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An Exploratory 12-Month Observational Study of Adults with Spinal
Muscular Atrophy: Learning From Our Tools
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ABSTRACT: Objective: To describe motor, respiratory and quality of life changes in a mixed cohort of adults with spinal muscular atrophy
(SMA) from a single tertiary rehabilitation center in Canada and to report preliminary psychometric evidence of a nationally recommended
core outcome set over 12 months.Methods: This real-world, mixed-treatment cohort, exploratory, single-site, prospective observational study
followed fifteen adults with SMAover 12months. Participants completed the SpinalMuscular Atrophy Recommended Toolkit (SMART), which
consists of eight outcomemeasures (OM) assessed at baseline and 12months. Concurrent and predictive validity were assessed using Spearman’s
Correlation Coefficient (SCC). Longitudinal change and sensitivity to change were evaluated using the Wilcoxon signed-rank test and
standardized response mean. Results: Ten participants were receiving disease-modifying treatments. None of the OMs demonstrated statistically
significant changes over 12 months. Respiratory and motor function measures are independently clustered into two clusters. Only the Children’s
Hospital of Philadelphia – Adult Test of Neuromuscular Disorders (CHOP-ATEND) exhibited high sensitivity to change. Forced vital capacity
(FVC)>2 L or peak cough flow (PCF)>200 L/min corresponds with ceiling effects of the Revised Upper Limb Module (RULM) and SMA
Functional Rating Scale (SMAFRS). Conclusions: This exploratory study identified two collinear clusters between SMART OMs, suggesting
measurement redundancy. SMART OMs did not demonstrate significant changes over 12 months in this small mixed-treatment cohort.
Developing new OMs that are valid, reliable and responsive, and optimizing OM selection will reduce clinic and patient burden, and improve
clinical utility in a real-world setting.

RÉSUMÉ : Étude exploratoire d’observation sur 12 mois auprès d’adultes atteints d’amyotrophie spinale musculaire : apprendre de nos
outils. Objectif : Décrire les changements moteurs, respiratoires et ceux liés à la qualité de vie dans une cohorte mixte d’adultes atteints
d’amyotrophie spinale musculaire (ASM) et ayant fréquenté un seul centre de réadaptation tertiaire au Canada ; soumettre les preuves
psychométriques préliminaires d’un ensemble de résultats de base recommandés à l’échelle nationale sur une période de 12 mois. Méthodes :
Cette étude exploratoire de cohorte de traitement mixte, en situation réelle et dans un seul établissement, a suivi quinze adultes atteints d’ASM
sur une période de 12 mois. Les participants ont rempli le Spinal Muscular Atrophy Recommended Toolkit (SMART), lequel comprend huit
indicateurs de résultats (IR) évalués au début de l’étude et au bout de 12 mois. La validité concomitante et prédictive de cet outil a été évaluée à
l’aide du coefficient de corrélation de Spearman (CCS). Le changement longitudinal et la sensibilité au changement ont été évalués à l’aide du
test des rangs signés de Wilcoxon et de la moyenne de réponse standardisée. Résultats : Au total, 10 participants recevaient des traitements
modificateurs de la maladie. Aucun des IR n’a montré de changements statistiquement significatifs au cours de 12 mois. Les indicateurs de la
fonction respiratoire et de la fonctionmotrice ont été regroupés indépendamment en deux groupes. Seul leChildren’s Hospital of Philadelphia -
Adult Test of Neuromuscular Disorders (CHOP-ATEND) amontré une grande sensibilité au changement. Une capacité vitale forcée (CVF)> 2
L ou un débit expiratoire de pointe à la toux (DEPT) maximal (> 200 L/min) correspondent à des effets de plafond du Revised Upper Limb
Module (RULM) et de la SMA Functional Rating Scale (SMAFRS). Conclusions : Cette étude exploratoire a identifié deux groupes colinéaires
parmi les IR de l’outil SMART, ce qui suggère leur redondance. Les mêmes IR de l’outil SMART n’ont par ailleurs pas montré de changements
significatifs sur 12 mois dans cette petite cohorte de traitement mixte. Le développement de nouveaux IR valides, fiables et réactifs, de même
que l’optimisation de leur sélection, permettront de réduire la charge de travail des cliniciens et des patients, mais aussi d’améliorer leur utilité
clinique dans un contexte réel.
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Introduction

Spinal Muscular Atrophy (SMA) is an autosomal-recessive
neuromuscular disorder affecting approximately 1 in 21,472
births in Canada and 1 in 10,000 live births globally,
characterized by progressive muscle atrophy and other systemic
complications resulting from the degeneration of alpha motor
neurons in the anterior horn cells of the brainstem and spinal
cord.1–4 An estimated 95% of SMA cases are caused by a
homozygous deletion of the survival motor neuron 1 (SMN1)
gene, which encodes the SMN protein.1–3 There is a broad
spectrum of clinical phenotypes of SMA due to varying levels of
functional SMN protein produced by the survival motor neuron 2
(SMN2) gene.2 The most commonly used classification systems
stratify by age of symptom onset and achieved motor milestones
(Types 1–4), while a second system stratifies by current
functional status (non-sitters, sitters, and walkers).5 Despite
these classification systems, it is recognized that the SMA
phenotype exists on a continuum.5

Disease-modifying treatments (DMT) have altered the
expected natural history and disease progression of SMA. DMT
has been primarily adopted in pediatric populations, although
incomplete data and uncertain benefits for adults with SMA
(awSMA) remain.5–9 Due to the limited evidence available,
clinicians, researchers, and SMA community members have
advocated for improved outcome measures (OM) that are
sensitive, reliable, and responsive to change to measure disease
state meaningfully.2,6,10–13 In this environment, the selection,
revision and refinement of OMs to capture the meaningful
experiences and clinical progression of awSMA have become an
evolving area for clinical and research development.6,14–19

The Spinal Muscular Atrophy Recommended Toolkit
(SMART) is a Canadian expert consensus-derived core set of
eight OMs for use in awSMA.14 Despite its regular use in clinical
and research settings, SMART has incomplete validation evidence,
which limits the understanding of how these OMs perform in a
real-world setting.14,15,17,20 Since the introduction of the SMART in
2021, no studies have examined how the complete toolkit
performs, and few validation studies have previously compared
included OMs head-to-head.21–24

Frequent and intensive monitoring is burdensome for awSMA
and their family members, as assessment visits can cause fatigue
and are costly due to the need to travel long distances to specialty
clinics. For clinicians and researchers, inefficient OM use comes
with the risk of prolonged clinical trial length, suboptimal research
results, excessive costs, and ineffective resource allocation in the
clinic.25,26 Understanding the relationships between OMs and the
shared and unique latent constructs being measured will reduce
potentially unnecessary costs borne by patients, clinicians and
researchers. Understanding OM performance will help optimize

the frequency of assessment, reduce unnecessary OM collection,
and enhance OM performance, ultimately improving clinicians’
and researchers’ understanding of disease progression.

This 12-month observational study aimed to examine the
performance of the OMs included in the SMART by evaluating
their validity and sensitivity to change in an awSMA population.
Secondly, this study aimed to identify potential modifications of
the SMART to enhance its clinical utility, reduce unnecessary
testing, and identify future areas of development to improve
clinical measurement for awSMA.

Methods

Participant recruitment & study design

Participants were recruited consecutively from a single-site
interdisciplinary tertiary adult SMA rehabilitation clinic between
December 2021 and November 2023. This referral center services
all of New Brunswick and partially covers Atlantic Canada.
Following national recommendations for routine monitoring,
which recommend every 6 months after DMT initiation for the
first year and annually thereafter, participants completed both
baseline and 12-month visits, completing the SMART at both time
points.14,27

All participants provided written informed consent to
participate. To be eligible for the study, participants must have
been above 16 years of age and have an existing SMA diagnosis of
types 1 to 4, without need for specific genetic predisposition, for
participants between 16 and 18 years old, additional informed
consent was obtained from the substitute decision-maker with
written and informed assent from the participant. Participants
must have been able to complete an interview in English or French,
either directly or with the support of a caregiver. Exclusion criteria
included any active physical or cognitive comorbidity not
attributable to SMA, which, in the opinion of the clinician, could
confound the assessment of OMs. At the time of recruitment, there
were no consistent methods for determining treatment eligibility,
due to a mixed coverage model that led to variability in treatment
eligibility.4,27 Based on their functional status, participants were
stratified into one of three groups: non-sitters, sitters or walkers.
Non-sitters could not sustain an unassisted seated position for
more than three seconds, sitters could remain seated without
assistance for more than three seconds, and walkers could
ambulate at least four steps without assistance.

Outcome measures

The SMART is a consensus-derived toolkit of OMs designed for use
in an awSMA population. It includes eight OMs stratified by
functional group (non-sitter, sitter, walker), covering the primary
domains of gross and fine motor function, respiratory function, and
global patient-reported outcome measures (PROMs).14 Figure 1
presents the complete set of OMs included in SMART, by functional
group. The SMART is a representative core outcome set, in use by
the Canadian Neurological Diseases Registry (CNDR), that includes
several OMs used in other studies.6,21,28–30 Each OM was completed
by the most appropriate clinician (i.e., physician, physiotherapist,
occupational therapist or respiratory therapist) who was trained to
administer the OM. The same clinician completed the follow-up
measurements whenever possible to reduce the risk of introducing
inter-rater reliability error.

Motor OMs include the RevisedUpper LimbModule (RULM)31,
which sitters and non-sitters completed; the Hammersmith

Highlights
• Commonly used outcome measures are highly collinear, falling into
two distinct clusters that correspond to respiratory status and motor
function.

• This mixed cohort of adults with SMA showed stable outcome measure
scores over 12 months.

• Future research should explore new outcome measure selection
algorithms, and establish anchor-based minimal clinically important
differences.
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Functional Motor Scale – Expanded (HFMSE)32, which sitters and
walkers completed; and the Children’s Hospital of Philadelphia
Adult Test of Neuromuscular Disorders (CHOP-ATEND)6 was
completed by non-sitters. The 6-minute walk test (6MWT)33 and
the Timed Up and Go (TUG)34 were completed by walkers.

All participants completed respiratory function OMs, which
included the Forced Vital Capacity (FVC), measured in liters (L)
and percent predicted (% Pred), and the Peak Cough Flow (PCF),
measured in liters per minute (L/min). All participants also
completed the Spinal Muscular Atrophy Functional Rating Scale
(SMAFRS), a 10-question clinician-administered scale that
assesses patient-reported ratings of their ability to complete
functional tasks, such as eating, dressing, transferring, ambulation,
and hygiene.35,36

To determine clinically significant responses, a minimal
clinically important difference (MCID) of 3 points for the

HFMSE and 2 points for the RULM has been suggested based
upon expert opinion.23,24,37 The minimum detectable change
(MDC) threshold for the 6MWT in awSMA is estimated to be
30m.33 The remaining OMs included in the SMART do not have
established MCID or MDC values in awSMA.

Statistical & psychometric analysis

All data was recorded during the participants’ routine clinical visits
into a study data log before being transcribed into Microsoft Excel
(Version 16.81). In the instance of missing or incomplete data, the
participant’s medical chart was reviewed to identify any missing
results. If data remained missing, the individual or pair of results
was removed from the affected statistical analysis portion. The
authors did not complete any data imputation, due to the risk of
artificially altering validity estimates and sensitivity to change.
Descriptive statistics were completed in Microsoft Excel and
R 4.2.3.38 Hypothesis testing, correlational analysis and data
visualization were completed with R 4.2.338 and RStudio39. An
alpha of 0.05 was determined a priori to indicate statistical
significance. The Wilcoxon signed-rank test compared the
change in OM score from baseline to 12-month visits. The
Benjamini-Hochberg procedure was used to correct for multiple
comparisons.40 The data analysis file is available upon reasonable
request.

Criterion validity is the degree to which an OM reflects a gold
standard, and is further subdivided into concurrent validity (CV)
and predictive validity (PV).41,42 CV is the degree to which an OM
measures expected or unexpected constructs, which are, respec-
tively, described as convergent and divergent validity.42 PV is the
degree to which an OM predicts future criterion measures.42 Both
concurrent and PV were measured using the Spearman correlation
coefficient (SCC)43 by comparing the OM of interest against other
known OMs. In the case of PV, baseline OMs were correlated to
12-month scores. Any SCCwith fewer than five complete pair-wise
data points or with an insignificant p-value (>0.05) after correction
was not reported to reduce the risk of reporting unstable
correlations. Correlation coefficients were interpreted according
to previously published recommendations, with classifications of
very strong (>0.9), strong (0.7–0.89), moderate (0.4–0.69), and
weak (<0.4).45 Estimates of OM sensitivity to change, including the
standardized response mean (SRM) and OM mean interval score
difference, were calculated. The SRM was interpreted according to
Cohen’s thresholds, with values categorized as trivial (<0.2), small
(0.2–0.5), moderate (0.5–0.8) and large (>0.8).44

Results

Sixteen awSMA were determined to be eligible and consented to
participate. One participant was lost to follow-up before
completing the study and was removed from data analysis. No
screened individuals were excluded based on predetermined
exclusion criteria. Fifteen participants completed the study,
comprising 46.7% males and a mean age of 35.5 years (SD
16.7). Two-thirds of participants received DMT (66.7%), with six
receiving nusinersen and four receiving risdiplam (Table 1). The
duration of the DMT treatment at the time of recruitment ranged
from less than 1 year to 4 years. The final sample consisted of seven
non-sitters, one sitter and seven walkers, representing a broad
spectrum of functional abilities (Table 1)(Figure 2).

As expected, there was substantial variation in OM scores, with
SMAFRS scores ranging from 0 to 50, RULM scores from 0 to 37,
and FVC scores from 0.52 to 6.13 (L). The SMAFRS and RULM

Table 1. Participant Demographics.

Functional Group

Overall
(N = 15)

Non-Sitter
(N = 7)

Sitter
(N = 1)

Walker
(N = 7)

Mean Age in Years (SD) 35.5 (16.7) 36.3 (15.0) 40 34.1 (20.5)

Total Male (%) 7 (47%) 4 (57%) 0 (0%) 3 (43%)

SMA Type (%)

Type 2 5 (33%) 5 0 0

Type 3 8 (53%) 2 1 5

Type 4 2 (13%) 0 0 2

Treatment

Nusinersen 6 (40%) 2 1 3

Risdiplam 4 (27%) 4 0 0

No Treatment 5 (33%) 1 0 4

SMA = Spinal Muscular Atrophy; SD = Standard Deviation.

Figure 1. SMART outcomes. CHOP-ATEND = Children’s Hospital of Philadelphia Adult
Test of Neuromuscular Disorders; FVC = Forced Vital Capacity; HFMSE = Hammersmith
Functional Motor Scale – Expanded; PCF= Peak Cough Flow; PROM= Patient-Reported
Outcome Measure; RULM = Revised Upper Limb Module; SD = Standard Deviation;
SMAFRS = Spinal Muscular Atrophy Functional Rating Scale; SMART = Spinal Muscular
Atrophy Recommended Toolkit; TUG= Timed Up andGo; 6MWT= Six MinuteWalk Test.
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best discriminated between non-sitters and walkers but struggled
to differentiate among walkers (Figure 3, Panel K). When the FVC
exceeded 2 liters, the SMAFRS and RULM exhibited ceiling effects
(Figure 2, Panels C and D). When the PCF exceeded 200 L/min, a

similar ceiling effect was observed in both SMAFRS and RULM
(Figure 3, Panels N and O). The FVC and PCF did not exhibit
ceiling or floor effects and remained discriminative throughout the
studied sample (Figure 2, Panels A and B).

Figure 2. Paired scatter plot of FVC (L) compared to remaining SMART by functional group. Line indicates matched individual between time points. CHOP-ATEND = Children’s
Hospital of Philadelphia Adult Test of Neuromuscular Disorders; FVC (L)= Forced Vital Capacity measured in liters; FVC (% Pred)= Forced Vital Capacity measured as a percentage
of predicted value; HFMSE=Hammersmith Functional Motor Scale – Expanded; RULM = Revised Upper Limb Module; SMAFRS= Spinal Muscular Atrophy Functional Rating Scale;
SMART = Spinal Muscular Atrophy Recommended Toolkit; TUG = Timed Up and Go.

Figure 3. Highlighted paired scatter plots of remaining SMART by functional group. Line indicates matched individual between time points. CHOP-ATEND= Children’s Hospital of
Philadelphia Adult Test of Neuromuscular Disorders; FVC (L) = Forced Vital Capacity measured in liters; FVC (% Pred) = Forced Vital Capacity measured as a percentage of
predicted value; HFMSE = Hammersmith Functional Motor Scale – Expanded; RULM = Revised Upper Limb Module; SMAFRS = Spinal Muscular Atrophy Functional Rating Scale;
SMART = Spinal Muscular Atrophy Recommended Toolkit; TUG = Timed Up and Go.
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Longitudinal change in SMART outcomes

None of the SMART OMs showed statistically significant changes
between baseline and 12 months (Table 2). Heterogeneity was
apparent among participants in each of the OMs, with interval
changes in FVC ranging from a loss of 0.1L to a gain of 0.6L, and
the RULM ranging from a 1-point loss to a 3-point gain (Figure 4).
One participant achieved the MCID for the HFMSE, and three
achieved the MCID for the RULM. The CHOP-ATEND showed
interval improvement in five of six participants (Figure 4, Panel F).
Figure 5 does not identify divergence of effects when stratified by
treatment status, consistent with the finding of no statistically
significant changes throughout the study reported in Table 2. Only
the CHOP-ATEND demonstrated a large sensitivity to change
with an SRM of 1.01 (95% CI −0.03 – 2.06). The remaining OMs
produced trivial-to-moderate sensitivity to change as measured by
the SRM (Table 2).

Psychometric analysis

Concurrent validity
SMART OMs showed variable collinearity when measuring across
different latent constructs (i.e., motor function, respiratory
function and overall functional status). Table 3 presents the CV
results at baseline and 12-month visits. The SMAFRS was most
frequently correlated with other measures, having broad correla-
tions with both motor and respiratory OMS. The SMAFRS
exhibited strong correlations to the FVC (L), FVC (% Pred) and
PCF. The SMAFRS also showed very strong correlations with the
RULM (0.96, 0.92) and HFMSE (0.97, 0.86). The SMAFRS and
CHOP-ATEND were not significantly correlated at baseline,
though a strong correlation emerged at the 12-month visit (0.94).

The RULM correlated strongly with the CHOP-ATEND (0.93)
at 12 months but was insignificant at baseline. HFMSE was only
strongly correlated (0.73) at the 12-month visit (Table 3). The

Figure 4. Waterfall plot of change in SMART outcomes between baseline and 12 months by functional group. *Horizontal dashed line indicates mean difference. CHOP-ATEND =
Children’s Hospital of Philadelphia Adult Test of Neuromuscular Disorders; FVC (L) = Forced Vital Capacity measured in liters; FVC (% Pred) = Forced Vital Capacity measured as a
percentage of predicted value; HFMSE = Hammersmith Functional Motor Scale – Expanded; PCF = Peak Cough Flow (L/min); RULM = Revised Upper Limb Module; SMAFRS =
Spinal Muscular Atrophy Functional Rating Scale; SMART = Spinal Muscular Atrophy Recommended Toolkit; TUG = Timed Up and Go; 6MWT = Six Minute Walk Test.
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6MWT and TUG did not exhibit any statistically significant
correlations.

The respiratory OMs showed very strong correlations between
FVC (L) and PCF (0.93, 0.99). The FVC (% Pred) was not as
strongly correlated to the FVC (L) (0.85, 0.83) or the PCF (0.76,
0.83). Respiratory OMs exhibited moderate-to-strong correlations
with the RULM and SMAFRS (Table 3).

Predictive validity
When examining the PV from baseline to 12 months, a strong
correlation was observed when comparing within each OM,
ranging from 0.94 to 1. Table 4 presents the PV matrix results.
There continued to be a reduction in correlation when comparing
FVC (L) and FVC (% Pred). Among the motor OMs, the RULM
very strongly correlated with the SMAFRS (0.93) and CHOP-
ATEND (0.94) at 12 months. The CHOP-ATEND and 6MWT at
baseline did not exhibit any significant correlations. In contrast,
the TUG at baseline showed a strong to very strong correlation

with the SMAFRS (−0.95), HFMSE (−0.82) and TUG (0.94) at 12
months. The SMAFRS had very strong correlations with the
RULM (0.97), CHOP-ATEND (0.99) and HFMSE (0.99).

Discussion

This prospective observational 12-month study provides prelimi-
nary validation evidence of the OMs comprising the SMART, which
is used across Canada for awSMA but has not been directly
compared since its inception.14 This study contributes to the limited
available validation evidence for awSMA and directly compares
some of the commonly used OMs in this population.21, 22,45 The
results suggest that SMART OMs measure two distinct latent
constructs in a real-world setting but are relatively insensitive to
capture clinical change over 12 months. The finding of relative
insensitivity to change is compatible with previous literature of
awSMA, which remains a major limitation in the current status of
OMs for awSMA.21,45–47

Figure 5. Waterfall plot of change in SMART outcomes between baseline and 12 months by treatment status. *Horizontal dashed line indicates mean difference. CHOP-ATEND =
Children’s Hospital of Philadelphia Adult Test of Neuromuscular Disorders; FVC (L) = Forced Vital Capacity measured in liters; FVC (% Pred)= Forced Vital Capacity measured as a
percentage of predicted value; HFMSE = Hammersmith Functional Motor Scale – Expanded; PCF = Peak Cough Flow (L/min); RULM = Revised Upper Limb Module; SMAFRS =
Spinal Muscular Atrophy Functional Rating Scale; SMART = Spinal Muscular Atrophy Recommended Toolkit; TUG = Timed Up and Go; 6MWT = Six Minute Walk Test.
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Table 2. Longitudinal change in SMART outcomes from baseline and 12-Month visits

Pairwise
Count (N)

Mean Baseline
Score (SD)

Mean
12-Month
Score (SD)

Mean Interval
Difference (SD)

80%
Confidence
Interval

Standardized
Response Mean

(95%CI) Range
Adjusted
P-value^

FVC (L) 12 2.78 (1.69) 2.87 (1.85) 0.14 (0.21) 0.05 – 0.27 0.66 (0.03 – 1.29) 0.52 – 6.13 0.33

FVC (% Pred) 7 70.9 (33.62) 71.67 (36.65) 2.57 (3.69) 1.00 – 6.00 0.70 (−0.23 – 1.62) 12 – 118 0.41

PCF (L/min) 12 356.15 (184.52) 356.17 (191.78) 12.92 (55.85) −5 – 34.5 0.23 (−0.40 – 0.87) 50 – 630 0.84

RULM 15 23.53 (15.08) 23.93 (14.94) 0.4 (1.12) 0 − 2.0 0.36 (−0.20 – 0.91) 0 – 37 0.45

CHOP-ATEND 6 23.57 (9.54) 28.83 (8.04) 2.83 (2.79) 1.00 – 4.50 1.01 (−0.03 – 2.06) 9 – 36 0.33

SMAFRS 15 28.2 (20.92) 28.13 (20.58) −0.07 (3.06) −1.50 – 1.00 −0.02 (−0.58 – 0.53) 0 – 50 0.92

HFMSE 8 49.25 (10.75) 49.63 (10.95) 0.38 (2.33) −1.50 – 2.00 0.16 (−0.67 – 1.00) 33 – 63 0.92

TUG (s) 6 12.84 (6.56) 11.40 (6.13) −0.25 (0.89) −0.80 – 0.30 −0.28 (−1.33 – 0.77) 5.43 – 21.2 0.84

6MWT (m) 4 448 (118.28) 456.75 (131.35) 8.75 (27.56) −14 – 48 0.32 (−1.27 – 1.91) 310 – 590 0.92

^Corresponds to Wilcoxon signed-rank test with only complete pair-wise data after adjustment with Benjamini-Hochberg Procedure.
CHOP-ATEND = Children’s Hospital of Philadelphia Adult Test of Neuromuscular Disorders; CI = Confidence Interval; FVC (L) = forced vital capacity measured in liters; FVC (% Pred) = Forced Vital
Capacity measured as a percentage of predicted value; HFMSE = Hammersmith Functional Motor Scale – Expanded; PCF = Peak Cough Flow; RULM = Revised Upper LimbModule; SD = Standard
Deviation; SMAFRS = Spinal Muscular Atrophy Functional Rating Scale; SMART = Spinal Muscular Atrophy Recommended Toolkit; TUG = Timed Up and Go; 6MWT = Six Minute Walk Test.

Table 3. Concurrent Validity Matrix of SMART Outcomes at Baseline and 12 Months

FVC (L) FVC (% Pred) PCF RULM SMAFRS CHOP-ATEND HFMSE

FVC (L) — 0.85 0.93 * 0.78 * *

FVC (% Pred) 0.83 — 0.76 * * * *

PCF 0.99 0.83 — * 0.7 * *

RULM * * * — 0.96 * *

SMAFRS 0.77 0.78 0.79 0.92 — * 0.97

CHOP-ATEND * * * 0.93 0.94 — *

HFMSE * * * * 0.86 * —

The upper triangle of the matrix denotes baseline visit correlations, while the lower triangled enotes the 12-month visit correlations.
6MWT and TUG did not exhibit any statistically significant correlations at either time point and were subsequently omitted.
Concurrent validity assessed with Spearman’s Correlation Coefficient, omission of correlation coefficients when P > 0.05 or N<5 is denoted by *. P-values determined after correction with
Benjamini-Hochberg procedure.
CHOP-ATEND = Children’s Hospital of Philadelphia Adult Test of Neuromuscular Disorders; FVC (L) = forced vital capacity measured in liters; FVC (% Pred) = Forced Vital Capacity measured as a
percentage of predicted value; HFMSE = Hammersmith Functional Motor Scale – Expanded; PCF = Peak Cough Flow; RULM = Revised Upper Limb Module; SMAFRS = Spinal Muscular Atrophy
Functional Rating Scale; SMART = Spinal Muscular Atrophy Recommended Toolkit; TUG = Timed Up and Go; 6MWT = Six Minute Walk Test.

Table 4. Predictive Validity of SMART Outcomes

Baseline measures

12-Month Measures FVC (L) FVC (% Pred) PCF RULM SMAFRS HFMSE TUG

FVC (L) 0.99 0.94 0.93 * 0.76 * *

FVC (% Pred) 0.82 1 * * * * *

PCF 0.99 0.94 0.94 * 0.79 * *

RULM * * * 1 0.97 * *

SMAFRS 0.75 * * 0.93 0.97 0.9 −0.95

CHOP-ATEND * * * 0.94 0.99 * *

HFMSE * * * * 0.99 0.97 *

6MWT * * * * * * *

TUG * * * * * * 0.94

Predictive validity assessed by Spearman’s Correlation Coefficients, omission of correlation coefficients when P > 0.05 or N<5 is denoted by *. P-values determined after correction with
Benjamini-Hochberg procedure.
CHOP-ATEND and 6MWT did not exhibit statistically significant correlations and were subsequently omitted.
CHOP-ATEND = Children’s Hospital of Philadelphia Adult Test of Neuromuscular Disorders; FVC (L) = Forced Vital Capacity measured in liters; FVC (% Pred) = Forced Vital Capacity measured as a
percentage of predicted value; HFMSE = Hammersmith Functional Motor Scale – Expanded; PCF = Peak Cough Flow; RULM = Revised Upper Limb Module; SMAFRS = Spinal Muscular Atrophy
Functional Rating Scale; SMART = Spinal Muscular Atrophy Recommended Toolkit; TUG = Timed Up and Go; 6MWT = Six Minute Walk Test.
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Longitudinal changes
The lack of statistically significant changes over a 12-month
interval, with generally low-to-moderate sensitivity to change and
no visual trends observed in Figure 3, suggests that frequently used
OMs did not identify changes over the study period. The small
sample size and mixed-treatment cohort may reduce the ability to
detect change in mean score, effectively reducing statistical power.
However, the studied cohort remains representative of the real-
world clinical environment, where treatment decisions are made
with these OMs among a clinically heterogeneous patient
population. In support of our findings, previous literature has
also reported low-to-moderate responsiveness and sensitivity to
change among commonly used OMs for awSMA.21–24,45,48 Despite
subgroup analysis by treatment status not being completed due to
the small sample size of this study, there was no visual divergence
between treated and untreated participants, nor did treatment
status explain the heterogeneity of OM results seen over 12months
(Figure 5), suggesting that the findings of low mean interval score
difference are less likely to be due to the mixed-treatment cohort.

The OM longitudinal changes over 12 months (Table 2)
consistently fell between those expected from a treated cohort of
awSMA and previous natural history studies. However, differences
between studied functional populations may reduce the compa-
rability of results. The observed mean increase in HFMSE score of
0.38 (SD 2.33) points over 12 months falls between previously
reported natural history studies suggesting an expected decline of up
to 0.5 points annually, and interventional studies which found
increases of between 1.7 and 3 points for awSMA treated with
nusinersen, depending on functional type.29,49–52 The observed
increase of 0.4 points on the RULM at 12 months is again above an
expected loss of 0.4 points among untreated awSMA but less than
the previously reported increase of up to 1.6 points among awSMA
treated with nusinersen, depending upon functional type.29,52,23

Similarly, the 8.75m increase in 6MWT over 12 months falls
between the results ofMazzone et al.,who reported a gain of 18.06m
among untreated individuals with type 3b SMA and Günther et al.,
who found a 30.86-m improvement at 14 months among treated
awSMA.48,52

Our finding of small mean interval differences suggests either
comparatively slow disease progression within the studied cohort
compared to other studies or a moderated effect due to the mixed-
treatment status. Figure 5 Panels A, B, and F do not suggest a
moderated effect, as individuals with the most significant interval
improvements were not receiving DMT. Alternatively, the
longitudinal change results may suggest that measurement error
accounts for most change, which is reflected in the small SRM
values reported in Table 2.

Overall, the longitudinal results of this study suggest that
currently used OMs have difficulty identifying change attributable
to disease progression at 12 months, indicating that longer
measurement intervals are needed to distinguish change attribut-
able to disease progression from potential measurement error.
Current OMs should be refined to improve their expected
responsiveness, in addition to the evaluation and establishment
of patient-reported, anchor-based MCIDs to aid clinical inter-
pretation of OMs among awSMA.

Psychometric validation
The criterion validity results from this study suggest that the
SMART OMs measure only two distinct clusters of latent
constructs. The first cluster is the respiratory OMs, which were
demonstrated by high collinearity between the FVC and PCF. The

second cluster is the motor OMs, including the RULM, HFMSE,
CHOP-ATEND, TUG and 6MWT, which also clustered together.
The strong correlation between the SMAFRS and RULM suggests
substantial shared underlying latent constructs, supporting the
importance of upper limb motor function for a person’s functional
independence, or reflecting the shared heavy weighting of the
upper extremity function domain among bothmeasures. Given the
strong correlation between the SMAFRS and RULM as well as the
SMAFRS and HFMSE, the indications for the simultaneous
completion of these OMs should be reconsidered to reduce the
burden of testing on patients and the use of clinician resources for
clinical monitoring of awSMA. Our results support the previously
identified need to develop an OM that is comprehensive, valid,
reliable and responsive to patient-reported changes among a wide
spectrum of awSMA.21,46,47

When the FVC exceeded 2L or the PCF was above 200 L/min,
the RULM and SMAFRS appeared to exhibit ceiling effects,
suggesting that both RULM and SMAFRS may poorly differentiate
between disease status in patients with an FVC or PCF above these
thresholds. It is possible that similar ceiling effects were not seen
among the 6MWT, TUG, CHOP-ATEND and HFMSE due to
their inclusion of only subgroups of the study. The finding of
ceiling effects has been observed previously, including in Vazquez-
Costa et al., in a larger prospective cohort study, which observed
ceiling effects in the RULM and HFMSE, and floor effects of the
HFMSE when they compared the HFMSE, RULM, 6MWT and
EK2.21 Additional studies have also reported ceiling effects with the
RULM, which was most apparent among walkers.21–23 Further
research should investigate whether the FVC or PCF could be used
as an adjunct support tool to optimize OM selection, ensuring the
use of the right OM for the right patient at the right time.

FVC (L) was more strongly correlated with other respiratory
measures. At the same time, the FVC (% Pred) exhibited a lesser
correlation, which may be due to unintentionally introduced
measurement error through standard correction protocols, as
accurate estimation of height and weight can be challenging,
particularly among non-sitters and sitters who are known to have
higher rates of scoliosis and respiratory changes, even in
childhood.53 Further research should examine the factors
contributing to potential introduced measurement error in FVC
(% Pred) to determine if the FVC (L) or FVC (% Pred) should be
used in an awSMA population.

Study limitations
This study has several limitations. Most importantly, it included
only fifteen participants, with an overrepresentation of non-sitters
and walkers and only one sitter. This unequal distribution of SMA
functional types limited subgroup analysis and reduced the
generalizability of this study. Furthermore, the small sample size
limits the power of this study, affecting the certainty and
generalizability of the results.

To mitigate the effects of a small sample size, within-subject
differences were primarily examined, reducing the error when
comparing between subjects. Second, calculating CV at both time
points makes a subjective assessment of statistical stability possible
by comparing the CV of results. For example, the results were
consistent between the RULM and SMAFRS at both time points,
whereas the CHOP-ATEND and SMAFRS produced an incon-
sistent SCC, suggesting a less reliable result. To reduce the risk of
reporting unreliable comparisons, we did not report pairwise
comparisons with less than five pairs, and limited reporting to only
those with statistically significant correlations after correction.
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Sensitivity to change results should be interpreted in light of the
exploratory nature of this study and should not be viewed as
determinative, as evidenced by the wide 95% confidence intervals
of the SRM reported in Table 2. Regardless of attempts to mitigate
the small sample size, it remains a limitation, and further, more
extensive studies should seek to replicate our results to ensure
generalizability. While reflective of the real-world clinical setting,
the mixed cohort of this study may have moderated the
longitudinal results by introducing further heterogeneity in a
significantly heterogeneous population.

Conclusions

This preliminary small sample study attempts to fill gaps in the
literature by providing validation evidence of the SMART, a core
outcome set used across Canada among awSMA. Previous literature
has examined several of these tools in various ways, although none
have investigated this full set of OMs in combination.21–24 The
results suggest that while OMsmeasure distinct latent constructs in
a real-world setting, theywere insensitive to change over 12months.
Our results support those previously reported, finding that OMs
among awSMA remain valid, though they are generally poorly
responsive, necessitating caution when determining treatment
efficacy over relatively short measurement intervals.21,22,45,54

Organizations must consider the limitations of the tools used in
awSMA, ensuring that decisions regarding DMT efficacy at the
individual patient level reflect true disease progression, rather than
measurement artifacts. This necessitates a holistic evaluation of the
patient, rather than relying on single-test decisions.

The ongoing development of robust clinical OMs, biomarkers,
and other markers of disease activity will support further treatment
development and the identification of an evolving natural history
of SMA in a treatment era. Continued revision of OMs is needed,
including review of OM selection and monitoring strategies, re-
evaluation of highly collinear OMs, reduction of test frequency and
OM number, identification of patient-reported anchor-based
MCIDs, and developing simpler OMs. These recommended
improvements may minimize unnecessary or inefficient testing,
reduce patient fatigue and optimize clinical resource requirements
for monitoring awSMA.

Supplementary Material. This material has not been formatted for
publication.
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