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Abstract 

Background Hereditary spinal muscular atrophy (SMA) is a motor neuron disorder with a wide range in severity in 
children and adults. Two therapies that alter splicing of the Survival Motor Neuron 2 (SMN2) gene, i.e. nusinersen and 
risdiplam, improve motor function in SMA, but treatment effects vary. Experimental studies indicate that motor unit 
dysfunction encompasses multiple features, including abnormal function of the motor neuron, axon, neuromuscular 
junction and muscle fibres. The relative contributions of dysfunction of different parts of the motor unit to the clini‑
cal phenotype are unknown. Predictive biomarkers for clinical efficacy are currently lacking. The goals of this project 
are to study the association of electrophysiological abnormalities of the peripheral motor system in relation to 1) 
SMA clinical phenotypes and 2) treatment response in patients treated with SMN2‑splicing modifiers (nusinersen or 
risdiplam).

Methods We designed an investigator‑initiated, monocentre, longitudinal cohort study using electrophysiologi‑
cal techniques (‘the SMA Motor Map’) in Dutch children (≥ 12 years) and adults with SMA types 1–4. The protocol 
includes the compound muscle action potential scan, nerve excitability testing and repetitive nerve stimulation test, 
executed unilaterally at the median nerve. Part one cross‑sectionally assesses the association of electrophysiological 
abnormalities in relation to SMA clinical phenotypes in treatment‑naïve patients. Part two investigates the predictive 
value of electrophysiological changes at two‑months treatment for a positive clinical motor response after one‑year 
treatment with SMN2‑splicing modifiers. We will include 100 patients in each part of the study.

Discussion This study will provide important information on the pathophysiology of the peripheral motor system 
of treatment‑naïve patients with SMA through electrophysiological techniques. More importantly, the longitudinal 
analysis in patients on SMN2‑splicing modifying therapies (i.e. nusinersen and risdiplam) intents to develop non‑inva‑
sive electrophysiological biomarkers for treatment response in order to improve (individualized) treatment decisions.
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Trial registration NL72562.041.20 (registered at https:// www. toets ingon line. nl. 26–03‑2020).
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Background
Spinal muscular atrophy (SMA) is an important genetic 
cause of mortality in infants and progressive motor 
impairment in children and adults [1, 2]. SMA is caused 
by a loss of function of the Survival Motor Neuron 1 
(SMN1) gene on chromosome 5q, which leads to degen-
eration of alpha motor neurons in the anterior horn of 
the spinal cord and structural and functional changes 
in axons, neuromuscular junctions (NMJ) and muscle 
fibres [2–9]. SMA severity ranges from onset in infancy 
to adulthood and inversely correlates with SMN2 copy 
number. The clinical classification system distinguishes 
SMA types 1–4, in descending levels of severity. Infantile 
onset SMA type 1 has, when left untreated, a life-expec-
tancy < 24  months, while late-infantile and childhood 
onset SMA  types 2 (‘sitters’) and 3 (‘walkers’) are char-
acterized by severe disability. Adult-onset SMA type 4 is 
characterized by relatively mild proximal muscle weak-
ness. The natural history of SMA is one of progressive 
muscle weakness, irrespective of SMA type [10–14]. 
Two therapies that alter SMN2-splicing, i.e. ‘nusinersen’ 
(Spinraza) and ‘risdiplam’ (Evrysdi), can improve motor 
function in children and adults [15–18]. Nusinersen is 
an intrathecally administered antisense oligonucleotide 
(ASO) that supposedly exerts its effects on alpha-motor 
neurons [19], while risdiplam is an orally supplied drug 
with potentially more systemic effects [20]. Treatment 
inefficacy (i.e. inability to stabilize motor function) may 
only become apparent after years of treatment due to the 
insensitivity of available clinical scores to detect motor 
decline within this time frame. The burden of treatment 
and the high costs require the development of more sen-
sitive tools that enable clinical response at an early stage.

Experimental, pathological and clinical studies have 
shown that dysfunction of several parts of the motor unit, 
i.e. soma, axon and NMJ may underlie motor symptoms 
in SMA. It is not known how dysfunction of the consti-
tuting parts of the motor unit contribute to weakness or 
how treatment improves motor unit function.

Electrophysiological techniques, in particular com-
binations of the compound muscle action potential 
(CMAP) amplitude [21, 22], motor unit number estima-
tion (MUNE) [21, 23–25], excitability testing [26, 27] and 
repetitive nerve stimulation [3, 28], are promising tools 
to characterize the constituting parts of the motor unit 
in patients with SMA in more detail and may be useful as 
biomarkers for response to treatment [24, 25, 27]. How-
ever, these techniques have never been studied combined 

in large patient cohorts. We therefore aim to use an 
integrated set of non-invasive electrophysiological tech-
niques, which we coined the “SMA Motor Map”, to evalu-
ate the pathophysiology of the peripheral motor system 
in SMA and alterations in its function after the start of 
treatment.

Methods
Study setting and design
We conduct this investigator-initiated, monocentre, lon-
gitudinal cohort study at the  Netherlands  SMA Center 
of the University Medical Center Utrecht, a tertiary refer-
ral centre for neuromuscular diseases in the Netherlands 
and the only designated treatment centre for SMA in the 
Netherlands.

The study consists of two parts, a cross-sectional base-
line part (part one) and a consecutive longitudinal fol-
low-up (part two) including assessments at 2 months and 
approximately after one year (Fig.  1). Participants can 
take part at part one without participation in part two.

The study schedule is presented in Table 1. At baseline 
(part one), we investigate the integrity and (dys)func-
tion of the various parts of the peripheral motor system 
across the spectrum of SMA. Eligible patients that agree 
to participate in this study will complete at least one visit 
(part one), which will be executed when the patient is 
treatment-naïve. We will enrol 25 age-matched healthy 
controls as reference in order to confirm that alterations 
are SMA- and not age-specific  of motor unit function. If 
the participant starts treatment with either nusinersen or 
risdiplam and consents to participate longitudinally, the 
analysis of part one will serve as baseline measurement 
for the longitudinal study (part two). Part two of the 
study consists of assessments at two months and approxi-
mately one year after the start of treatment with either 
nusinersen or risdiplam. This part of the study allows the 
evaluation of the biomarker potential of the SMA Motor 
Map protocol to predict the clinical response of nusin-
ersen and risdiplam [15–18].

The first participant was included on 25 May 2020. 
Study completion is in the first quartile of 2023.

Participants
Recruitment
We screened all Dutch patients aged ≥ 12  years regis-
tered in our national SMA registry to start treatment 
with SMN2-splicing modifying therapies (nusinersen 
or risdiplam) according to the Dutch reimbursement 

https://www.toetsingonline.nl
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conditions and informed them about our study. Con-
ditional reimbursement for treatment with nusinersen 
in the Netherlands started in January 2020. One of the 
conditions for reimbursement of nusinersen is com-
pulsory clinical and physiotherapeutic assessments at 
baseline, after two months and followed by every four 
months. Nusinersen is dosed according to the manufac-
turer’s schedule [15, 16]. Risdiplam became available in 
2021 through a compassionate use program for patients 
with SMA types 1 and 2, who are not eligible for treat-
ment with nusinersen. Risdiplam is orally administered at 
a daily dose of 5 mg [17, 18].

All patients are monitored for safety and efficacy 
assessments at baseline, after two months and then every 
eight months.

We will recruit 25 age-matched healthy controls 
through our website (www. smaon derzo ek. nl), the news-
letter for patients with SMA and the newsletter of the 
patient organization Spierziekten Nederland.

Eligibility criteria
The details of the inclusion and exclusion criteria are pro-
vided in Table 2.

Sample size calculation
We conducted a sample size calculation for the two parts 
of the study separately.

We based our power analysis for the cross-sectional 
study (part one) on the axonal excitability technique [26]. 
Based on a previous study [26], we will need to include 
25 patients per SMA type in order to detect a differ-
ence between the four SMA types and reach a power 

of 90% (two-sample t-test power calculation; α = 0.05, 
delta = 0.1, sd = 0.1) [26].

For the analysis of the SMA Motor Map predictive bio-
marker potential, our power analysis is based on a range 
of expectations. The response rate on nerve conduc-
tion techniques after two months is currently unknown 
and so is the predictive value of the SMA Motor Map 
to predict a clinical response after one year. We used a 
simulation approach to estimate the empirical power 
for a range of scenarios using a fixed sample size of 100 
patients. In previous trials, the clinical response rate in 
children on the Hammersmith Functional Motor Scale 
Expanded (HFMSE) was 60% [15, 16]. To be conservative, 
we assumed a clinical response rate of 50%. We evalu-
ated the following scenarios: response rate of the targeted 
SMA Motor Map ranging from 10 to 60%, and the pre-
dictive value of the electrophysiological techniques rang-
ing from 50% (the same as flipping a coin) to 80%. We 
simulated data under a logistic model and counted the 
number of times the p-value for the coefficient of electro-
physiology was less than 0.05 in 10,000 simulations (for 
each scenario). Based on these analyses, a sample size of 
100 patients provides at least 80% power if the predictive 
value of electrophysiology is at least 75% and the clinical 
response rate at least 50%. The simulation script is avail-
able on request.

Data collection
Outcomes

Electrophysiological techniques We created a protocol 
consisting of multiple non-invasive peripheral electro-
physiological techniques applied on the median nerve 

Fig. 1 Study protocol of the SMA Motor Map. Part one is performed in SMN2‑splicing modifier treatment‑naïve patients (baseline). If the participant 
starts treatment with either nusinersen or risdiplam and consents to participate longitudinally, the participant will be included in part two 
(additional measurement at two months and 10 to 14 months, depending on therapy). Participants can take part at part one without participation 
in part two. The study protocol includes electrophysiological assessments (compound muscle action potential (CMAP), CMAP scan, motor nerve 
excitability testing, repetitive nerve stimulation (RNS) and the sensory nerve action potential (SNAP)) at all visits. Functional motor assessments 
(Hammersmith Functional Motor Scale Expanded (HFMSE), Revised Upper Limb Module (RULM) and Adult Test of Neuromuscular Disorders 
(ATEND)) are performed at baseline and at the second follow‑up measurement. The electrophysiological test set is performed in the same order at 
all visits

http://www.smaonderzoek.nl
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unilaterally. This protocol comprises the following tech-
niques and is executed in the same subsequent order 
in all patients at all visits: 1) compound muscle action 
potential (CMAP)  scan, 2) motor nerve excitability test-
ing, 3) repetitive nerve stimulation (RNS) and 4) the sen-
sory nerve action potential (SNAP) [3, 21, 25, 27].

We perform all tests  on the patient’s dominant hand. If 
for any reason investigation at this side is precluded (e.g. 
because of severe contractures), all analyses are done on 
the non-dominant side.

Nerve and muscle temperature in the forearm is brought 
to 37  °C degrees by wrapping the arm in a warm water 
blanket through which water flows constantly at 37  °C 
degrees (Cincinnati Sub-zero Norm-O-Temp with a Cin-
cinnati Plastipad infant blanket) for 30  min before test-
ing. During testing the temperature is maintained at 
37 °C degrees by the same procedure [29].

We perform testing with patients in either sitting (wheel-
chair bound patients) or supine position (ambulant 
patients). Patients are instructed to rest their arm in a 

Table 1 Study schedule of enrolment, interventions and assessments

ATEND Adult test of neuromuscular disorders, CMAP Compound muscle action potential, ESTCS Endurance shuttle combined score, HFMSE Hammersmith functional 
motor scale expanded, RNS Repetitive nerve stimulation, RULM Revised upper limb module, SMN2 Survival motor neuron 2gene, SNAP Sensory nerve action potential, 
T0 Baseline measurement, T1 Two months after start of treatment, T2 Fourteen or ten months after start of treatment with nusinersen or risdiplam, respectively
a Assessments only for patients treated with nusinersen 
b Assessment only for patients treated with risdiplam 
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natural position, ensuring muscle relaxation as much as 
possible to prevent movement or (postural) tremor. Fol-
low-up analysis is performed with the arm and hand in 
the same position as during baseline measurements. We 
use photographs of the position of the arm and hand to 
ensure the same position at follow-up.

We use an isolated bipolar constant current stimulator 
(DS5, Digitimer, UK) and amplifier (D440-4, Digitimer, 
UK) in all recordings. All are connected to the Qtrac-S 
software (Institute of Neurology, Queen Square, London, 
UK) controlling the measurements and acquisition using 
a data acquisition device (PCI-6221, National Instru-
ments), with sampling at 10 kHz.

We measure the thenar CMAPs for motor recordings 
(CMAP scan, motor nerve excitability and RNS) by 1 cm 
surface cup electrodes in belly tendon montage and stim-
uli are applied with the cathode  at the level of the wrist 
at 7 cm from the active recording surface electrode and 
the anode 10 cm proximal over the radial side of the arm 
(3M Red Dot electrodes). Optimal placement of the cath-
ode  at the level of the wrist is manually determined with 
a stimulation pen (Motor Point Pen, Compex, Switzer-
land). Signals are amplified by a factor of 300 for motor 
recordings with filter settings of 10 Hz to 10 kHz.

We perform one sensory assessment (maximum SNAP) 
of the median nerve. Stimuli (0.5 ms duration) are given 
at 12  cm from the active ring electrodes, which are 

positioned around the proximal and distal interphalan-
geal joints of the third digit. The stimuli are applied with 
the electrodes at the same position as the motor nerve 
recordings. Signals are amplified by a factor of 10,000 
with filter settings of 10 Hz to 3 kHz.

All electrodiagnostic tests are performed by the same 
investigator (LR), who is trained to perform these assess-
ments. If this investigator is unavailable, the measure-
ments will be performed by another trained study group 
member (BS).

Compound Maximum Action Potential (CMAP) We 
will  obtain  the maximum CMAP amplitude  from the 
CMAP scan, which is a basic parameter for the analysis 
of motor axon integrity. Previous studies have correlated 
active disease course with a dramatic fall of the CMAP 
amplitude as a reflection of severe motor neuron loss [21, 22].

CMAP scan The CMAP scan reflects the gradual 
recruitment of the  motor unit pool that innervates the 
investigated muscle [30, 31]. Motor unit analysis by 
CMAP scans in patients with SMA has shown differences 
between SMA types and response to treatment by means 
of motor unit size and number [21, 32]. The CMAP 
scan generally will take less than 10  min to perform. 
For CMAP scan analysis we use the MScan-application, 
in which  the maximum CMAP is manually determined 
after which  approximately 500 – 700 automated stim-
uli  are applied (at 2  Hz,  0.1  ms stimulus duration) with 

Table 2 Inclusion and exclusion criteria SMA Motor Map

a Minors are participants aged 12 through 16 years old as defined by the regulation of the Dutch Central Committee on Research Involving Human Subjects
b In case of pyridostigmine use by indication of SMA, patients are asked to stop treatment one day prior to examination
c These include: transient and persistent Na-currents which are mediated by Nav1.6 (SCN8A) ion-channels, fast potassium currents which are mediated by Kv1.1 
(KCNA) ion-channels, slow potassium currents which are mediated by KCNQ1 ion-channels, and hyperpolarization-activated inward cation currents which are 
mediated by HCN-channels. Medication that is not allowed include quinidine, lidocaine, amiodarone, sotalol, amitriptyline, carbamazepine; though the list is not 
complete and in each case the drug administered by the patient will be checked for its influence on the above ion-currents

Inclusion criteria Loss of function of the SMN1 gene

Clinical diagnosis of SMA types 1–4 Type 1: never able to sit independently

Type 2: achieved the ability to sit independently, but never able to 
walk independently

Type 3: achieved the ability to walk independently and age at onset 
before 18 years

Type 4: achieved the ability to walk independently and age at 
onset ≥ 18 years

Age 12 years or older

Treatment‑naïve for SMN2- splicing modifying drugs

Given oral and written informed consent by the patient, and their parents or legal representative in case of  minorsa

Exclusion criteria Definite Strong apprehension against the performance of electrophysiological 
techniques of any kind

Relative Use of  pyridostigmineb

Use of medication affecting peripheral nerve ion‑channel  currentsc
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exponential decreasing currents until the lowest-threshold 
motor unit becomes subthreshold [33, 34].

Motor nerve excitability testing Motor nerve excitabil-
ity testing is a non-invasive method that assesses changes 
in resting membrane potential, ion channel function and 
nodal and internodal membrane properties (TRONDNF 
protocol, version 25/1/2019). Analysis of motor nerve 
excitability previously showed altered K + conductance 
following active axonal loss and a hyperpolarisation of 
axons in severe SMA, which both responded to nusin-
ersen treatment [26, 27].

Motor nerve excitability testing generally will take 
10–15  min to perform. The motor nerve excitability 
recordings are initiated by the stimulus response (SR) 
test (relation between stimulus current and response 
amplitude) to identify the target response (set at 40% of 
the maximum CMAP amplitude) for the other four main 
tests (strength-duration test, threshold electrotonus, cur-
rent/voltage relationship, and recovery cycle). The com-
bination of these tests provides information on the activ-
ity of nodal persistent and transient  Na+-channels, nodal 
and internodal slow and fast  K+-channels, internodal 
hyperpolarizing-activated cyclic nucleotide-gated (HCN) 
channels, nodal and internodal leak channels, Barrett and 
Barrett (i.e., high-resistance pathways through the myelin 
sheath) conductance, and changes in resting membrane 
potential. For that, we will apply a well-established math-
ematical model (Qtrac-P, MEMfit tool) of a single axon 
to help identify the most likely dysfunctional mechanism 
that can explain the observed changes in axonal excitabil-
ity [35, 36].

Repetitive nerve stimulation RNS is used to assess post- 
and presynaptic NMJ signal transmission, and generally 
will take 10 min to perform. NMJ signal transmission has 
been assessed in patients with SMA, showing 49%-60% of 
patients having a decremental response as a sign of post-
synaptic dysfunction [3, 28].

For post-synaptic analysis, a train of 10 supramaximal 
consecutive stimuli is given at 3  Hz  with 0.1 ms stimu-
lus duration [3].  Stimulus intensity is individually set 
on supramaximal level (approximately 10% above the 
intensity required for a maximum CMAP response). For 
pre-synaptic analysis, we use the Lambert test. The inten-
sity for supramaximal stimulation is redetermined as 
described above. Supramaximal stimuli are given prior to 
and after 10 s of maximum voluntary contraction (MVC) 
by isometric contraction of the thenar muscles by push-
ing the thumb against a fixed surface/object.

In both post- and presynaptic analyses, the CMAP 
response of consecutive stimuli is used to analyse 
the presence and size of decremental or incremental 
responses. A 10% decrement is specific for primary post-
synaptic transmission dysfunction [37]. A 60% or more 
increment is specific for pre-synaptic transmission dys-
function [38].

Sensory nerve action potential The SNAP assesses the 
afferent part of the median nerve. Although patients with 
SMA generally do not have sensory symptoms, altera-
tions in the sensory nerves and circuit were reported in 
animal and human studies [39–42]. We added the maxi-
mum SNAP analysis to assess afferent components of the 
median nerve, in addition to the efferent motor system. 
For the SNAP analysis we give supramaximal stimuli to 
record three consecutive maximum SNAPs (median 
nerve, third digit). From these three recorded maxi-
mum SNAPs we determine the mean to use for further 
analyses.

Clinical assessments
We collect and analyse patient characteristics (e.g., age 
at onset, SMN2 copy number, disease duration, use of 
concomitant medication and comorbidities). Patient 
characteristic have been longitudinally collected in the 
SMA registry from 2010 onwards and are reassessed at 
follow-up.

Clinical parameters to assess motor function, arm 
function and fatigability in patients are collected from 
the database as they are performed to assess efficacy of 
the current SMN2-splicing  modifying treatment. Motor 
function assessments include Hammersmith Functional 
Motor Scale Expanded (HFMSE) [43–45], Adult Test of 
Neuromuscular Disorders (ATEND) [46], Revised Upper 
Limb Module (RULM) [47] and Endurance Shuttle Com-
bined Score (ESTCS) [48]. These functional motor scales 
are validated for SMA patients  to test different motor 
abilities. None of the scales reflect the whole disease 
spectrum of SMA and have either ceiling or floor effects 
for the most severe or milder affected patients [11, 49].

Treatment protocols for risdiplam or nusinersen are 
under conditional reimbursement in the Netherlands and 
included standardized motor assessments. All patients 
are assessed using the RULM.

Patients treated with nusinersen are additionally 
assessed with HFMSE and ESTCS. The ESTCS is per-
formed according to the highest level of motor func-
tion: patients with hand and forearm function perform 
the Endurance Shuttle - Nine Hole Peg Test (ESNHPT), 
patients who are able to lift their arm against gravity 
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perform the Endurance Shuttle - Box and Block Test 
(ESBBT) and patients who are able walk  independently 
perform the Endurance Shuttle - Walk Test (ESWT) [48]. 
Patients treated with risdiplam are assessed with the 
ATEND next to the RULM.

In case the last recorded score in the registry at base-
line assessment is more than 18 months old, these scores 
will be reassessed as part of the study protocol.

Adverse events
All adverse events (AEs) occurring during the test vis-
its, either reported spontaneously by the participant 
or observed by the investigator or study staff members 
are recorded and if necessary, appropriate measures are 
taken.

Statistical analysis
In part one of this study, we will assess the association 
between clinical severity (e.g. SMA type) and electro-
physiological state of the peripheral motor system. Cor-
relations between electrophysiological outcomes and 
clinical variables will be assessed by Spearman’s rho test 
for continuous variables and the Kruskal Wallis to com-
pare a continuous variable within groups. For compari-
son of proportions, we will use the chi-square test. We 
will use a multinomial model to analyse whether the out-
comes of the CMAP scan, nerve excitability tests and/or 
RNS show differences between SMA types. Missing data 
in baseline characteristics will be addressed by creating 
multiple imputed datasets using predictive mean match-
ing. Results across imputations will be pooled using 
Rubin’s rules.

In part two of this study, we will analyse the predictive 
value of the SMA Motor Map at two months by means 
of the clinical effects and its correlation with the SMA 
Motor Map compartments at approximately one year 
using a logistic model. The predictive value of the SMA 
Motor Map for clinical response is based upon the fol-
lowing definitions:

– Clinical response is defined as stabilization or 
improvement on the clinical score (including RULM 
and/or HMFSE) over a period of approximately one 
year.

– The primary SMA Motor Map response is defined as 
stabilization or improvement of the motor unit num-
ber at the CMAP scan. The secondary SMA Motor 
Map response is defined as stabilization or improve-
ment of any of the other electrophysiological mark-
ers derived from the advanced electrophysiological 
techniques (e.g. presence of decremental response, 
CMAP max, excitability tests).

We will use a ROC curve to determine the additive 
value of the SMA Motor Map (e.g. motor unit number) at 
two months to predict clinical response at one year. The 
comparative logistic model will consist of only informa-
tion collected at baseline (i.e. month 0).

Data managment
The following measures will be taken to assure the con-
fidentiality and anonymity of the participants’ data or 
documents collected in the SMA database on the secured 
UMC Utrecht drivers (which also provides automated 
and regular back-up of the data): a) each participant will 
be identified in an electronic database by a unique seven 
digit code; b) the list of participant names correspond-
ing to the codes will be stored in a separate encrypted 
electronic database, safeguarded by the principal investi-
gator; c) only study investigators will have access to the 
databases and examine individual data or documents; d) 
all logins will be recorded; e) adopt strict precautions to 
prevent access to the data or documents by non-author-
ised persons; f ) the handling of data and documents will 
comply with the General data protection regulation (in 
Dutch: Algemene Verordening Gegevensbescherming 
(AVG)).

Ethics, dissemination and safety monitoring
This study was approved by the Medical Ethics Commit-
tee of the University Medical Center Utrecht (No. 20–143 
(Version 3)/NL72562.041.20) and registered in the Dutch 
registry for clinical studies and trials (https:// www. toets 
ingon line. nl). The trial is monitored by an internal party 
of the University Medical Center Utrecht.

We follow standard procedures to obtain oral and writ-
ten consent from all participants and/or their parents or 
legal representative in case of minors. Minors are par-
ticipants aged 12 through 16 years old as defined by the 
regulation of the Dutch Central Committee on Research 
Involving Human Subjects. The study is conducted 
according to the principles of the Declaration of Helsinki, 
adapted 19–10-2013, and in accordance with the Medi-
cal Research Involving Human Subjects Act (WMO). 
The code of Conduct as agreed upon 2001 by the Dutch 
organization of Pediatrics will be used. The study is 
partly done in minors, which means that in any case of 
resistance the test and research protocol will be termi-
nated. Resistance means that the participant’s behavior 
obviously differs from or is more excessive compared to 
participant’s normal behavior. The national rules of the 
Dutch Association of Pediatrics for protection of minor 
study participants, are followed during the entire study.

The reporting of this study protocol conforms to the 
Standard Protocol Items: Recommendations for Inter-
ventional Trials (SPIRIT) guidelines [50]. The results of 

https://www.toetsingonline.nl
https://www.toetsingonline.nl
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this study will be shared with the academic and medi-
cal community by presentations at scientific meetings, 
as well as publication of article(s) in international, peer-
reviewed, open-access journals, funding, and patient 
organizations in order to contribute to optimization of 
medical care and quality of life for patients with SMA.

Discussion
We will conduct a longitudinal cohort study in patients 
with SMA to analyse the use of an integrated set of 
well-established and more recently developed electro-
physiological techniques – the ‘SMA Motor Map’ – to 
1) provide further insight into the pathophysiology of 
SMA and 2) investigate its value as a biomarker to pre-
dict clinical response after treatment with SMN2-splicing 
modifying therapies nusinersen or risdiplam. The unique 
combination of electrophysiological techniques will allow 
us to investigate the (dys)function of the whole peripheral 
motor system and the contribution of the different parts 
to the clinical phenotype  in SMN2-splicing modifying 
treatment-naïve children above 12  years, adolescents, 
and adults with SMA types 1–4. The electrophysiological 
techniques are applied on the median nerve unilaterally 
in a timeframe of one year of treatment, to ensure a fea-
sible and endurable protocol. In addition, we will inves-
tigate the value of the SMA Motor Map techniques for 
predictive purposes in SMN2-splicing modifying treat-
ments for treatment response. More importantly, by fol-
lowing patients on these therapies (i.e. nusinersen and 
risdiplam) over time in the longitudinal study, we aim to 
develop non-invasive electrophysiological biomarkers in 
order to improve (individualized) treatment decisions.

Abbreviations
AEs  Adverse events
ASO  Antisense oligonucleotide
ATEND  Adult Test of Neuromuscular Disorders
CMAP  Compound muscle action potential
ESBBT  Endurance Shuttle ‑ Box and Block Test
ESNHPT  Endurance Shuttle ‑ Nine Hole Peg Test
ESTCS  Endurance Shuttle Combined Score
ESWT  Endurance Shuttle ‑ Walk Test
HCN  Hyperpolarizing‑activated cyclic nucleotide‑gated
HFMSE  Hammersmith Functional Motor Scale Expanded
MUNE  Motor unit number estimation
MVC  Maximum voluntary contraction
NMJ  Neuromuscular junction
RNS  Repetitive nerve stimulation
RULM  Revised Upper Limb Module
SMA  Spinal muscular atrophy
SMN1  Survival motor neuron 1 gene
SMN2  Survival motor neuron 2 gene
SNAP  Sensory nerve action potential
SPIRIT  Standard Protocol Items: Recommendations for Interventional 

Trials
SR  Stimulus response

Acknowledgements
We are grateful to all the patients with SMA and healthy volunteers who 
participate in this study and the support of the Dutch patient organization for 
neuromuscular diseases (https:// www. spier ziekt en. nl). The authors thank dr. 
James Howells for his support in developing part of the QTRAC protocol.

Patient involvement
This studyis supported by the Dutch patient organization for neuromuscular 
diseases (http:// www. spier ziekt en. nl). The patient organization has no role in 
thedesign, conduct or analysis of thisstudy.

Authors’ contributions
Study concept and design were conducted by BS, HF, RW, WP. Critical revision 
of concept and design and intellectual input in the study protocol was done 
by FA, BB, BS, IC, HF, HG, RvE, RW and WP. Collection of data is done by FA, BB, 
BS, FA, IC, LR, RW and WP. Drafting of the manuscript was done by LR, RW and 
BS. Critical revision of the manuscript was performed by FA, BB, BS, IC, HF, HG, 
LR, RvE, RW and WP. Study supervision is conducted by BS, RW and WP. The 
author(s) read and approved the final manuscript.

Funding
The study is supported by a grant from the non‑profit organizations Stichting 
Spieren voor Spieren and Prinses Beatrix Spierfonds (combined grant W.OS18‑
01). The funder did not have any role in the design of the study, collection, 
analysis, and/or interpretation of the data. The investigators have full access to 
the data and have the right to publish this data separate and apart from any 
sponsor.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
This study was approved by the Medical Ethics Committee of the Univer‑
sity Medical Center Utrecht (No. 20–143 (Version 3) /NL72562.041.20) and 
registered in the Dutch registry for clinical studies and trials (https:// www. 
toets ingon line. nl). The trial is monitored by an internal party of the University 
Medical Center Utrecht. The study is conducted according to the principles of 
the Declaration of Helsinki, adapted 19–10‑2013, and in accordance with the 
Medical Research Involving Human Subjects Act (WMO). Informed consent to 
participate will be obtained from all participants and/or their parents or legal 
representative in case of minors. Minors are participants aged 12 through 
16 years old as defined by the regulation of the Dutch Central Committee on 
Research Involving Human Subjects.

Consent for publication
Not applicable.

Competing interests
HG has received research grants from Prinses Beatrix spierfonds, travel grants 
from Shire/Takeda and speaker fees from Takeda paid to the institution. 
BB receives research support from the Prinses Beatrix Spierfonds, Sticht‑
ing Spieren for Spieren and Health Holland, all non‑profit foundations. His 
employer receives fees for SMA‑related consultancy activities for Biogen, 
Novartis, Scholar Rock and Roche. IC provides ad hoc consultancy for AveXis 
(Novartis). BS and RvE receive research support from the Netherlands ALS 
foundation. RW receives research support from the Prinses Beatrix Spierfonds 
and Stichting Spieren voor Spieren. WP serves on the scientific advisory board 
for SMA Europe, is a member of the Branaplam data monitoring committee for 
Novartis, provides ad hoc consultancy for Biogen and AveXis (Novartis), and 
receives research support from the Prinses Beatrix Spierfonds, Vriendenloterij 
and Stichting Spieren voor Spieren. All other authors have no competing 
interests.

Author details
1 Department of Neurology & Neurosurgery, University Medical Center 
Utrecht, UMC Utrecht Brain Center, Utrecht University, Heidelberglaan 100, 
3508 GA Utrecht, The Netherlands. 2 Child Development and Exercise Centre, 
Wilhelmina Children’s Hospital, University Medical Center Utrecht, Utrecht 

https://www.spierziekten.nl
http://www.spierziekten.nl
https://www.toetsingonline.nl
https://www.toetsingonline.nl


Page 9 of 10Ros et al. BMC Neurology          (2023) 23:164  

University, Utrecht, The Netherlands. 3 Biostatistics and Research Support, 
Julius Center for Health Sciences and Primary Care, University Medical Center 
Utrecht, Utrecht University, Utrecht, The Netherlands. 

Received: 14 March 2023   Accepted: 14 April 2023

References
 1. Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viollet L, et al. 

Identification and characterization of a spinal muscular atrophy‑deter‑
mining gene. Cell. 1995;80(1):155–65. https:// doi. org/ 10. 1016/ 0092‑ 
8674(95) 90460‑3.

 2. Mercuri E, Bertini E, Iannaccone ST. Childhood spinal muscular atrophy: 
controversies and challenges. Lancet Neurol. 2012;11(5):443–52. https:// 
doi. org/ 10. 1016/ S1474‑ 4422(12) 70061‑3.

 3. Wadman RI, Vrancken AF, van den Berg LH, van der Pol WL. Dysfunction 
of the neuromuscular junction in spinal muscular atrophy types 2 and 
3. Neurology. 2012;79(20):2050–5. https:// doi. org/ 10. 1212/ WNL. 0b013 
e3182 749eca.

 4. Habets LE, Bartels B, Asselman FL, Hooijmans MT, van den Berg S, Neder‑
veen AJ, et al. Magnetic resonance reveals mitochondrial dysfunction and 
muscle remodelling in spinal muscular atrophy. Brain. 2022;145(4):1422–
35. https:// doi. org/ 10. 1093/ brain/ awab4 11.

 5. Otto LAM, van der Pol WL, Schlaffke L, Wijngaarde CA, Stam M, Wadman 
RI, et al. Quantitative MRI of skeletal muscle in a cross‑sectional cohort 
of patients with spinal muscular atrophy types 2 and 3. NMR Biomed. 
2020;33(10):e4357. https:// doi. org/ 10. 1002/ nbm. 4357.

 6. Martinez TL, Kong L, Wang X, Osborne MA, Crowder ME, Van Meerbeke JP, 
et al. Survival motor neuron protein in motor neurons determines synap‑
tic integrity in spinal muscular atrophy. J Neurosci. 2012;32(25):8703–15. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 0204‑ 12. 2012.

 7. Bricceno KV, Martinez T, Leikina E, Duguez S, Partridge TA, Chernomordik 
LV, et al. Survival motor neuron protein deficiency impairs myotube 
formation by altering myogenic gene expression and focal adhesion 
dynamics. Hum Mol Genet. 2014;23(18):4745–57. https:// doi. org/ 10. 1093/ 
hmg/ ddu189.

 8. Kim JK, Jha NN, Feng Z, Faleiro MR, Chiriboga CA, Wei‑Lapierre L, et al. 
Muscle‑specific SMN reduction reveals motor neuron‑independent dis‑
ease in spinal muscular atrophy models. J Clin Invest. 2020;130(3):1271–
87. https:// doi. org/ 10. 1172/ JCI13 1989.

 9. Burghes AH, Beattie CE. Spinal muscular atrophy: why do low levels of 
survival motor neuron protein make motor neurons sick? Nat Rev Neuro‑
sci. 2009;10(8):597–609. https:// doi. org/ 10. 1038/ nrn26 70.

 10. Wijngaarde CA, Veldhoen ES, van Eijk RPA, Stam M, Otto LAM, 
Asselman FL, et al. Natural history of lung function in spinal muscular 
atrophy. Orphanet J Rare Dis. 2020;15(1):88. https:// doi. org/ 10. 1186/ 
s13023‑ 020‑ 01367‑y.

 11. Wijngaarde CA, Stam M, Otto LAM, Bartels B, Asselman FL, van Eijk RPA, 
et al. Muscle strength and motor function in adolescents and adults with 
spinal muscular atrophy. Neurology. 2020;95(14):e1988–98. https:// doi. 
org/ 10. 1212/ WNL. 00000 00000 010540.

 12. Wijngaarde CA, Brink RC, de Kort FAS, Stam M, Otto LAM, Asselman FL, 
et al. Natural course of scoliosis and lifetime risk of scoliosis surgery in 
spinal muscular atrophy. Neurology. 2019;93(2):e149–58. https:// doi. org/ 
10. 1212/ WNL. 00000 00000 007742.

 13. Wadman RI, Wijngaarde CA, Stam M, Bartels B, Otto LAM, Lemmink HH, 
et al. Muscle strength and motor function throughout life in a cross‑
sectional cohort of 180 patients with spinal muscular atrophy types 1c–4. 
Eur J Neurol. 2018;25(3):512–8. https:// doi. org/ 10. 1111/ ene. 13534.

 14. Wadman RI, van Bruggen HW, Witkamp TD, Sparreboom‑Kalaykova SI, 
Stam M, van den Berg LH, et al. Bulbar muscle MRI changes in patients 
with SMA with reduced mouth opening and dysphagia. Neurology. 
2014;83(12):1060–6. https:// doi. org/ 10. 1212/ WNL. 00000 00000 000796.

 15. Finkel RS, Mercuri E, Darras BT, Connolly AM, Kuntz NL, Kirschner J, et al. 
Nusinersen versus Sham control in infantile‑onset spinal muscular atro‑
phy. N Engl J Med. 2017;377(18):1723–32. https:// doi. org/ 10. 1056/ NEJMo 
a1702 752.

 16. Mercuri E, Darras BT, Chiriboga CA, Day JW, Campbell C, Connolly AM, 
et al. Nusinersen versus Sham control in later‑onset spinal muscular 

atrophy. N Engl J Med. 2018;378(7):625–35. https:// doi. org/ 10. 1056/ 
NEJMo a1710 504.

 17. Baranello G, Darras BT, Day JW, Deconinck N, Klein A, Masson R, 
et al. Risdiplam in type 1 spinal muscular atrophy. N Engl J Med. 
2021;384(10):915–23. https:// doi. org/ 10. 1056/ NEJMo a2009 965.

 18. Mercuri E, Deconinck N, Mazzone ES, Nascimento A, Oskoui M, Saito K, 
et al. Safety and efficacy of once‑daily risdiplam in type 2 and non‑
ambulant type 3 spinal muscular atrophy (SUNFISH part 2): a phase 
3, double‑blind, randomised, placebo‑controlled trial. Lancet Neurol. 
2022;21(1):42–52. https:// doi. org/ 10. 1016/ S1474‑ 4422(21) 00367‑7.

 19. Chiriboga CA, Swoboda KJ, Darras BT, Iannaccone ST, Montes J, De Vivo 
DC, et al. Results from a phase 1 study of nusinersen (ISIS‑SMN(Rx)) in 
children with spinal muscular atrophy. Neurology. 2016;86(10):890–7. 
https:// doi. org/ 10. 1212/ WNL. 00000 00000 002445.

 20. Ratni H, Ebeling M, Baird J, Bendels S, Bylund J, Chen KS, et al. Discovery 
of Risdiplam, a selective Survival of Motor Neuron‑2 ( SMN2) gene splicing 
modifier for the treatment of Spinal Muscular Atrophy (SMA). J Med 
Chem. 2018;61(15):6501–17. https:// doi. org/ 10. 1021/ acs. jmedc hem. 8b007 41.

 21. Sleutjes B, Wijngaarde CA, Wadman RI, Otto LAM, Asselman FL, Cuppen 
I, et al. Assessment of motor unit loss in patients with spinal muscular 
atrophy. Clin Neurophysiol. 2020;131(6):1280–6. https:// doi. org/ 10. 1016/j. 
clinph. 2020. 01. 018.

 22. Swoboda KJ, Prior TW, Scott CB, McNaught TP, Wride MC, Reyna SP, 
et al. Natural history of denervation in SMA: relation to age, SMN2 copy 
number, and function. Ann Neurol. 2005;57(5):704–12. https:// doi. org/ 10. 
1002/ ana. 20473.

 23. Bromberg MB, Swoboda KJ. Motor unit number estimation in infants and 
children with spinal muscular atrophy. Muscle Nerve. 2002;25(3):445–7. 
https:// doi. org/ 10. 1002/ mus. 10050.

 24. Schneider C, Wassermann MK, Grether NB, Fink GR, Wunderlich G, 
Lehmann HC. Motor unit number estimation in adult patients with spinal 
muscular atrophy treated with nusinersen. Eur J Neurol. 2021;28(9):3022–9. 
https:// doi. org/ 10. 1111/ ene. 15005.

 25. Kariyawasam D, D’Silva A, Howells J, Herbert K, Geelan‑Small P, Lin CS, 
et al. Motor unit changes in children with symptomatic spinal mus‑
cular atrophy treated with nusinersen. J Neurol Neurosurg Psychiatry. 
2020;92(1):78–85. https:// doi. org/ 10. 1136/ jnnp‑ 2020‑ 324254.

 26. Farrar MA, Vucic S, Lin CS, Park SB, Johnston HM, du Sart D, et al. Dysfunc‑
tion of axonal membrane conductances in adolescents and young adults 
with spinal muscular atrophy. Brain. 2011;134(Pt 11):3185–97. https:// doi. 
org/ 10. 1093/ brain/ awr229.

 27. Kariyawasam DST, D’Silva AM, Herbert K, Howells J, Carey K, Kandula T, 
et al. Axonal excitability changes in children with spinal muscular atrophy 
treated with nusinersen. J Physiol. 2022;600(1):95–109. https:// doi. org/ 10. 
1113/ JP282 249.

 28. Arnold WD, Severyn S, Zhao S, Kline D, Linsenmayer M, Kelly K, et al. 
Persistent neuromuscular junction transmission defects in adults with 
spinal muscular atrophy treated with nusinersen. BMJ Neurol Open. 
2021;3(2):e000164. https:// doi. org/ 10. 1136/ bmjno‑ 2021‑ 000164.

 29. Kovalchuk MO, Franssen H, Scheijmans FEV, Van Schelven LJ, Van Den 
Berg LH, Sleutjes B. Warming nerves for excitability testing. Muscle Nerve. 
2019;60(3):279–85. https:// doi. org/ 10. 1002/ mus. 26621.

 30. Maathuis EM, Drenthen J, Visser GH, Blok JH. Reproducibility of the CMAP 
scan. J Electromyogr Kinesiol. 2011;21(3):433–7. https:// doi. org/ 10. 1016/j. 
jelek in. 2010. 11. 007.

 31. Maathuis EM, Henderson RD, Drenthen J, Hutchinson NM, Daube JR, 
Blok JH, et al. Optimal stimulation settings for CMAP scan registrations. 
J Brachial Plex Peripher Nerve Inj. 2012;7(1):4. https:// doi. org/ 10. 1186/ 
1749‑ 7221‑7‑4.

 32. Kariyawasam D, D’Silva A, Howells J, Herbert K, Geelan‑Small P, Lin CS, 
et al. Motor unit changes in children with symptomatic spinal muscular 
atrophy treated with nusinersen. J Neurol Neurosurg Psychiatry. 2020. 
https:// doi. org/ 10. 1136/ jnnp‑ 2020‑ 324254.

 33. Bostock H. Estimating motor unit numbers from a CMAP scan. Muscle 
Nerve. 2016;53(6):889–96. https:// doi. org/ 10. 1002/ mus. 24945.

 34. Jacobsen AB, Bostock H and Tankisi H. CMAP Scan MUNE (MScan) 
‑ a novel Motor Unit Number Estimation (MUNE) Method. J Vis Exp. 
2018(136). https:// doi. org/ 10. 3791/ 56805

 35. Kiernan MC, Isbister GK, Lin CS, Burke D, Bostock H. Acute tetrodotoxin‑
induced neurotoxicity after ingestion of puffer fish. Ann Neurol. 
2005;57(3):339–48. https:// doi. org/ 10. 1002/ ana. 20395.

https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.1016/S1474-4422(12)70061-3
https://doi.org/10.1016/S1474-4422(12)70061-3
https://doi.org/10.1212/WNL.0b013e3182749eca
https://doi.org/10.1212/WNL.0b013e3182749eca
https://doi.org/10.1093/brain/awab411
https://doi.org/10.1002/nbm.4357
https://doi.org/10.1523/JNEUROSCI.0204-12.2012
https://doi.org/10.1093/hmg/ddu189
https://doi.org/10.1093/hmg/ddu189
https://doi.org/10.1172/JCI131989
https://doi.org/10.1038/nrn2670
https://doi.org/10.1186/s13023-020-01367-y
https://doi.org/10.1186/s13023-020-01367-y
https://doi.org/10.1212/WNL.0000000000010540
https://doi.org/10.1212/WNL.0000000000010540
https://doi.org/10.1212/WNL.0000000000007742
https://doi.org/10.1212/WNL.0000000000007742
https://doi.org/10.1111/ene.13534
https://doi.org/10.1212/WNL.0000000000000796
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1056/NEJMoa1710504
https://doi.org/10.1056/NEJMoa1710504
https://doi.org/10.1056/NEJMoa2009965
https://doi.org/10.1016/S1474-4422(21)00367-7
https://doi.org/10.1212/WNL.0000000000002445
https://doi.org/10.1021/acs.jmedchem.8b00741
https://doi.org/10.1016/j.clinph.2020.01.018
https://doi.org/10.1016/j.clinph.2020.01.018
https://doi.org/10.1002/ana.20473
https://doi.org/10.1002/ana.20473
https://doi.org/10.1002/mus.10050
https://doi.org/10.1111/ene.15005
https://doi.org/10.1136/jnnp-2020-324254
https://doi.org/10.1093/brain/awr229
https://doi.org/10.1093/brain/awr229
https://doi.org/10.1113/JP282249
https://doi.org/10.1113/JP282249
https://doi.org/10.1136/bmjno-2021-000164
https://doi.org/10.1002/mus.26621
https://doi.org/10.1016/j.jelekin.2010.11.007
https://doi.org/10.1016/j.jelekin.2010.11.007
https://doi.org/10.1186/1749-7221-7-4
https://doi.org/10.1186/1749-7221-7-4
https://doi.org/10.1136/jnnp-2020-324254
https://doi.org/10.1002/mus.24945
https://doi.org/10.3791/56805
https://doi.org/10.1002/ana.20395


Page 10 of 10Ros et al. BMC Neurology          (2023) 23:164 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 36. Howells J, Trevillion L, Bostock H, Burke D. The voltage dependence of I(h) 
in human myelinated axons. J Physiol. 2012;590(7):1625–40. https:// doi. 
org/ 10. 1113/ jphys iol. 2011. 225573.

 37. Medicine AQACAAoE. Literature review of the usefulness of repetitive 
nerve stimulation and single fiber EMG in the electrodiagnostic evalu‑
ation of patients with suspected myasthenia gravis or Lambert‑Eaton 
myasthenic syndrome. Muscle Nerve. 2001;24(9):1239–47. https:// doi. 
org/ 10. 1002/ mus. 1140.

 38. Oh SJ, Kurokawa K, Claussen GC, Ryan HF Jr. Electrophysiological diag‑
nostic criteria of Lambert‑Eaton myasthenic syndrome. Muscle Nerve. 
2005;32(4):515–20. https:// doi. org/ 10. 1002/ mus. 20389.

 39. Fletcher EV, Simon CM, Pagiazitis JG, Chalif JI, Vukojicic A, Drobac E, et al. 
Reduced sensory synaptic excitation impairs motor neuron function 
via Kv2.1 in spinal muscular atrophy. Nat Neurosci. 2017;20(7):905–16. 
https:// doi. org/ 10. 1038/ nn. 4561.

 40. Gogliotti RG, Quinlan KA, Barlow CB, Heier CR, Heckman CJ, Didonato CJ. 
Motor neuron rescue in spinal muscular atrophy mice demonstrates that 
sensory‑motor defects are a consequence, not a cause, of motor neuron 
dysfunction. J Neurosci. 2012;32(11):3818–29. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 5775‑ 11. 2012.

 41. Rudnik‑Schoneborn S, Goebel HH, Schlote W, Molaian S, Omran H, 
Ketelsen U, et al. Classical infantile spinal muscular atrophy with SMN 
deficiency causes sensory neuronopathy. Neurology. 2003;60(6):983–7. 
https:// doi. org/ 10. 1212/ 01. wnl. 00000 52788. 39340. 45.

 42. Shorrock HK, Gillingwater TH, Groen EJN. Molecular mechanisms 
underlying sensory‑motor circuit dysfunction in SMA. Front Mol Neurosci. 
2019;12:59. https:// doi. org/ 10. 3389/ fnmol. 2019. 00059.

 43. O’Hagen JM, Glanzman AM, McDermott MP, Ryan PA, Flickinger J, Quigley 
J, et al. An expanded version of the Hammersmith functional motor scale 
for SMA II and III patients. Neuromuscul Disord. 2007;17(9–10):693–7. 
https:// doi. org/ 10. 1016/j. nmd. 2007. 05. 009.

 44. Main M, Kairon H, Mercuri E, Muntoni F. The Hammersmith functional 
motor scale for children with spinal muscular atrophy: a scale to test 
ability and monitor progress in children with limited ambulation. Eur J 
Paediatr Neurol. 2003;7(4):155–9. https:// doi. org/ 10. 1016/ s1090‑ 3798(03) 
00060‑6.

 45. Glanzman AM, O’Hagen JM, McDermott MP, Martens WB, Flickinger 
J, Riley S, et al. Validation of the expanded Hammersmith functional 
motor scale in spinal muscular atrophy type II and III. J Child Neurol. 
2011;26(12):1499–507. https:// doi. org/ 10. 1177/ 08830 73811 420294.

 46. Duong T, Pasternak A, Dunaway Young S, Nelson L, Muni Lofra R, Carry 
T, et al. SMA: registries, biomarkers & outcome measures: P188 ATEND: 
development of a wheelchair based motor assessment. Neuromuscul 
Disord. 2020;30:S102. https:// doi. org/ 10. 1016/j. nmd. 2020. 08. 190.

 47. Mazzone ES, Mayhew A, Montes J, Ramsey D, Fanelli L, Young SD, et al. 
Revised upper limb module for spinal muscular atrophy: development of 
a new module. Muscle Nerve. 2017;55(6):869–74. https:// doi. org/ 10. 1002/ 
mus. 25430.

 48. Bartels B, de Groot JF, Habets LE, Wijngaarde CA, Vink W, Stam M, et al. 
Fatigability in spinal muscular atrophy: validity and reliability of endur‑
ance shuttle tests. Orphanet J Rare Dis. 2020;15(1):75. https:// doi. org/ 10. 
1186/ s13023‑ 020‑ 1348‑2.

 49. Pera MC, Coratti G, Mazzone ES, Montes J, Scoto M, De Sanctis R, et al. 
Revised upper limb module for spinal muscular atrophy: 12 month 
changes. Muscle Nerve. 2019;59(4):426–30. https:// doi. org/ 10. 1002/ mus. 
26419.

 50. Chan AW, Tetzlaff JM, Altman DG, Laupacis A, Gotzsche PC, Krleza‑Jeric K, 
et al. SPIRIT 2013 statement: defining standard protocol items for clinical 
trials. Ann Intern Med. 2013;158(3):200–7. https:// doi. org/ 10. 7326/ 0003‑ 
4819‑ 158‑3‑ 20130 2050‑ 00583.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1113/jphysiol.2011.225573
https://doi.org/10.1113/jphysiol.2011.225573
https://doi.org/10.1002/mus.1140
https://doi.org/10.1002/mus.1140
https://doi.org/10.1002/mus.20389
https://doi.org/10.1038/nn.4561
https://doi.org/10.1523/JNEUROSCI.5775-11.2012
https://doi.org/10.1523/JNEUROSCI.5775-11.2012
https://doi.org/10.1212/01.wnl.0000052788.39340.45
https://doi.org/10.3389/fnmol.2019.00059
https://doi.org/10.1016/j.nmd.2007.05.009
https://doi.org/10.1016/s1090-3798(03)00060-6
https://doi.org/10.1016/s1090-3798(03)00060-6
https://doi.org/10.1177/0883073811420294
https://doi.org/10.1016/j.nmd.2020.08.190
https://doi.org/10.1002/mus.25430
https://doi.org/10.1002/mus.25430
https://doi.org/10.1186/s13023-020-1348-2
https://doi.org/10.1186/s13023-020-1348-2
https://doi.org/10.1002/mus.26419
https://doi.org/10.1002/mus.26419
https://doi.org/10.7326/0003-4819-158-3-201302050-00583
https://doi.org/10.7326/0003-4819-158-3-201302050-00583

	Longitudinal prospective cohort study to assess peripheral motor function with extensive electrophysiological techniques in patients with Spinal Muscular Atrophy (SMA): the SMA Motor Map protocol
	Abstract 
	Background 
	Methods 
	Discussion 
	Trial registration 

	Background
	Methods
	Study setting and design
	Participants
	Recruitment
	Eligibility criteria
	Sample size calculation

	Data collection
	Outcomes
	Clinical assessments
	Adverse events

	Statistical analysis
	Data managment
	Ethics, dissemination and safety monitoring

	Discussion
	Acknowledgements
	References


