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Abstract

Objective—Infantile-onset spinal muscular atrophy (SMA) is the most common genetic cause of
infant mortality, typically resulting in death prior to age 2. Clinical trials in this population require
an understanding of disease progression and identification of meaningful biomarkers to hasten
therapeutic development and predict outcomes.

Methods—A longitudinal, multi-center, prospective natural history study enrolled 26 SMA
infants, and 27 control infants less than six months of age. Recruitment occurred at 14 centers over
21 months within the NINDS-sponsored NeuroNEXT Network. Infant motor function scales
(TIMPSI, CHOP-INTEND and AIMS) and putative physiologic and molecular biomarkers were
assessed prior to 6 months of age and at 6, 9, 12, 18 and 24-months with progression, correlations
between motor function and biomarkers and hazard ratios were analyzed.

Results—Motor function scores (MFS) and CMAP decreased rapidly in SMA infants, whereas
MFS in all healthy infants rapidly increased. Correlations were identified between TIMPSI and
CMAP in SMA infants. TIMPSI at first study visit was associated with risk of combined endpoint
of death or permanent invasive ventilation in SMA infants. Post hoc analysis of survival to
combined endpoint in SMA infants with 2 copies of SMA/Z2indicated a median age of 8 months at
death (95%Cl: 6,17).

Interpretation—These data of SMA and control outcome measures delineates meaningful
change in clinical trials in infantile-onset SMA. The power and utility of NeuroNEXT to provide
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“real world”, prospective natural history data sets to accelerate public and private drug
development programs for rare disease is demonstrated.

Keywords
SMN; CHOP-INTEND; TIMPSI; AIMS; CMAP

Introduction

Spinal muscular atrophy (SMA) is the leading genetic cause of infant death with an
incidence of 1 in 11,000 live births (1, 2). Infantile onset or type 1 SMA is characterized by
muscle weakness, respiratory insufficiency and premature death(3, 4). SMA is a recessive
disorder caused by deletion or mutation in the SMN (survival motor neuron 1) gene and
retention of one or more copies of a nearly identical gene, SMNZ (survival motor neuron 2),
which results in reduced expression of full-length SMN protein (5, 6). SMNZ differs from
SMN1 by a nucleotide substitution that results in exclusion of exon 7 in approximately 90%
of transcripts (7, 8). The mRNA that results, SMNA7, produces a non-functional truncated
protein targeted for degradation (9, 10). SMN.2 copy number correlates inversely with
clinical severity in humans and motor function and survival in murine models (11-14). An
understanding of the molecular genetics, and the ability to produce faithful SMA animal
models has led to the development of small molecule, therapeutic antisense oligonucleotides
(ASO) and gene replacement therapies(15, 16). Nusinersen, an ASO that alters SMN2
splicing to favor expression of full-length SMN protein(17, 18), was approved by the U.S.
Food and Drug Administration in December 2016 and European Commission in June 2017
and is the first of many promising SMN disease modifying therapies.

To identify and compare effective therapies expeditiously requires accurate, reliable natural
history data. Initial studies in SMA type 1 demonstrated shortened lifespan, with 68%
mortality within the first two years of life (3, 4). Standardized care guidelines (19) have
helped reduce mortality of SMA type 1 at two years of age to 30%, but nearly half of these
infants are dependent upon noninvasive ventilation (20, 21). More recently, SMA infants
with 2 copies of SMAN/Zand symptom onset prior to 6-months were shown to have poor
motor function and significant motor unit loss electrophysiologically with a median age of
death (or at least 16 hours/day required non-invasive ventilation) at 10.5-months of age (22).
In a retrospective study, no SMA type 1 infants achieved major motor milestones such as
rolling over or sitting independently (23). A critical challenge for the use of natural history
data in infantile-onset SMA is that data is often wholly or partially retrospective, is collected
at one or a few specialty academic sites in a non-systematic fashion and has no comparison
control group.

The National Network for Excellence in Neuroscience Clinical Trials (NeuroNEXT) SMA
Infant biomarker Study was initiated in 2012 to describe and prospectively compare the
natural history of motor function assessments during the first two years of life in SMA and
healthy infants enrolled prior to 6-months of age and to model the design of interventional
studies in infantile-onset SMA(24). In addition to creating novel data sets, a primary goal
was to examine correlations between candidate physiological and molecular biomarkers with
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motor function scores to inform the use of these measures in future clinical trials and clinical
management.

Study design and participants

Procedures

This was a prospective, multi-center, longitudinal natural history study in SMA and healthy
infants designed to mimic a clinical trial. Fourteen sites in the United States participated.
The protocol, patient demographics and baseline characteristics were published
previously(24). Enrollment was restricted to infants who were < 6-months of age and were
born between 36 and 42 weeks gestation. The study was performed and supported by the
NeuroNEXT Clinical Trial Network and originated from The Ohio State University Wexner
Medical Center (Table S1) (25, 26). Parents or guardians of all participants provided written,
informed consent approved by the NeuroNEXT central institutional review board (27) at
each site.

SMA was confirmed by genetic testing prior to enrollment. Asymptomatic participants
genetically diagnosed prior to the enrollment were included. Participants were excluded if
they required non-invasive ventilatory support for >12 hours/day, had a comorbid illness,
were on therapies thought to increase SMN expression, or were enrolled in a therapeutic
trial. SMN/1 gene deletion/mutation was excluded for the control infants, with confirmation
of the SMNI exon 7 deletion and SMNZ2 copy number were performed as previously
described(28). Exclusion of the SMN.2 gene modifier mutation ¢.859G>C (29, 30) was
confirmed.

A description of the procedures has been published(24). All participants were evaluated by
trained evaluators, first using the Test of Infant Motor Performance Screening Items
(TIMPSI), a 29-item, 99 point scale evaluation of motor function shown to be valid and
reliable in type 1 SMA infants(31). After testing, all participants rested for 20 minutes.
Participants scoring less than 41 on the TIMPSI were then evaluated using The Children’s
Hospital of Philadelphia Infant Test for Neuromuscular Disorders (CHOP-INTEND), a
validated 16-item, 64 point scale shown to be reliable in SMA type 1 (22, 32). Participants
scoring 41 or greater on the TIMPSI were evaluated using the Alberta Infant Motor Scale
(AIMS) (33, 34). Ulnar compound muscle action potential (CMAP) measurements were
obtained (24). SMN mRNA analysis from blood was performed using Droplet Digital PCR
(ddPCR) (Bio-Rad Laboratories, Hercules, CA) (24, 35). SMN protein was measured at
PharmOptima (Portage, MI) using the company’s proprietary electrochemiluminescence
(ECL) immunoassay based on the Meso Scale Discovery technology (24, 36).

Statistical Analysis

Mixed effects models were used to compare outcome variables between SMA and control
participants longitudinally(37). For a given outcome variable, the model included terms for
disease status, study visit, and the interaction between these two effects. The Akaike
Information Criteria was applied to determine the most appropriate covariance structure. No
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adjustments were made for site-specific effects due to the small sample size. Due to the
prognosis of SMA, it was expected that not all participants would survive until final follow-
up. In these cases, all available data was used in the models. Study visit was modeled as a
categorical variable to allow for possible non-linear trends over time and the interaction
between study visit and disease status was retained in the model if the p-value associated
with this effect was less than 0.20. Unless otherwise noted, a significance level of 0.05 was
used to determine statistical significance.

Correlation between motor function scores and putative biomarkers were assessed separately
for SMA and control participants. To assess the correlation between motor function scores
and biomarkers, a linear mixed effects model approach was used. In these analyses, motor
function scores were modeled longitudinally across study visit as a function of the
biomarker corresponding to the same study visit. Correlation for these analyses was defined
as the mean change in motor function score given a 1 unit increase in the biomarker. The
parameter estimate associated with the biomarker indicates the direction and magnitude of
the association.

The survival function for time to death or intubation was estimated using the Kaplan-Meier
method. Participants who did not die or require intubation were considered to be censored
events. Cox proportional regression models were used to estimate the hazard ratio for time to
death or intubation as a function of motor function scores and biomarkers.

Between December 14, 2012 and September 10, 2014, 26 SMA and 27 healthy infants were
enrolled. The two cohorts were well matched for age, gender and birth weight and height;
detailed description of the baseline characteristics was published in 2016 (24). The last study
visit occurred in August, 2015. Twenty-three healthy infants (85.2%) completed the study.
Two healthy infants (7.4%) discontinued because parents moved from a study site, and two
were lost to follow up. Seven SMA infants (26.9%) completed the study. There were 12
deaths (46.2%) in the SMA cohort, and 7 infants (26.9%) withdrew from the study prior to
the 24-month visit (Figure 1). Two infants received invasive ventilatory support during the
study at 5-months and 18-months of age; both survived to the 24-month visit.

In the SMA cohort, sixteen infants had 2 copies of SMNZ, five had 3 copies and a single
infant had 4 copies (38). SMN.2 copy number was not determined in 4 SMA infants because
of insufficient blood samples. These 4 participants were imputed to have 2 copies of SMNZ2
based upon their baseline scores(38) and were included in that subgroup for analysis. SMNZ2
copy number was inversely associated with risk of death or permanent invasive ventilatory
support when comparing those with SMNZ2 copy humber = 2 or unknown versus those with
SMNZ copy number > 2 (HR 8.13; 95% CI 1.05, 63.00). Given the differences between
infants with 2 versus 3 or 4 SMNZ2 copies, and to make direct comparisons with current
ASO(18), gene therapy and future trials, the SMA cohort was studied as a whole (primary
analysis) and as a subgroup where SMNZ2= 2 or was unknown, excluding participants where
SMNZ2 > 2 (secondary analysis).
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Weight Gain and Nutritional Support

Control infants gained more weight than SMA infants over the first two years of life; at 6-
months, control participants were approximately 0.95 kilogram heavier than SMA
participants, and by the 24-month visit they were 2.27 kilograms heavier (Figure 2A and
Table S2). Nine of the 20 SMA infants excluding participants with SMNZ2 > 2 received
nutrition via gastrostomy tubes while enrolled.

Motor Function

At enrollment, SMA infant TIMPSI scores were significantly lower than controls (24). This
difference increased with time (Table S3). TIMPSI decreased in the SMA cohort excluding
SMNZ2 > 2 participants and rapidly increased in the control cohort (Figure 2B). TIMPSI
plateaued to a mean score of nearly 90 in the control cohort by the 6-month visit, while the
mean TIMPSI in this SMA cohort, excluding SMAZ2> 2 participants, steadily declined to a
score of 7 (SD 6.56, n = 3) by the 24-month visit. TIMPSI scores in the SMA infants where
SMNZ2> 2 increased initially (Figure 2B).

CHOP-INTEND scores in the SMA cohort were also significantly lower than in controls at
enrollment (24). All healthy controls reached a TIMPSI of greater than 41 after the 3-month
visit and were thereafter not evaluated by CHOP-INTEND. Similarly, no SMA participants
with SMN2> 2 were evaluated by the CHOP- INTEND after the 3-month visit. In the SMA
cohort excluding SMNZ2 > 2 participants, there was a decrease in the CHOP-INTEND
(Figure 2C, Table S4). The highest CHOP-INTEND score in the SMA cohort excluding
SMNZ2 > 2 participants was 33 for one infant at the 6-month visit. When analyzed by
calculating the difference in scores from the 6-month visit, progression decline occurred
through the first 12 months and then plateaued. (Figure 3 and Table 1).

The AIMS test was used for infants who had a TIMPSI = 41 to account for infants whose
motor function would “max out” on the TIMPSI. As a result, all control infants and only
SMA infants where SMAZ2> 2 had the AIMS performed after the 3-month visit.
Performance increased for the first 9-months and then plateaued; control infant scores were
higher than the SMN.2> 2 infants. (Figure 2D, Table S5).

Progression of Candidate Biomarkers

CMAP amplitude and area were stable in control infants. (Figure 2E, Table S6 and S7)). The
peak amplitude was 6.00 mV (SD=2.14, n=26) at the 6-month visit and 6.87mV (SD=2.02,
n=21) at the 24-month visit. The peak area was 11.28 mV/s (SD=4.52, n=26) at the 6-month
visit and 14.61 mV/s (SD=4.11, n=21) at the 24-month visit. CMAP amplitude and area
rapidly fell and were lower in the SMA cohort excluding SMNZ2 > 2 participants than in
controls at all time points and were often not detectable (Figure 2E, Table S6 and S7).
CMAP amplitude was never higher than 0.6 mV in SMA infants excluding SMN2> 2
participants 6-months or older.

SMN mRNA and protein levels from peripheral blood were stable over the first two years of
life in healthy controls (6-month SMN/HPRT ratio: 1.30 (SD=0.44, n=22), 24-month: 1.19
(SD=0.40, n=17); 6-month protein level: 8622 pg/10’ PBMCs (SD=6878, n=18), 24-month:
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11767 pg/10” PBMCs (SD=5789, n=12)). SMN mRNA and protein levels in the SMA
cohort were significantly lower than controls at all time points and were also stable (Table
S8 and S9).

Time to combined endpoint

The combined survival endpoint was defined as age at death or permanent ventilatory
support. This endpoint has been used in clinical trials in infantile-onset SMA(18). The
median survival time for SMA infants excluding SMN.Z2 > 2 participants was 8-months (95%
Cl, 6, 17, n = 20) (Figure 2F). The median survival time for the SMA infants with >2 SMNZ2
copies was not reached, with 85% living at the 24-month end-of-study time point.

Correlations between Motor Function and Candidate Biomarkers

Weight correlated negatively with the CHOP-INTEND in the SMA cohort and when
participants with SMN2> 2 were excluded from analysis, weight correlated negatively with
the CHOP-INTEND and TIMPSI (Table S10). CMAP peak amplitude and area correlated
positively with the TIMPSI in the SMA cohort and in the SMA cohort excluding SMNZ2> 2
participants. The magnitude of this correlation varied by study visit in the SMA cohort,
however was constant in the SMA cohort excluding SMN2 > 2 participants (Table S10).
CMAP peak area had a positive correlation with the CHOP-INTEND at the 6-month visit
but at no other visits in the SMA cohort and CMAP peak amplitude was not correlated with
CHOP-INTEND in the SMA cohort or the SMA cohort excluding SMNZ2 > 2 participants
(Table S10). There were no correlations between motor function (TIMPSI or CHOP-
INTEND) and SMN mRNA or protein levels in the SMA cohort excluding SMNZ2> 2
participants, however SMN mRNA levels correlated positively with the TIMPSI score in the
total SMA cohort at the 12 and 18-month visits and in the healthy cohort at all study visits
(Table S10).

Association of Biomarkers with Risk of Combined Endpoint

Hazard ratios were calculated to determine whether an outcome measure obtained at the first
study visit predicted the time to combined endpoint in the SMA cohort (Table 2). Initial
TIMPSI score was inversely associated with risk of combined endpoint (HR 0.53, 95% CI:
0.30, 0.93), and this association was lost when participants with SMN2> 2 were excluded
from the analysis. Initial weight, CHOP-INTEND score and CMAP were not significantly
associated with risk of combined endpoint in the total SMA cohort. Hazard ratios were not
calculated for the SMN mRNA and protein levels because the collection of blood samples
did not occur regularly in the SMA cohort and often were not collected until 12-months after
enrollment. Thus, the potential bias associated with the fact that blood samples were more
likely collected from healthier infants made it an unfair comparison to determine the HRs for
SMN mRNA and protein levels.

Discussion

This study has generated definitive controlled data on the natural history of infantile onset
SMA. With the advent of effective disease-modifying therapies(18), it is likely not ethical or
feasible to perform future clinical trials that have a placebo arm. Thus, our data sets are
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critical for future investigation of improved therapies. The control infant data obtained here
is also novel, contributes to our understanding of postnatal neuromuscular development and
provides a first benchmark to indicate full recovery in SMA trials and optimal clinical
management.

SMA infants rapidly lost motor function and CMAP responses within 6-months of age and
continued to lose function over the first two years of life. The median survival time in the
SMA cohort excluding participants with > 2 SMNZ2 copies of 8 months, determined in a
multicenter study that best mimics the design of interventional trials, increases the
significance of recent clinical trials using ASO and gene therapy approaches in SMA infants
with 2 copies of SMNA17, 18). A recent observational study of SMA infants reported a
median survival to death or >16 hours of required respiratory support of 10.5 months for
infants with 2 copies of SMN.2gene(22). This is consistent with our results despite the
different respiratory endpoint. Indeed, it is possible that the median survival in our cohort
would have been even earlier had we used the same respiratory endpoint. Of note is that the
standard of care and the timing of the initiation of hospice care in a non-treatment trial may
differ from that in a clinical trial. Nevertheless, the rapid divergence of motor function and
CMAP in SMA and control infants, manifest as early as 6-months of age, suggests that this
bias was not a major influence on median time to combined endpoint. Moreover, because
there appears to be an early, nonlinear reduction of motor function by CHOP-INTEND, the
data adds urgency to the need for the inclusion of SMA genetic testing on newborn
screening panels and for early therapeutic intervention.

Meaningful biomarkers for SMA would shorten clinical trial timelines, reduce sample sizes
and predict treatment response(39). CMAP responses were reliably lower in SMA infants
than controls and correlated with MFS in SMA infants, consistent with previous reports (22,
40-42). Given its promise in SMA animal model studies (43, 44), future studies in infants
who receive effective disease-modifying therapy may indicate that CMAP is, if not a
prognostic biomarker, a predictive biomarker of treatment response. This may be particularly
important because effective SMN-targeted therapy trials indicate a clear relationship
between treatment response and timing of delivery(18). SMN levels from blood samples
were lower in SMA infants and were stable over the first two years of life in SMA and
control cohorts. The stability over time is consistent with the stability of SMN levels
observed in the postnatal period of a large animal model of SMA(35) and suggests that SMN
blood levels may be useful as a pharmacodynamic biomarker for systemic SMN-targeted
interventions. Correlations between SMN mRNA levels and TIMPSI in the control cohort
may suggest that SMN expression is a positive modifier for motor function in healthy
individuals that warrants further study. We successfully recruited and retained SMA and
healthy control infants using 14 clinical sites geographically distributed across the US. The
ability to enroll and retain participants in this vulnerable, rare pediatric population illustrates
the utility and power of the clinical trial infrastructure of the NeuroNEXT Clinical Trial
Network. Moreover, the public data sharing from this study has and will continue to be
useful for drug development efforts, illustrating successful public investment in science that
delineates meaningful outcomes for public health.
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Considerations for effective clinical trial design in infantile-onset SMA can be gleaned from
this study and recent clinical trials. With the FDA’s approval of nusinersen, all future trails
will involve infants receiving a disease-modifying medication. One must define the
molecular genetics for each infant, including potential genetic modifiers, and ensure a
stratification plan based on SMN/Z2 copy number. Ensuring that baseline values for motor
milestones, MFS, respiratory status, and CMAP are well-matched between cohorts will also
be crucial, as will pretreatment measurements of potential predictive biomarkers with
particular attention to electrophysiological outcomes. Future clinical trial design should also
include the longitudinal collection of blood, possibly CSF samples, and electrophysiological
outcomes to anticipate the need to predict how treated infants will fare throughout their
lifetimes. With these recommendations, the optimization of future successful therapies for
infantile-onset SMA will move forward with even greater alacrity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Retention in SMA cohort
Age of infants at the time of death (filled circle), completion of the study (filled square) or

loss to follow up (censored event, open circle). Age of scheduled study visits denoted on the
x axis. Approximate age of permanent endotracheal intubation for respiratory support
(closed triangle) is denoted for two infants. Bar colors denote SMN2 copy number; 4 copies
= Grey, 3 copies = Blue, 2 copies = Red, Unknown copies = White.
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Figure 2. Progression of Outcomes
Longitudinal average weight and motor function test results in first two years of life for

healthy infants (blue), SMA infants where SMNZ2 copy number = 2 or is unknown (red) and
SMA infants where SMNZ2 copy number > 2 (grey). A) Average weight in kilograms at each
study visit. B) Average Test of Infant Motor Performance Screening ltems (TIMPSI) score,
C) The Children’s Hospital of Philadelphia Infant Test for Neuromuscular Disorders
(CHOP-INTEND) score and D) Alberta Infant Motor Score (AIMS) score at each study
visit. E) Average ulnar CMAP peak area (mV/s). Study visits linked to infant age (in
months, +/— 2 weeks for visits 6, 12, 18 and 24 months). Shaded areas describe the standard
deviation for each mean at each study visit. F) Kaplan-Meier curve of time to death or
endotracheal tube placement plotted separately for the subgroup of SMA infants with SMN.2
copy number equal to 3 or 4 (solid red line, n = 6) and for the subgroup of SMA infants with
SMNZ copy number equal to 2 or unknown (dashed red ling, n = 20). Circles represent
censored events that occurred when participants left the study before observing either event
in the combined endpoint.
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Figure 3. Change in CHOP-INTEND in SMA Infants
Change in CHOP-INTEND score from the score obtained on the 6-month study visit for

each infant in the SMA cohort (black lines). A mixed effects model was fit to model change
for each time period and was adjusted for the 6-month CHOP-INTEND score (red line).
Dashed black lines denote infants who received invasive ventilatory support. All differences
in CHOP-INTEND from 6-months on were statistically significant. A test for linear trend
was performed using orthogonal polynomials and the observed trend in differences was not

linear (p = 0.1161).
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Descriptive statistics and model based results for change in CHOP-INTEND in SMA infants

Table 1

Observed Model Based
Time period Mean change (sd) | Min.-max. | Estimate (se) 95% ClI
6 to 9 months -6.67 (6.50) -18-0 -9.97 (2.80) | (~16.90, -2.52)
6 to 12 months -10.71 (9.43) -27-1 -9.41(2.91) | (-16.12,-2.70)
6to 18 months | —10.50 (13.44) -20--1 | -11.96 (3.76) | (-20.62, -3.30)
6to24 months | -12.67 (10.12) -19--1 | -11.00 (3.42) | (-18.89, -3.11)

Data are graphically illustrated in Figure 3.
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Table 2
Hazard Ratios for Motor Function Scores and Putative SMA Biomarkers

Estimated hazard ratios from proportional hazards regression — time to combined endpoint

Predictor Estimated hazard ratio (95% CI) Estimated hazard ratio (95% CI)
SMA cohort excluding SMN2 > 2 (n = 20) Total SMA cohort (n = 26)
Weight ** 1.71 (0.93, 3.14) 1.65(0.91, 3.01)
TIMPSI ™ 0.80(0.35, 1.82) 0.53 (0.30, 0.93)
CHOP-INTEND 0.94 (0.41, 2.20) 0.69 (0.38, 1.27)
CMAP peak amplitude i 0.56 (0.04, 7.43) 0.31 (0.06, 1.60)
CMAP peak area ** 0.82(0.28, 2.43) 0.55 (0.26, 1.16)

*
Hazard ratio shown for a 10 unit increase

Hk
Hazard ratio shown for a 1 unit increase

For SMNZ2 copy number, the risk of endpoint for subjects with SMN2 copy number equal to two is 8.13 times that of subjects where copy number
is greater than two, 95% CI (1.05, 63.00)
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