor Scale – Expanded (HMSE) total score 

•  Efficacy assessment time points: Screening, Day 92, Day 169, Day 274, Day 
365, and Day 456 (Month 15) 

Screening 
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CHERISH: Statistical Method for the Primary Efficacy Endpoint 

!  Mechanism of missing data  
-  Interim: Not all subjects will have Month 15 assessment due to different 

enrollment schedule: Non-informative missing 
-  Final:  

•  If study runs to completion: No missing Month 15 assessment is expected 
•  If study terminates early after the interim: Not all subjects will have Month 15 

assessment due to different enrollment schedules (non-informative missing) 
!  Primary Method at both interim and final: Multiple imputation (MI) 

-  Initial plan was to use Mixed Effects Model for Repeated Measure (MMRM) for 
primary analysis but changed to MI upon further discussion with the agency 

!  Alpha spending: Since all subjects dosed will be included in the interim 
analysis using the MI approach, this deviates from the standard group 
sequential framework 

-  Interim alpha: Fixed at 0.025 
-  Final alpha: To be estimated based on a pre-specified resampling procedure at 

the time of the final analysis (further discussion later) 
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CHERISH: MI Approach for the Primary Efficacy Endpoint 

!  Imputation step: Implemented using SAS PROC MI 
-  Approach: Markov Chain Monte Carlo (MCMC) method under multivariate 

normality assumption 
-  Variable list: Baseline HFMSE total score, age at screening, and all available 

post-baseline HFMSE total scores 
-  Number of imputed datasets: 100 
-  Imputation was conducted separately for each treatment group 

!  Analysis step 
-  Model for each of the 100 imputed dataset:  

•  ANCOVA (Analysis of Covariance) model  for change from baseline in HFMSE at Month 15 adjusting 
for treatment group, age at screening, and baseline HFMSE total score 

-  Estimates from the 100 fitted models were then combined to provide an overall 
estimate with corresponding confidence intervals and p-value [Little et a, 2002]: 
Implemented using SAS PROC MIANALYZE 
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CHERISH: Simulation Study for Timing of Interim (1) 

!  Data simulation 
-  Number of simulated datasets for each scenario: 5000 
-  126 subjects (2:1 nusinersen vs. sham) in each dataset 
-  HMFSE at baseline and post-baseline visits: randomly drawn from a multivariate 

normal distribution (MVN) with compound symmetric (CS) covariance structure: 
•  Estimated from the blinded data: 

»  SD for change from baseline in HFMSE total score: 4.5 
»  SD for HFMSE total score: 9 

•  This implies a correlation of 0.875 between baseline and post-baseline 
HFMSE total scores 

-  Missing data generation: 
•  Actual enrollment dates were used in data simulation 
•  For each scenario, visits beyond the designated interim cut-off date were 

removed 
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CHERISH: Simulation Study for Timing of Interim (2) 

!  Statistical models 
-  MI with ANCOVA (adjusting for baseline HMFSE): Primary method 
-  MMRM model with unstructured covariance matrix  

•  Adjusting for  baseline HFMSE, treatment, time (as a categorical variable), treatment by 
time interaction, and baseline HMFSE by time interaction 

-  ANCOVA on subjects with a Month 15 value 
•  Adjusting for baseline HFMSE 

-  Two-sample t-test on subjects with only a Month 15 value 
!  Simulation scenarios 

-  Four candidate interim cut-off dates at the time of interim planning 
-  Assumed difference in change from baseline in HMFSE: 3, 4, 5 points 

•  A >= 3 points change is considered clinical meaningful 
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CHERISH: Simulation Study for Timing of Interim (3) - Power 

Proportion of subjects with complete data	   24%*	   34%*	   41%	   48%	  

3 points difference	    	    	    	    	  

Completers (ANCOVA)	   29.0	   42.4	   51.1	   58.1	  

Completers (TTESST)	   28.5	   40.2	   49.7	   56.7	  

ITT MI-ANCOVA	   35.5	   48.8	   58.0	   65.0	  

ITT MMRM	   36.5	   51.3	   60.4	   67.1	  

4 points difference	    	    	    	    	  

Completers (ANCOVA)	   49.0	   69.0	   77.9	   85.0	  

Completers (TTESST)	   48.1	   66.8	   76.4	   82.6	  

ITT MI-ANCOVA	   55.7	   74.5	   84.0	   89.7	  

ITT MMRM	   61.1	   78.7	   86.1	   90.9	  

 5 points difference	    	    	    	    	  

Completers (ANCOVA)	   70.6	   87.3	   93.1	   96.4	  

Completers (TTESST)	   69.0	   85.6	   92.0	   95.2	  

ITT MI-ANCOVA	   73.7	   90.6	   95.8	   97.9	  

ITT MMRM	   81.1	   93.7	   97.0	   98.7	  

* For several simulated datasets the MMRM model and MI failed to converge	  

5000 simulated datasets. Population SD=9, SD for change = 4.5, alpha=0.025	  

Interim cut-off date associated with 41% complete data was selected 
based on the simulation results  

Power presented in percentages 
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CHERISH: Simulation Study for Timing of Interim (4) – Evaluation 
of Bias (Assuming 3 point difference) 

Method 	   Proportion of subjects with 
complete data	   N Obs	   Mean	   Std Dev	   Minimum	   Maximum	  

Completers 
(ANCOVA)	   24%	   5000	   0.00	   1.77	   -8.38	   6.69	  

 	   34%	   5000	   0.00	   1.46	   -6.59	   5.10	  

 	   41%	   5000	   0.01	   1.32	   -5.65	   4.46	  

 	   48%	   5000	   0.01	   1.22	   -4.49	   4.48	  

ITT MI-ANCOVA	   24%*	   5000	   -0.02	   1.94	   -8.69	   9.47	  

 	   34%*	   5000	   0.00	   1.41	   -5.22	   5.03	  

 	   41%	   5000	   0.01	   1.25	   -4.15	   4.13	  

 	   48%	   5000	   0.01	   1.15	   -3.64	   4.64	  

ITT MMRM	   24%*	   4996	   0.00	   1.58	   -7.21	   6.02	  

 	   34%*	   4999	   0.00	   1.30	   -5.17	   4.70	  

 	   41%	   5000	   0.01	   1.19	   -3.87	   3.88	  

 	   48%	   5000	   0.01	   1.11	   -3.64	   3,96	  

* For several simulated datasets the MMRM model and MI failed to converge	  
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CHERISH: Alpha Calculations for the Final Analysis 

!  Applicable scenario:  At interim statistical significance was not achieved and the trial 
continues to final as planned 

!  Idea: Assume the standardized test statistics at interim and final follows a multivariate 
normal distribution. If the correlation between the two test statistics can be estimated, 
then the final alpha can be calculated through standard methodology by solving a 
non-linear equation. 

!  Through extensive simulation, the following resampling procedure was established to 
estimate the correlation coefficient (Westfall and Young, 1993): 

-  Let T1 and T2 be the standardized test statistics at the interim and final, respectively 
-  Among the 126 subjects enrolled in the study, randomly assign 84 subjects to the nusinersen 

group and 42 to the sham control group 
-  Apply the re-randomized treatment assignment to the interim data and obtain the 

standardized test statistics T1 
-  Apply the re-randomized treatment assignment to the final data and obtain the standardized 

statistics T2 
-  Repeat the above procedure N times (N=10000) and obtain N pairs of test statistics T1 and 

T2. The correlation between T1 and T2 will then be estimated as the sample correlation of 
the N pairs 
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CHERISH: Other Considerations Using MI 

!  Predefining the MI model: Since MI is a simulation based approach, the 
following needs to be pre-specified to guarantee reproducibility 

-  Seed 
-  The sort order of subjects 

!  Implementation of  subgroup analyses under MI: 
-  Subgroup analyses were originally conducted using subjects with Month 15 

assessment 
-  MI approach for subgroup analyses and subgroup by treatment interaction test 

were requested by regulatory agencies 
-  Approach: 

•  Imputation is performed by treatment and subgroup 
•  If for at least one subgroup within a treatment , there are fewer than 7 patients, then 

imputation is performed by treatment 
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CHERISH: Study Results at Interim and Final 

 	   Method	   LS Mean Difference in Treatment (95% CI)	   SE	  

Interim 	   MI ANCOVA (N=126)	   5.9 (3.7 to 8.1)	   1.11	  

 	   MMRM (N=126)	   5.4 (3.4 to 7.5)	   1.05	  

 	   ANCOVA Completers (N=54)	   6.8 (4.3 to 9.3)	   1.24	  

Final	   MI ANCOVA (N=126)	   4.9 (3.1 to 6.7)	   0.91	  

 	   MMRM (N=126)	   4.6 (2.9 to 6.4)	   0.90	  

 	   ANCOVA Completers (N=100)	   5.2 (3.4 to 7.1)	   0.93	  

All LS mean differences were statistically significant with p<0.0001	  
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CHERISH: Summary 

!  MI (or MMRM model) can be used to increase statistical power by 
leveraging information from subjects without final efficacy 
assessment 

!  Extensive simulation is required: 
-  To explore timing of an interim analysis 
-  To investigate and determine the alpha spending calculation 

!  When using the MI, care should be taken to pre-specify seed 
and sort order to ensure reproducibility 

!  Additional considerations to run subgroup analyses under the 
MI framework should be taken into account 
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Conclusion 

!  Support from patient advocacy groups and investigators to 
conduct sham controlled trials ENDEAR and CHERISH was 
critical 

!  Lessons learned from a recent FDA paper on the nusinersen 
experience emphasize on* 
-  Rigorous clinical trial design and flexibility in trial design and analysis 

•  A rigorously designed and executed pre-specified interim analysis that provides 
evidence of a robust treatment effect can not only save time and resources, but also 
limit the duration that study subjects receive placebo or no treatment 

•  OTAT encourages such statistical approaches in the development of gene therapies 

-  A collaborative effort with regular communications between the drug 
developer and the FDA 

-  Comprehensive clinical development program with multiple trials 
complementing each other 

*Dunn B., Bryan W., Irony I., and Xu L. Development of gene therapies – lessons from nusinersen. 
Gene Therapy 2017; 24 (9): 527-528.  
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