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Abstract

Objective The aim of this study was the comprehensive characterisation of longitudinal clinical, electrophysiological and
neuroimaging measures in type III and IV adult spinal muscular atrophy (SMA) with a view to propose objective monitor-
ing markers for future clinical trials.

Methods Fourteen type III or IV SMA patients underwent standardised assessments including muscle strength testing,
functional evaluation (SMAFRS and MFM), MUNIX (abductor pollicis brevis, APB; abductor digiti minimi, ADM; del-
toid; tibialis anterior, TA; trapezius) and quantitative cervical spinal cord MRI to appraise segmental grey and white matter
atrophy. Patients underwent a follow-up assessment with the same protocol 24 months later. Longitudinal comparisons were
conducted using the Wilcoxon-test for matched data. Responsiveness was estimated using standardized response means
(SRM) and a composite score was generated based on the three most significant variables.

Results Significant functional decline was observed based on SMAFRS (p=0.019), pinch and knee flexion strength
(»=0.030 and 0.027), MUNIX and MUSIX value in the ADM (p=0.0006 and 0.043) and in TA muscle (p =0.025). No
significant differences were observed based on cervical MRI measures. A significant reduction was detected in the composite
score (p=0.0005, SRM =—1.52), which was the most responsive variable and required a smaller number of patients than
single variables in the estimation of sample size for clinical trials.

Conclusions Quantitative strength testing, SMAFRS and MUNIX readily capture disease progression in adult SMA patients.
Composite multimodal scores increase predictive value and may reduce sample size requirements in clinical trials.

Keywords Adult SMA - Outcome measures - Longitudinal progression - MUNIX - Clinical trial
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6MWT Six-minute walk test LL Lower limbs
APB Abductor pollicis brevis MFM Motor function measure
ADM Abductor digiti minimi MN Motor neuron
ALS Amyotrophic lateral sclerosis MND Motor neuron disease
CMAP Compound muscle action potential MMT Manual muscle test
CSA Cross-sectional area MRC Medical Research Council
EMG Electromyography MRI Magnetic resonance imaging
FDR False discovery rate MU Motor unit
FOV Field of view MUNIX  Motor unit number index
MUSIX  Motor unit size index
SC Spinal cord
Querin Giorgia and Lenglet Timothée have equally collaborated to STP Surface interference pattern
the study. SMA Spinal muscular atrophy
: i SMAFRS SMA functional rating scale
> Pierre-Francois Pradat SMN Survival motor neuron
pierre-francois.pradat@aphp.fr
SCT Spinal cord toolbox

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-020-10332-5&domain=pdf

Journal of Neurology (2021) 268:1792-1802

1793

SRM Standardized response mean
TA Tibialis anterior

TE Echo time

TR Repetition time

UL Upper limbs

WM White matter
Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive
lower motor neuron disease (MND) due to biallelic loss of
function of the survival-motor-neuron 1 (SMN1) gene on
chromosome 5q13 [1]. Four main phenotypes are typically
distinguished based on age of symptom onset and reach-
ing of motor milestones [2, 3]. SMA type III and IV are
slowly progressive forms of the disease extending well into
adulthood [4, 5]: in SMA type III, symptoms start after
18-months of age, while in type IV symptom onset is after
the age of 18 years [6]. Both forms typically present with a
proximal to distal pattern of limb weakness [7] and with a
relatively slow progression rate that tends to a plateau over
time [3, 6-8]. Patients normally learn to walk unassisted,
but they can lose the ability to ambulate over time [6, 7, 9].

The recent emergence of efficient disease-modifying
therapies [10, 11] has highlighted an unmet need for sensi-
tive outcome measures and biomarkers in adult SMA. Cur-
rently, disease progression in type III and IV SMA is mostly
evaluated by strength measurements and functional rating
scales [5, 12, 13]. Nevertheless, it is widely recognized that
these tools may be suboptimal to detect subtle progressive
changes in a slowly progressing condition and that quanti-
tative approaches are required [14, 15]. Among these, spe-
cifically developed scales including performed tasks and
dynamometric strength evaluation have been showed to
increase sensitivity also in patients with severe neuromus-
cular involvement [16]. Moreover, the motor unit number
index (MUNIX), a non-invasive electrophysiology technique
[17], has been demonstrated to effectively detect MN loss in
adult SMA and to correlate with functional disability [18].
At the same time, quantitative cervical spinal cord (SC) MRI
has been shown to detect isolated grey matter degeneration
in adult SMA, and to be correlated with clinical measures
[19]. These findings provide the rationale to appraise their
efficacy as monitoring outcome measures.

The objective of this study was to evaluate the compara-
tive sensitivity profiles of putative outcome measures in
adult SMA over a 24-month follow-up period and to assess
their individual and combined predictive value.

Methods
Study population

Twenty-five genetically confirmed patients with type III
and IV SMA were recruited in a prospective longitudinal
study [18, 19]. Fourteen out of the 25 participants (9 type
III and 5 type IV SMA) were followed-up in a 24-month
longitudinal arm including standardized clinical, neuro-
physiological and neuroimaging evaluations.

All patients underwent genetic testing for mutations in
the SMN1 gene and for SMN2 copy number. Based on cur-
rent consensus criteria [20], patients were diagnosed as
SMA type III if symptom onset occurred after 18 months
of age and if they learnt to walk on time. Patients with
symptom onset after 18 years of age were stratified as
type IV SMA [4]. Past medical history, medications and
age of symptom onset were recorded. Patients with rel-
evant comorbidities, with any contraindication to MRI,
with comorbid spinal pathology, and patients with spinal
arthrodesis, which could interfere with high-quality MRI
images acquisition and processing, were excluded from the
study. Patients were tested at baseline and after 24-month
follow-up period.

Standard protocol approvals, registrations
and patient consents

The protocol was approved by the Ethics Committee of
the Pitié-Salpétriere University Hospital (Paris, France,
NCTO0288587) and all study participants provided
informed consent.

Neuromuscular evaluation

The standardized neuromuscular evaluation comprised the
following:

Muscle strength evaluation by manual testing (MMT)
of individual muscles and cumulative Medical Research
Council (MRC) scores: deltoid, biceps brachii, triceps
brachii, extensor carpi, abductor pollicis brevis (APB)
and flexor digitorum profundus for upper limbs (UL); ili-
opsoas, hip abductors, quadriceps femoris, hamstrings,
tibialis anterior (TA), gastrocnemius and extensor hallu-
cis longus for lower limbs (LL). All muscles were tested
bilaterally and cumulative scores for UL and LL were used
for statistical analyses (sum score range 0-60 for UL, 0-70
for LL).

SMA functional rating scale (SMAFRS) is a disease-
specific instrument which appraises functional disability
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in ten key domains of daily living. Each item is scored
between 0 (completely dependent) and five (completely
independent) resulting in a maximum overall score of 50
[12].

The 6-min walk test (6MWT) measures the distance a
person can walk within 6 min and provides a composite
proxy of cardiopulmonary and neuromuscular abilities. It
is widely used as functional index in a number of neuro-
logical conditions including SMA [21, 22].

The motor function measurement scale (MFM) is a pur-
pose-designed scale for evaluating functional impairment
in neuromuscular conditions [23]. It is composed of 32
items grouped in 3 functional domains: standing and trans-
fers (D1 sub-score), axial and proximal motor function
(D2 sub-score) and distal motor function (D3 sub-score).
Cumulative scores are typically expressed as percentage
of the maximum possible score; the lower the total score,
the more severe the functional impairment. The MFM is
applicable to both ambulant and non-ambulant patients
and is recognised as one of the most reliable tools for
assessing motor function in SMA [24].

Quantitative muscle testing by dynamometry: dynamo-
metric measurements were performed to quantify hand
grip and pinch strength, as well as wrist, elbow, ankle,
and knee extension and flexion strength. All tests were
performed under standardised conditions assessing mus-
cle strength bilaterally. The patients were given uniform
instructions to produce maximal voluntary isometric con-
tractions. For each muscle group, the maximum of two
reproducible trials was recorded as the maximum volun-
tary isometric contraction.

Distal UL strength was assessed using the MyoGrip and
MyoPinch devices [25],i.e. dynamometers which measure
isometric grip strength and key pinch with accuracy even
in patients with considerable weakness [16, 26, 27].

Wrist flexion and extension strength were assessed
using the MyoWrist device, which measures the maximal
isometric torque with a sensitivity of 0.01 Nm [28].

Ankle flexion and extension were measured by the
MyoAnkle device [29] which is validated to measure the
isometric ankle extension and flexion torque with a sen-
sitivity of 0.01 kg. The distance between the head of the
fifth metatarsal bone and the lateral malleolus was used to
compute the torque.

Knee and elbow extension and flexion torques were
assessed using a Biodex 3 Pro dynamometer in isomet-
ric conditions. The sensitivity of these measurements is
regarded 0.7 Nm [25].

The strength was expressed in percentage of predicted
normal values. All muscles were tested bilaterally. The
mean value on both sides was retained for the statistical
analysis.

@ Springer

Motor unit number index (MUNIX) estimation

Recordings were acquired on the same commercially avail-
able Nicolet Viking Quest® machine at baseline and on
follow-up by the same experienced neurologist (TL).

Analysis time for sweeps was 500 ms. The high-pass filter
was set at 3 Hz, and the low-pass filter at 10 kHz. MUNIX
was obtained as a three-step procedure using the 2013 Natus
software (version 21.1.1.200):

1- Supramaximal CMAPs (mV) were measured using the
standard method;

2- area and power of the surface EMG interference pattern
(SIP) for different strength levels of voluntary isometric
activation were recorded (minimal to maximal, at least
ten measurements);

3- raw CMAPs and SIP data were processed to obtain
MUNIX values for each muscle [17].

Recordings with low SIP amplitude (<200 uV) were
rejected to avoid interference with volume-conducted activ-
ity of neighbouring muscles that could influence MUNIX
calculation. All the subjects were tested on the right side
of the body. CMAP and MUNIX were recorded at the two
evaluations in the same five muscles: APB, abductor digiti
minimi (ADM), deltoid, TA and trapezius. The motor unit
size index (MUSIX) was calculated by dividing MUNIX by
the CMAP amplitude.

Cervical spinal cord MRI acquisition protocol

SMA patients underwent 3 T cervical SC MR imaging
(MAGNETOM Prisma, Siemens Healthcare, Erlangen,
Germany, 64-channel head and neck coil). Structural imag-
ing between C2 and C7 spinal levels included a sagittal 3D
T2-weighted fast spin-echo SPACE sequence and an axial 2D
T2*-weighted multi-echo gradient echo (MEDIC) sequence
to provide high GM-WM contrast [30]. The main imaging
parameters for the 3D-T2-weighted sequences included
voxel size=0.8 X0.8x 0.8 mm?>, FOV =256 X256 mm?,
72 sagittal slices, TR/TE=1500/131 ms, acceleration fac-
tor R=2. T2*-weighted imaging parameters were voxel
size=0.5x0.5x5 mm’, FOV=180x 180 mm?, TR/
TE=470/17 ms, flip angle =30°and seven slabs. T2%*-
weighted images were acquired at the middle of each cervi-
cal vertebral level and perpendicular to the SC axis.

Spinal cord MRI data processing

Data processing was performed using the Spinal Cord
Toolbox v3.1 (SCT) [31]. Raw data were first reviewed
for acquisition quality and incidental findings, based
on which images from two subjects were excluded due
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to motion artefacts and inadequate image quality. Total
cross-sectional area (CSA) was extracted at each vertebral
level from the T2-weighted images using PropSeg [30]
and expressed in mm2. GM and WM were automatically
segmented on the T2*-weighted images using the DeepSeg
tool of the SCT [32]. White (WM) and grey matter (GM)

CSA were calculated in mm?.

Statistical analysis

Statistical analyses were performed using JIMP®, Version
13 Pro (SAS Institute Inc., Cary, NC).

Descriptive variables such as mean, median, standard
deviation, percentage and range were used to summarize
quantitative measures. The Shapiro—Wilk test was applied
to test for normality. Comparisons between baseline and
follow-up evaluation were conducted using the Wilcoxon
signed rank-sum test for matched data. Responsiveness of
each measure to change over time was estimated as stand-
ardized response means (SRM) value. SRM were calcu-
lated for all outcome measures by taking the average of the
paired difference over the 2 years divided by the standard
deviation of these differences. A high SRM (> 0.8) was
considered indicative of high level of responsiveness to
changes in value [33].

The false discovery rate (FDR) correction was used to
account for multiple comparisons. Statistical significance
level was set at p <0.05.

A composite score was computed by adding the scores
of the three most significant variables. Each variable was
normalized to the predicted 100%. The mean value of the
three percentages was used to compute the composite
score.

Power analyses were conducted to estimate the sample
size required in a hypothetical clinical trial to detect sig-
nificant statistical differences in progression over the course
of 2 years. Sample sizes needed to evaluate a variety of
expected drug effects were calculated for reference, includ-
ing halting disease progression (i.e., assuming mean pro-
gression estimates from the current sample among untreated
and no progression among treated patients). An o level of
0.05, 80% power, and a treated-to-untreated ratio of 1:1 were
assumed.

Data deposition

Anonymized data will be shared by request from any quali-
fied investigator for the sole purpose of replicating proce-
dures and results presented in the article and as long as data
transfer is in agreement with European Union legislation on
the general data protection regulation.

Results
Neuromuscular evaluation

The mean age of the patients at baseline was
43.5 years + 12.1. Nine patients were classified as having
SMA type III and five patients were categorized as SMA
type IV based on age of symptom onset. Ten patients were
males and four were females. Both at baseline and follow-
up visit, ten patients were ambulant and four were non-
ambulant: all the non-ambulant patients had SMA type
III. Eleven patients had 4 SMN2 copies, and the remain-
ing three patients had three of them. Muscle strength test-
ing revealed predominantly proximal muscle weakness
primarily in the lower limbs. No significant correlations
were observed between muscle strength and SMN2 copy
numbers.

On neuromuscular evaluation, significant functional
decline was observed on SMAFRS (p =0.019, SRM—
0.61%), pinch (p =0.030, SRM =-0.77) and knee flexion
strength (p =0.027, SRM =-0.43). Within these variables,
the pinch strength had the better SRM, followed by the
SMAFRS score.

No other significant changes were observed in any of
the variables recorded longitudinally.

The same variables exhibited longitudinal change when
considering SMA type III and by SMA type IV patients sep-
arately (p-values for SMA type III: SMAFRS score=0.016,
pinch strength =0.004, knee flexion strength =0.05. p-values
for SMA type IV patients: SMAFRS score =0.016, pinch
strength =0.047, knee flexion strength =0.05).

Motor unit number estimation (MUNIX)

No significant differences were observed between the
baseline and the 24-month visit for the CMAP in any of
the examined muscles (all p > 0.05).

A significant reduction was observed between the
two timepoints in the MUNIX value for the ADM
(p=0.0006, —31.2%, SRM =—1.18) and the TA muscle
(p=0.025, —13,1%, SRM =—0.54). Moreover, a significant
increase was detected in the MUSIX value for the ADM
(p=0.0043, +41.8%, SRM =0.84).

No further longitudinal changes were captured by the
other variables. MUNIX reduction in the ADM was the most
significant and responsive variable based on its SRM value.

Table 1 summarizes our longitudinal data as mean,
standard deviation, p-value of the comparison between the
two means (at V1 and V2) and responsiveness to change
as described by the SRM value. The longitudinal profile
of significant variables is visually represented in Fig. 1.
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Table 1 Longitudinal

. Parameter SMA V1 SMA V2 p value SRM
parameters and their
responsiveness to change Upper Limbs strength sum score 58.7+12.7 57.8+11.9 0.678 0.00
Lower limbs strength sum score 53.6+124 52.7+10.8 0.481 0.00
SMAFRS score 40.4+10.3 38.3+109 0.019 —0.61
6MWT (m) 341.3+247.6 333.3+264.9 0.318 —0.15
MFM1% 51.3+304 47.0£32.5 0.095 —0.11
MFM2% 94.0+8.7 92.0+114 0.165 —0.32
MFM3% 98.9+2.8 97.1+4.6 0.201 —0.32
MFM tot% 777153 74.8+17.3 0.169 —0.27
Grip (%) 56.5+34.8 54.7+35.4 0.233 —0.42
Pinch (%) 70.1+£33.0 62.1+£32.5 0.030 —0.77
Wrist flexion (%) 70.2+46.2 71.5+479 0412 —0.06
Wrist extension (%) 68.3+31.8 66.1+39.2 0.299 -0.17
Ankle flexion (%) 523+31.6 53.4+27.8 0.525 —0.29
Ankle extension (%) 78.3+39.6 66.8+41.4 0.628 —0.53
Knee flexion (%) 33.9+31.8 31.3+34.2 0.027 —0.43
Knee extension (%) 16.0+35.8 14.7+32.4 0.373 —0.36
Elbow flexion (%) 46.2+33.0 47.1+£34.2 0.285 —0.06
Elbow extension (%) 53.8+58.7 49.0+57.6 0.376 —-0.15
CMAP APB muscle (mV) 10.2+29 10.4+2.9 0.740 —0.20
MUNIX APB muscle (a.v.) 148.4+72.0 143.6+66.3 0.660 —0.19
MUSIX APB muscle (pV) 79.5+28.6 82.1+43.7 0.440 0.07
CMAP ADM muscle (mV) 99+22 93+22 0.150 —0.34
MUNIX ADM muscle (a.v.) 111.2+45.7 76.4+54.1 0.001 -1.18
MUSIX ADM muscle (uV) 100.0+32.9 172.2+97.1 0.004 0.84
CMAP deltoid muscle (mV) 85+53 7.5+4.6 0.120 —0.48
MUNIX trapezius muscle (a.v.) 155.7+55.8 130.4+63.9 0.100 —0.50
MUSIX trapezius muscle (1V) 50.6+13.0 49.6+12.1 0.370 —-0.08
CMAP TA muscle (mV) 49+1.7 46+1.9 0.180 —-0.24
MUNIX TA muscle (a.v.) 84.4+40.5 73.3+37.5 0.025 —0.54
MUSIX TA muscle (pV) 66.4+26.0 67.3+15.7 0.560 0.04

Neuromuscular and neurophysiological parameters described as mean value and standard deviation at base-
line (V1) and after 24 months’ observation time (V2). The p value describes the comparison between the
two time-points by a Wilcoxon signed rank-sum test. SRM is a measure of effect size reported for change
over 2 years. All results are FDR corrected for multiple comparisons

6MWT 6-minute-walk test, MFM motor function measure, SMAFRS spinal muscular atrophy functional rat-
ing scale, CMAP compound motor action potential, MUNIX motor unit number index, MUSIX motor unit
size index, APB abductor pollicis brevis, ADM abductor digiti minimi, 7A tibialis anterior, SRM standard-
ized response means, FDR false discovery rate, a.v. absolute value

The same variables exhibit significant change when
considering patients affected by SMA type III and by
SMA type IV separately (p values for SMA type III:
MUNIX in the ADM muscle =0.007, MUNIX in the TA
muscle =0.035, MUSIX for the ADM muscle =0.006. p
values for SMA type IV patients: MUNIX in the ADM
muscle =0.0002, MUNIX in the TA muscle =0.025,
MUSIX for the ADM muscle =0.0029).

@ Springer

Spinal cord MRI analyses

No significant differences were noted in global GM and
WM CSA between the baseline and the 24-month scans
as summarized in Table 2.
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Fig. 1 Visual representation of significant parameters over time, represented as mean and standard deviation. MUNIX =motor unit number
index, MUSIX =motor unit size index, ADM = abductor digit minimi. TA =tibialis anterior

Table 2 Cervical spinal cord
atrophy in adult SMA patients

Parameter SMA V1 SMA V2 p value
C2 vertebral level global CSA (mm?) 75.7+5.5 73.8+5.4 0.18
C2-C3 vertebral level global CSA (mm?) 72.7+6.7 72.0+5.5 0.45
C3—C4 vertebral level global CSA (mm?) T4.2+7.7 72.1+6.6 0.35
C4-C5 vertebral level global CSA (mm?) 722+8.5 67.6+9.3 0.25
C6-C7 vertebral level global CSA (mm?) 59.6+5.3 55.2+5.6 0.10
C2 vertebral level GM CSA (mm?) 11.8+2.5 12.4+0.9 0.78
C2-C3 vertebral level GM CSA (mm?) 129+1.4 13.1+1.0 0.62
C3—C4 vertebral level GM CSA (mm?) 13.7£2.7 145+3.0 0.82
C4-C5 vertebral level GM CSA (mm?) 13.5+2.7 13.8+3.1 0.59
C5-C6 vertebral level GM CSA (mm?) 13.0+£2.7 13.2+£3.9 0.54
C6-C7 vertebral level GM CSA (mm?) 9.6+2.1 10.1£2.8 0.71
C2 vertebral level WM CSA (mm?) 58.1+£9.0 52.6+3.7 0.07
C2-C3 vertebral WM CSA (mm?) 56.2+10.7 51.3+7.1 0.06
C3-C4 vertebral WM CSA (mm?) 56.7+13.1 54.6+9.3 0.27
C4-C5 vertebral level WM CSA (mm?) 55.1+£15.5 52.5+14.5 0.31
C5-C6 vertebral level WM CSA (mm?) 51.4+8.8 53.7+6.8 0.38
C6-C7 vertebral level WM CSA (mm?) 447+7.0 43.4+8.5 0.84

Cervical spinal cord atrophy parameters between C2 and C7 defined as global, GM and WM CSA (mm?).
Results are expressed as mean value and standard deviation and p values are FDR corrected for multiple

comparisons

CSA cross-sectional area, GM grey matter, WM white matter, FDR false discovery rate

Definition of a proposed composite score

A composite score was generated by adding the scores of
the three most responsive parameters of the longitudinal
analyses (MUNIX value in the ADM, pinch strength and
SMAFRS score) for the whole group of patients. These

parameters encompass three different aspects of SMA;
muscle strength, functional disability in routine daily
activities and electrophysiological quantification of motor
neuron loss. A significant reduction of the composite score
was observed over time (p =0.0005) and a good SRM
value was computed (SRM =-1.52) (Fig. 2).
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Fig.2 Modification over time of the composite score expressed as
mean value and standard deviation

Estimated sample size for trials

Estimated clinical trial sample size is highly dependent on
the expected treatment effect; the smaller the effect size, the
larger the sample required. For example, with the inclusion
of SMA type III and IV patients of all disease severities, a
total of 54 patients (27 in the treatment and 27 in the placebo
arm) would be required to detect a 50% reduction in disease
progression (i.e., half the deterioration seen in the current
sample) over 2 years compared to 16 patients (8 in each
group) needed to detect halting in progression.

Sample size was estimated for each parameter which
captured longitudinal change, as evidenced by higher SRM
values.

As shown in Table 3, 172 subjects would be required
to demonstrate a ‘halting effect’” when considering the
knee flexion strength, while only 25 participants would be

required when considering the MUNIX in the ADM, accord-
ing to the higher SRM value. Crucially, the composite score,
having the highest SRM between the parameters, would
require a smaller patient sample to demonstrate disease halt-
ing or improvement of the motor phenotype.

Discussion

In this study, we report a 24-month longitudinal protocol
testing the tracking sensitivity of different outcome meas-
ures of disease progression in a cohort of adult type III and
IV SMA patients. As putative effective therapies for adult
SMA are being developed [11, 12, 34], sensitive longitudinal
outcome measures are urgently required. This is the first lon-
gitudinal study of adult SMA patients providing comparative
analyses of different modalities to use a sufficiently long
follow-up interval to detect progressive changes in slowly
progressive SMA phenotypes. Accordingly, our findings
allow the ranking of the monitoring potential of putative
outcome measures in adult SMA and potentially their role
in detecting response to therapy.

The most sensitive measure to monitor disease progres-
sion in this study is the MUNIX value in the ADM and TA
muscles, the knee flexion and the pinch strength and the
SMAFRS score. Among the considered outcome measures,
cervical SC MRI was the least sensitive one. Despite evi-
dence that SC MRI detects GM atrophy in the same cohort
of adult SMA patients [19], no significant longitudinal
change was observed over time, suggesting that MNs loss
may be progressive early in the course of the disease and
that SC atrophy may remain relatively stable in adult patients
with a chronic and long-lasting motor impairment. The lim-
ited performance of SC MRI as a biomarker of disease pro-
gression could also be explained by the small dimension of
the GM at the cervical level, which requires high-resolution
image acquisitions. Improvements in MRI sequences and

Table 3 Sample size estimates

for a placebo-controlled trial of Parameter 50% Redpction of 75% Red.uction of Halting (?f 20% 50%
progression progression progression improvement Improve-

2 years ment
Composite score 54 25 16 12 9
MUNIX ADM 93 43 25 18 13
Pinch% 211 95 55 36 17
SMAFRS score 334 150 85 60 39
MUNIX TA 418 187 106 75 49
Knee flexion % 682 306 172 121 78

Sample size estimates are based on projected mean change in the parameters score for variable treatment
effects over 2 years. The numbers represent the total sample size based on equally sized treatment and con-

trol groups

MUNIX motor unit number index, ADM abductor digiti minimi, 7A tibialis anterior, SMAFRS spinal mus-

cular atrophy functional rating scale
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acquisition techniques may improve tracking sensitivity
and provide novel insights about the evolution of anterior
horn atrophy in SMA, while further MRI evaluation of the
patients after a long observation time (5-10 years) could
better describe SC modifications in such a slowly progres-
sive disease.

Functional scales and quantitative muscle strength test-
ing are widely used to evaluate disability in SMA and other
MNDs [12, 13]. They are considered highly reproducible in
multicentric protocols [35, 36]. In our study, no significant
decline was observed in manually evaluated muscle strength
over time, but quantitative muscle testing captured reduction
in knee flexion and pinch strength between the two time
points. Interestingly, a significant decline was also observed
in SMAFRS, which reflects the impact of muscle weakness
on daily activities [12].

The most significant longitudinal measure in our cohort
was the MUNIX value of the ADM and the TA muscles.
Our results strongly support the statement that MUNIX is
a sensitive outcome of MNs loss over time even in patients
with considerable disease duration. MUNIX is a relatively
recently developed method to quantify MUs loss but has
already been evaluated in a range of neuromuscular con-
ditions [37-39]. It is a widely validated and reproducible
tool which has already been used in multicentric trials in
ALS and international training programs have been set
up to ensure standardized assessments [40—43]. In SMA,
MUNIX has already been shown to be more responsive to
MUs depletion than the CMAP, even in muscles with mini-
mal clinical involvement [18]. Moreover, MUNIX captures
SMA-specific patterns of MN loss which is characterized
by a predominant involvement of the ulnar aspect of the
hand [44, 45]. MUNIX value in the ADM muscle was the
most responsive parameter in our study (SRM=-1.18) and
it was paralleled by a significant increase in the MUSIX,
suggesting that, even in long lasting disease phenotypes,
collateral reinnervation is still present as a compensatory
mechanism. Our neurophysiology data also mirror our quan-
titative muscle strength findings; pinch strength exhibited
the most prominent decline over time, implying that the
evaluation of distal and less severely involved muscles could
provide superior sensitivity from an outcome measure point
of view. A practical limitation of MUNIX is that it is dif-
ficult to obtain and to reproduce in very weak muscles, thus
limiting its application in severely disabled patients [40].
The apparent discrepancy described in our patients between
a significant loss of the pinch strength and a relative stability
of the MUNIX value in the ABP could be in part explained
by the divergent linearity of the two measures and by the
high variability of the MUNIX value compared to the lim-
ited size of the study group.

Finally, our data demonstrate that the definition of a com-
posite score encompassing different modalities of evaluation

reduces the number of subjects required to enroll in a hypo-
thetical clinical trial. Our proposed score was composed of
the SMAFRS, pinch strength and MUNIX of the ADM. Nat-
ural history study initiatives in other MNDs have shown that
instead of single measures, panels of multiple indices are
best suited to track progressive changes and detect response
to therapy [46]. The composite score proposed by this study
not only incorporates both functional and electrophysiologi-
cal aspects of the disease, but also its sensitively captures
progressive changes over time, making it a promising out-
come measure in clinical trials. We recognize that the com-
posite score needs to be interpreted with care, as the sub-
scores are likely to progress at different speed and may have
divergent linearity. Therefore, further validation in inde-
pendent samples is required to demonstrate its longitudinal
sensitivity. Moreover, the clinical relevance of progressive
changes in the score remains to be established. Nevertheless,
its high responsiveness to longitudinal changes underlines
the importance of integrating multiple dimensions of disease
dynamics that cannot be captured by a single measure.

This study is not without limitations. The study cohort
was relatively small due to the low incidence of type III and
IV SMA and also due to the fact that the majority of SMA
patients are now under disease-modifying therapy. Second,
the population was clinically heterogeneous, including
patients with diverse functional status and disease duration.
A larger cohort size and inclusion of type II adult SMA
patients would be required to validate the responsiveness of
the proposed outcome measures. A meta-analysis of other
natural history studies (NatHis-SMA, NCT02391831) [27],
or pooling data from studies including young adults may
provide additional insights regarding the disease trajectory
of SMA across various clinical stages.

Moreover, patients were evaluated after 24-months’
observation time. This was imposed by the very slow disease
progression of adult type III and VI patients, which implies
that a long observation period is needed to test and vali-
date even the most reliable outcome measure. We neverthe-
less recognize that the majority of ongoing and up-coming
clinical trials testing disease-modifying drugs usually has a
shorter duration (12 months in average) and that our study
should be repeated considering a shorter observation time to
make the results more easily comparable with those issued
from therapeutic trials.

Finally, even if we were able to demonstrate that several
quantitative parameters are effective in tracking disease pro-
gression in adult SMA patients, the direct implication of
this modifications in clinical practice and their relation to
patients’ perceived disability is not linear and often not clear.
Further studies are, therefore, needed to better characterize
relations between the evolution of quantitative parameters
and the real clinical evolution of the patients, possibly com-
bining them with real-life inspired evaluation tools.
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In conclusion, this study demonstrates the ability of
MUNIX and quantitative muscle testing to detect progres-
sive motor impairment in adult SMA. Our findings under-
score the value of MUNIX as a sensitive monitoring index
in adult SMA and the utility of combining complementary
indices into a composite score [47]. The critical appraisal
of the sensitivity profiles of putative outcome measures
and biomarkers in SMA may contribute to the design of
future clinical trials and ultimately to a better identifica-
tion of efficient disease-modifying treatments.
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