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Abstract

Introduction Individuals with spinal cord injury (SCI) can experience accelerated cognitive aging. Myokines (fac-
tors released from muscle cells during contractions), such as brain-derived neurotrophic factor (BDNF), are thought
to have beneficial effects on cognition. Neuromuscular electrical stimulation (NMES) was shown to elicit a large
release of myokines. However, the effects of NMES on cognitive function have not been studied.

Objective To present the study protocol for a clinical trial evaluating the effects of NMES aimed at improving cogni-
tion and BDNF.

Methods A replicated randomized three-phases single-case experimental design (SCED) with sequential mul-
tiple baseline time series and a single-armed prospective trial will be conducted with 15 adults with chronic SCl
(>12 months after injury) above L1 neurological level undergoing 30-min quadriceps NMES, 3 days per week
for 12 weeks.

Main study endpoints Primary endpoint is cognitive performance (assessed by a smartphone test) conducted three
times per week during the baseline phase with random duration of 3 to 8 weeks, the intervention phase of 12 weeks,
and the follow-up phase of 3 weeks after a no measurement rest period of 12 weeks. Secondary endpoints are
changes in BDNF levels and cognitive performance measured before the baseline period, before and after interven-
tion and after a 12 weeks follow-up.

Conclusion This will be the first study investigating the effects of 12 weeks NMES on both cognition and BDNF levels
in individuals with SCI. The SCED results provide information on individual treatment effect courses which may direct
future research.

Trial registration ClinicalTrials.gov (NCT05822297,12/01/2023).

Keywords Spinal cord injury, Myokine, Neuromuscular electrical stimulation, Cognition, Neuroplasticity, Brain-derived
neurotrophic factor, Single case experimental design, Chronic rehabilitation care
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Introduction

Cognitive problems in persons with spinal cord injury
(SCI) have long been underrecognized and were usually
explained by concomitant traumatic brain injury (TBI).
However, since less than five years, it has been noted that
individuals with SCI suffer from accelerated cognitive
aging, even when correcting for mood factors and in the
absence of TBI [1-4]. Individuals with SCI face a 13-fold
increase in the risk of cognitive impairment compared
to the general population [5] and they are twice as likely
to develop Alzheimer’s dementia [6—8]. The cognitive
domains most affected following SCI are executive func-
tions, long-term memory, short-term memory, atten-
tion [2], processing speed and verbal fluency [1] when
controlling for mood factors. This cognitive impairment
begins in the subacute phase and seems to worsen over
time [9]. It was found that individuals with SCI have cog-
nitive impairments and brain activation patterns that
are similar to healthy adults that are on average 20 years
older [1, 10]. A proposed mechanism for this cognitive
decline is neuroinflammation [4, 11]. Neuroinflamma-
tion plays a role in normal age-related cognitive decline
[12-14] and following spinal injury, chronic elevation of
neuroinflammation is found in the whole central nervous
system [15-17].

Physical exercise interventions have been shown to
have anti-inflammatory effects, induce an elevation of
neurotrophic factors in the bloodstream, potentiate neu-
roplastic processes in the brain, increase brain volume
and benefit cognitive function [18-21]. The anti-inflam-
matory effect and increase in neurotrophic factors dur-
ing exercise results in part from the release of products
from contracting muscle cells (i.e. myokines) [20]. This
release of myokines has been reported following all sorts
of muscle training, including electrical stimulation [20,
22]. It is often difficult for persons with SCI to sufficiently
engage in physical exercise, with only 50% of SCI patients
engaging in any leisure-time physical activity at all [23].
This difficulty may depend on the level of injury and the
severity of motor function loss, as well as the availabil-
ity of sport opportunities for wheelchair users. Electrical
stimulation has been proposed as an interesting addition
or alternative for increasing circulating myokine levels
in humans with difficulty to participate in regular exer-
cise programs [22]. Electrical stimulation can be used
alone, i.e. neuromuscular electrical stimulation (NMES),
or to assist voluntary exercise, i.e. functional electrical
stimulation (FES). NMES induces contraction of myo-
cytes similarly to exercise, which results in the release of
myokines in the circulation, as recently reviewed by San-
chis-Gomar et al. (2019) [22]. A widely studied myokine
is brain-derived-neurotrophic factor (BDNF), which is
released from neurons [24], astrocytes [25], platelets
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[26], and skeletal muscle [27] and can trigger neuropro-
tective and neurotrophic effects [28]. Some studies sug-
gest that most of the circulating BDNF is released from
the brain [29]. Some other myokines, like insulin-like
growth factor-1 and irisin were suggested to induce the
release of brain-derived BDNF [20]. Remarkably, one
study in young healthy adults reported that circulating
levels of the myokine named BDNF increased more fol-
lowing a single bout of NMES than voluntary exercise
with the same integrated force of muscle contraction
[30]. Similarly, in a rat study, assessing able-bodied rats,
the increase in BDNF levels was two times higher after
four weeks of NMES compared to four weeks of running
[31]. Also in human studies, long-term interventions
with NMES were reported to increase circulating levels
of BDNF, for example in older adults with type 2 diabetes
[32]. BDNF can be considered one of the most important
exercise-induced factors as it has direct beneficial effects
on synaptic plasticity and neurogenesis, and it was linked
with brain atrophy and cognitive function in a wide array
of research [33]. So far, however, we were unable to find
any studies reporting a beneficial effect of NMES on cog-
nitive function. To the best of our knowledge, only one
other study has evaluated the effects of FES [34] and only
one study evaluated the effects of NMES [35] on cognitive
function. The FES study is also the only study investigat-
ing exercise effects on cognition in SCI patients. In this
study, improvements on a working memory task were
reported after 6 months of functional electrical stimula-
tion (FES)-assisted rowing exercise in SCI patients. This
study did not measure myokine levels [34]. The authors
of the NMES study evaluated the effect of a short inter-
vention of 15 days of NMES in coronary bypass patients
and discovered that patients in the experimental group
showed increases in functional connectivity in the brain
frontoparietal, salience and sensorimotor networks [35].
Overall, there is a lack of knowledge on the effects of
electrical stimulation to improve cognitive function and
the dose—response needed to attain such effect.

We will use a randomized replicated ABC single case
experimental design (SCED) [36]. Primarily, we will
examine to what extent and after how many weeks a
12 week intervention with NMES may change perfor-
mance of people with SCI on the momentary digital sym-
bol substitution task, an information processing task that
will repeatedly be administered via a smartphone appli-
cation. NMES will be applied to the quadriceps muscles
of individuals with SCI. An intervention of 12 weeks is
considered to be sufficient to induce both a myokine
response and muscular changes. Secondarily, we will
assess changes in the myokine BDNF before and after
the 12 week intervention with NMES and after a 12 week
follow-up without NMES. We hypothesize that NMES
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will have a beneficial effect on cognitive performance
starting from the first weeks and that 12 weeks of NMES
will induce an elevation of BDNF levels. This study tests
a new treatment strategy, accessible even to individuals
with low physical exercise possibilities, with the potential
to slow down or prevent further cognitive decline in per-
sons with SCI. The explorative findings may guide future
research. Furthermore, it may help to raise awareness of
the process of accelerated cognitive decline in persons
with SCL

Methods

The Standard Protocol Items: Recommendations for
Interventional Trials (SPIRIT) guidelines (see Appendix)
and RoBiNT scale for risk of bias in SCED studies were
used in designing and describing this clinical trial [37,
38].

The trial was registered with ClinicalTrials.gov
(NCT05822297) on the 12th of January 2023, sponsored
by Adelante Zorggroep and approved by the Medical Eth-
ical Testing Committee (reference number W23.071) of
Maxima Medical Center at Veldhoven, the Netherlands
on the 9th of October 2023. In case of important protocol
modifications, they will be notified to the Medical Ethical
Testing Committee and updated in the trial registry.

Participants

Participants and recruitment: Participants will be
recruited from the outpatient clinic of the rehabilitation
center Adelante Centre of Expertise in Rehabilitation and
Audiology, locations Hoensbroek and Maastricht Uni-
versity Medical Center (MUMC+)., the Netherlands.
The rehabilitation physician will inform potential partici-
pants about the study and flyers with information will be
handed over. The flyers will include the contact details
of one of the researchers. Alternatively, participants can
give permission to the physicians that their contact infor-
mation can be sent to the researchers.

Inclusion criteria: Participants are eligible if they are
18 years or older, have SCI since at least one year (chronic
phase), the injury level is L2 or higher (meaning that the
quadriceps muscle is likely affected to some extent, since
this muscle is innervated by radicular nerves L3-L4),
completeness of injury has been scored according to
the American Spinal Injury Association (ASIA) Impair-
ment Scale (AIS) [39] as either A, B or C, if they are able
to use apps on their smartphones, if they are able to use
NMES device safely at home, and if they speak Dutch at
a native level. We will exclude participants if we cannot
induce visible or palpable contractions of the quadriceps
muscles with NMES or if they cannot tolerate the NMES
intervention. We will exclude participants with a diagno-
sis of cancer, neurodegenerative or psychiatric disorders,
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current pressure ulcers, a history of severe autonomic
dysreflexia (systolic blood pressure elevations above
200 mmHg), have metal implants in the stimulation site,
an intrathecal baclofen pump, or are currently pregnant.
Finally, we exclude participants who have taken part in a
program with electrical stimulation in the last 6 months
prior to the study.

Study design and procedures

Study design

This study will apply a randomized replicated sequen-
tial ABC single-case experimental design (SCED), with
a baseline (A), intervention (B) and follow-up (C) phase
[36, 40]. SCED study designs demonstrate strong internal
validity to determine the likelihood of a causal relation-
ship between the intervention and outcomes. One entity
is observed repeatedly over a certain time period under
different levels of at least one independent variable. The
power in SCEDs is related to the number of data points
for each participant and not the number of participants.
Each participant serves as his/her own comparison, thus
controlling for confounding variables that can impact
outcome and allowing heterogeneous clinical presenta-
tions. The internal validity of the SCED results can be
improved by randomization techniques such as randomi-
zation of the starting time of the intervention. The down-
side is that the generalizability of the study results to the
total population still depends on the number of partici-
pants included (i.e. replication of the findings) [40, 41].
The SCED lend itself perfectly to reflect on the reasons
for the (likely) variability in the onset of NMES-induced
effects on cognitive performance, looking at individual
participant’s intervention courses. Thus, allowing to
reflect on the existence of different potentially moderat-
ing characteristics. Several potential moderators have
been suggested previously [4] and will be measured
within this study. These include concomitant traumatic
brain injury, psychological alterations, chronic pain,
hemodynamic dysregulation, level of injury, respiratory
failure, substance (ab)use, educational level, cardiovascu-
lar diseases, and intensive care admission [4]. In addition,
a SCED design allows us to interpret after how many
weeks the NMES leads to changes in performance on the
momentary digital symbol substitution task. The afore-
mentioned advantages of SCED studies indicate how this
design offers additional information that is well fitted for
an explorative study in a new topic.

In the context of SCED studies, randomization does
not refer to individuals being randomly allocated to treat-
ment groups, but to the random onset of the intervention
phase which is usually set within a fixed window of time
in order to make this randomization more feasible [38].
In this study, a window of 9 to 24 measurement points
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Fig. 1 Experimental design.T1-5 represent measurement time points. During T2-5 the same measurements are repeated, expect the addition

of clinical examination in time point T4. The red line is the expected change in cognitive test performance on the smartphone-based cognitive
test without intervention, which we expect to show a fast increase in the first + 3 sessions followed by a slight increase over time due to a learning
effect. The X's mark how cognitive test results are hypothesized to change due to the intervention

(i.e. 3 to 8 weeks at the set frequency of three test assess-
ments per week) will be employed in which the change
of phase from baseline to intervention phase will be ran-
domly determined. This determination will be done with
a random number generator in Excel set to give a random
number between 9 and 24. There will be a baseline phase
ranging from 3 to 8 weeks, followed by an intervention
phase of 12 weeks and a final follow-up phase of 3 weeks
after a 12 week rest period with no measurements and
no interventions. As we will exclude the first 4 measure-
ments in the baseline phase from analysis, see Sect. "Sta-
tistical analysis", this leaves us at least 5 measurement
points in this phase, 36 measurement points in the inter-
vention phase and 9 measurement points in the follow-
up phase. Neither participants nor researchers will be
blinded to the phase of the intervention. Replication of
the experiment will be done in 15 participants.

Finally, additional measurements will be done in a
repeated manner according to a single-armed prospec-
tive design before baseline phase, at the end of the base-
line phase, at the end of the intervention phase and at the
start of the follow-up phase.

Study procedures

The experimental design is illustrated in Fig. 1. Upon the
first appointment (T1), participants will sign an informed
consent and undergo baseline examinations consist-
ing of questionnaires and clinical tests. A smartphone
application for repeated monitoring of cognitive func-
tion will be installed on their smartphones and they will

be familiarized with the cognitive tests and neuromus-
cular electrical stimulation intervention. On a separate
day (T2), within seven days from the first appointment,
they will undergo a series of cognitive tests and venous
blood samples will be collected. Furthermore, they will
fill in a second list of questionnaires and undergo a clini-
cal evaluation of strength and spasticity. This will be fol-
lowed by a no-treatment baseline period with a random
length of 3-8 weeks. Upon the third (T3), fourth (T4)
and fifth (T5) visit, the oral cognitive tests, venous blood
sample collection and questionnaires from T2 will be
repeated. During the third visit (T3) the participants will
receive their own NMES device for home-based training
and they will be asked to return it 12 weeks later on the
fourth visit (T4). All participants will undergo the same
intervention. During the fourth visit (T4) the clinical
evaluation of strength and spasticity that was done at T2
will be repeated. Between T2 and T4 and between T5 and
T6 participants will undergo smartphone cognitive tests
3 times per week. At the end of the study, no additional
tests will be done. Participants will be requested to write
in a diary the specifications of the NMES session (dura-
tion, intensity) after each session and indicate when they
performed a cognitive test. They can also write down any
problems they encountered using the NMES device or
smartphone application. Participants receive a telephone
call once a week by one of the researchers to assess how
they feel, be reminded of the diary and to assure there
are no technical issues with the NMES device or smart-
phone application. Participants are allowed to withdraw
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Fig. 2 Placement of the electrodes on the quadriceps muscles

from the study at any time. Available data from these par-
ticipants will be included in the data analyses whenever
possible.

Intervention

The intervention consists of 12 weeks NMES which will
be done using the Pierensymphony M, serie A, article
number 104800 (10,003,566) (manufactured by Pieren-
kemper GmbH and distributed by schwa-medico Ned-
erland B.V.), a two-channel NMES device designed,
and CE marked for muscular electrical stimulation (CE
0482). After a familiarization session, the intervention
will be home-based, three times a week, with at least
1 day between stimulation sessions and 2 days between

a stimulation session and testing day. Electrical stimula-
tion will be done on the quadriceps muscles of both legs
simultaneously. For each leg, one electrode is placed on
the proximal lateral side and one on the distal medial side
of the quadriceps muscle (see Fig. 2). Electrical stimula-
tion will take 30 min, at a stimulation frequency of 50 Hz,
and a pulse width of 400 ps. We will choose the high-
est intensity that is easily supported by the participant
without inducing discomfort with a maximum intensity
of 100 mA. We should at least see a visible or palpa-
ble contraction or the participant will be excluded. The
activation within the activation-rest cycle consists of a
1 s ramp-up, 7 s full activation and 1 s ramp-down, fol-
lowed by 18 s rest. Every 4 weeks the rest period will be
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diminished with 3 s until the rest phase is equal to the
activation phase (9 s). Participants may continue their
normal treatments, which may consist of physiotherapy.
However, they will be asked not to change their physical
activity habits during the experiment.

Cognitive assessments

Smartphone-based cognitive assessment

To study the primary aim of our study, participants will
undergo a cognitive test for 3 times a week during the
baseline, intervention and follow-up phase of the experi-
ment. This repetitive cognitive test will be administered
using a secured smartphone application, which was
designed for use in clinical settings and research (m-Path,
https://m-path.io/landing/). It will be programmed to
emit an auditory signal three times a week signaling the
availability of a new cognitive test between 7.30 AM and
10.30 PM on the days that participants do not undergo
NMES sessions. The test is the momentary digital sym-
bol substitution task, which is a measure of processing
speed and short-term working memory function. For
this test, participants have 30 s time to complete as many
trials as possible where they need to correctly select the
figure representing the number given as depicted in the
legend provided on the top of the screen. The outcome
is presented as response time derived from the number
of trials/30 s (speed, in ms) and the percentage of cor-
rect trials (accuracy). Before the test starts, participants
will be informed that they should be ready to respond as
fast and accurate as possible. Daniéls et al. (2020) have
validated this test for repeated use in healthy adults.
They reported a significant learning effect for number of
correct answers in 30 s between the first and 48th trial
(B=0.32, SE=0.04, p<0.001; with number of correct
answers as the dependent variable and the logarithmic
transformation of the session number (between 1 and 48)
as the independent variable) [42].

Oral cognitive test battery

At four time points, participants will undergo an oral
cognitive test battery consisting of seven tests that were
validated for repeated use in people with SCI, even with
impaired hand function [43]. The Dutch version of these
tests will be used, whenever the test depends on lan-
guage. The tests have a good-to-excellent test—retest reli-
ability, except the RAVTL recognition score which has
been shown to have a poor test—retest reliability [43]. This
test was still used as the interference recall and delayed
recall scores of this test have a good test—retest reliabil-
ity in people with SCI [43]. To further decrease learning
effects of repeated administration of the cognitive tests,
different versions will be used on different visits if avail-
able. The test versions will be numbered and on their first
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visit participants will be asked to draw a random number
from an envelope including a number for every existing
version of the cognitive test, until the envelope is empty.
This is repeated for every cognitive test. The sequence
will be reported for the next visits. The cognitive tests are
presented in Table 1.

Blood analysis

Venous blood samples will be taken at the antecubital
vein. Blood samples will be collected in two 5 mL serum
separator tubes. After blood collection, the tubes will
be gently inverted 6—8 times and within 90 min be cen-
trifuged. Quantitative determination of serum BDNF
will be measured using enzyme-linked immunosorb-
ent assays (ELISA). Blood will be drawn four times (T2-
5) per participant during the whole study project. To
decrease errors due to ELISA kit differences, we will store
the blood samples in a refrigerator compartment at the
Maastricht University laboratory site at -80 °C until anal-
ysis, using the same kit for all blood measurements of the
same participant at the end of the project.

Demographic and clinical assessments
At baseline, we will collect information on participant’s
age, gender, smoking status, years of education, cause
of the SCI, date of the SCI, drug/alcohol use, body mass
index (BMI), medical history such as diabetes mellitus or
hemodynamic regulation problems (hypertension, hypo-
tension, autonomic dysreflexia) or respiratory problems
(nocturnal apnea or use of a device for sleep apnea, signs
of restricted or obstructive lung disease on spirometry
test) or history of intensive care admission, medication
use, history of TBI, and infections or wounds in the past
3 weeks. Some clinical tests will also be conducted upon
baseline, while others are also measured at follow-up
since we expect they may change due to our intervention.
The latter are therefore seen as secondary outcomes and
may be evaluated in a separate study.

The following clinical tests will be conducted:

At measurement timepoint 1

— SCI classification: Functional impairment in terms
of sensation and strength of key muscles will be
assessed using the AIS classification [39]. It is a struc-
tured clinical assessment of the level and complete-
ness of the spinal cord injury. Intra- and interob-
server correlation coefficients are generally around
0.9 [44].

— Lung spirometry: A portable spirometer (Vitalograph
In2itive) will be used to assess forced expiratory
volume in one second (FEV1), forced vital capacity
(FVC) and peak cough flow (PCF) (L/s).
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Table 1 Oral cognitive assesments

Cognitive test Description

Information processing speed

SDMT This test is similar to the m-Path smartphone test. However, now, the participant is asked to verbally match the num-
ber representing the symbol given as depicted in the legend provided on the top of the page. The researcher writes
down the answers on a separate page. The first 10 trials are used for familiarization, then the participant is given 90 s
to verbally match as many numbers to symbols as possible. The final score is obtained by subtracting the number
of errors from the number of items completed within the given timeframe [34]. To minimize learning effects, three
different versions of this test will be used

Verbal fluency

COWAT For this test participants are asked three times to name as many words starting with a specific letter in one minute
time. Words cannot be named more than once and non-existing words are not counted. In addition, names of per-
sons and numbers are also not allowed. There are three versions of this test (DAT, KOM, PGR) in the Dutch language.
The total score is the sum of the number of words named for each of the three letters [34, 35]

Attention/concentration

Digit Span Forward Participants will be given a series of numbers, starting with 2 numbers and progressing to 9 numbers, read
by an assessor. Participants will be asked to repeat the numbers in the same order. They get two trials before pro-
gressing to a larger series of numbers. When both series are answered incorrectly, the test is ended. The total score
is the number of correctly answered series [34]. There are two versions of this test available at our institution

Executive functions

Digit Span Backward This version of the digit span adds a working memory component to the test when compared to the forward digit
span. Participants will be given a series of numbers, starting with 2 numbers and progressing to 9 numbers, read
by an assessor. Participants will be asked to repeat the numbers backwards. They get two trials before progressing
to a larger series of numbers. When both series are answered incorrectly, the test is ended. The total score is the num-
ber of correctly answered series [34]. There are two versions of this test available at our institution

TMTA&B This test assesses switching ability. This test encompasses two parts. In trial A, the participant verbally count from 1
to 25 as quickly as possible. In trial B, the participant will be instructed to verbally alternate between numbers and let-
ters of the alphabet until 13. The time difference between trial A and B will be recorded. This test lasts approximately
3 min [34, 36]

Stroop test This test assesses cognitive inhibition, but also attention and processing speed. This test consists of three lists
that the participant must read out loud; the first list has the names of colors printed in black ink, the second list
with the colors printed in colored ink, and the final list having the name of colors printed in incongruent colored ink
(e.g., the word red is printed in blue ink). The time to complete second list, third list, as well as the time difference
between these latter two lists will be recorded. The test takes approximately 5 min. There is one version of this test
available [34, 37]

Memory

15 word test (RAVLT) The 15 word test is the RAVLT. This test consists of a list of 15 words that is read to the participant by an assessor. After
reading, the participant must try to recall as many words as they can. This read and recall process is repeated an addi-
tional four times. A distractor list (second list) is presented with a recall attempt, followed by a timed recall of the first
list. The timed recall measures the participant’s ability to recall information despite the intervening list. After 10 min,
the participant performs another timed recall of the first list of words. Afterwards the participant is given a recogni-
tion task where they identify the 15 words from the initial list from a paragraph containing 30 underlined words. This
final trial distinguishes memory storage from inefficient recall [34]. There are two versions of this test available at our
institution

Abbreviations: COWAT controlled word association test, RAVLT Rey Auditory Verbal Learning Test, SDMT Symbol Digit Modalities Test, TMT Trail Making Test

— Heart rate and blood pressure measurement using an extensors, hip adductors, knee flexors, knee exten-
automated device will be measured at the left or right sors, ankle plantar flexors (both with extended and
arm in seated position. with a 90° flexed knee) will be assessed in supine

position. A sum of the scores will be used as the out-

At measurement timepoint 1 and 4 come measure, ranging from 0 to 32.

— Electrically-evoked muscle strength: The Micro-

— Spasticity level: The Perceived Resistance to Pas- FET2 (Hoggan Scientific, LLC) muscle strength
sive Movement (PRPM) test is recommended by the testing system is an handheld dynamometer, which
Dutch guidelines for measuring spinal spasticity [45]. will be used to measure electrical stimulation-
The scale ranges from (0) ‘no increased resistance’ to evoked quadriceps force. The electrical stimula-
(4) ‘movement of the limb impossible. Resistance of tion protocol will be equal to that used during the

elbow flexors, elbow extensors, wrist flexors, wrist 12 week intervention. The dynamometer will be
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affixed to a band, which in turn will be secured
around the wheelchair and the distal part of the
participant’s lower leg. The MicroFET2 dynamom-
eter demonstrates a high intra-rater reliability for
knee extension, with an interclass correlation coef-
ficient (ICC) of 0.93, a standard error of measure-
ment (SEM) of 17.2N and a minimal detectable
change of 47.5N [46].

The following questionnaires will be used:
At measurement timepoint 1

— Brief Physical Activity Assessment Tool: This tool is
a two question physical assessment. It has a validity
similar to that of more detailed self-report measures
of physical activity. It can be used efficiently in rou-
tine primary healthcare services to identify insuffi-
ciently active patients who may need physical activity
advice [47].

— TBI-4 questionnaire: This questionnaire is specifi-
cally designed as a self-report tool to determine the
likelihood of TBI in traumatic SCI patients utiliz-
ing just two questions. The outcome is presented as
improbable TBI, possible TBI, mild TBI, moderate
TBI or severe TBI. At the cut-off “possible TBI” this
tool had a sensitivity of 83% and a specificity of 51%
to detect mild TBI based on medical reports, indicat-
ing this questionnaire can be used as a guide in the
unavailability of medical reports, but should be inter-
preted with care [48].

At measurement timepoints 2 till 5

— Cognitive Failures Index: This test can reliably evalu-
ate how participants experience their own cognitive
function. It consists of 25 questions, each scored on a
5-point scale ranging from never (0) to very often (5)
[49].

— McGill Pain Questionnaire: Participants will be given
a figure of a person, where they can color the zone
of pain. They will be asked to describe the pain and
score it on a 10 point visual analogue scale (VAS) and
will receive some questions related to the impact of
pain on their daily life [50].

— Hospital Anxiety and Depression Scale (HADS): this
scale is a widely used and reliable screening instru-
ment to assess the severity of anxiety and depression
[51]. A subtest score of more than 8 on 21 denotes
considerable symptoms of anxiety or depression.

— Fatigue Severity Scale: This questionnaire encom-
passes nine questions and has previously been used
to recognize and diagnose fatigue in patients with
neurological disorders [52].
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— Pittsburgh Sleep Quality Index: This index consists
of 19 questions concerning seven domains related to
sleep quality in the preceding month. Every domain
receives a score of 0—3, with a total score of 0-21. A
score of more than 5 indicates a poor sleep quality
[53].

— Utrecht Scale for Evaluation of Rehabilitation — Par-
ticipation (USER-P): This test is widely used to assess
participation in daily life activities in rehabilitation
contexts. It contains 32 questions related to the fre-
quency of participation, participation restrictions
and satisfaction with participation, with a total score
of 0-100 for each of these three domains. A higher
score indicates a better participation [54].

The baseline measurements of potential moderators
of the effect of our intervention on cognitive and blood
outcomes and risk factors for cognitive impairments
according to a previous review paper will be entered in
the statistical analysis [4]. The risk factors for cognitive
impairments will be entered as a combined risk score
with a maximum score of 10, indicating the highest risk.
Participants receive a score between zero and one for
each of the following: 1 point if self-reported history of
TBI or mild to severe concomitant TBI according to TBI4
questionnaire [48], 0.5 points for a score of>8/21 for
anxiety and 0.5 points for a score of >8/21 for depression
on the HADS scale [51], 1 point for chronic pain indi-
cated on the McGill pain questionnaire to exist longer
than 3 months and is scored at its minimum a VAS score
of 3 [50], 0.5 points for a history of autonomic dysreflexia
and 0.5 points for a blood pressure below 90/60 upon
measurement, 1 point for tetraplegic participants com-
pared to 0O points for paraplegic participants, 0.33 points
for self-reported sleep apnea, 0.33 points for a FVC value
below 0.85% of the predicted value, and 0.33 points for
a PCF below 4.5L/s, 0.25 points for regular alcohol use
(more than once per week), 0.25 points for drug abuse,
0.25 points for polypharmacy (more than 7 prescribed
drugs), 0.25 points for any medication acting on the cen-
tral nervous system, 1 point for participants who finished
only basic education, 0.5 points for participants who fin-
ished only secondary education, 0.5 points for diabetes
mellitus, 0.5 points for a BMI equal to or above 25 kg/m?
[55], 1 point for previous intensive care admission.

Statistical analysis

Single-case data

For our primary aim, the smartphone cognitive assess-
ment, statistical analysis will be performed using the
Shiny app for Single-Case Data Analysis (Shiny SCDA)
[56]. A total of 54—69 measurements per participant will
be attained.
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Visual analysis  First, measurement points will be plot-
ted and visually inspected per participant. Six features
will be visually examined according to the guidelines of
Lane and Gast (2014): cognitive performance in the dif-
ferent phases, variability in cognitive performance both
within and between phases, trends in the data, imme-
diacy of effect, overlap of data points between phases,
and consistency of data patterns across participants [57].
Instead of inspecting only immediate effects, also the
existence of a potential delay of the effect and consistency
of this delay between participants will be explored [58].

Effect size measures Finally, effect size measures will be
calculated for each participant. This will be done by cal-
culating the percentage of non-overlapping pairs between
phases [59]. The NAP (Nonoverlap of All Pairs) value
equals the number of comparison pairs showing no over-
lap, divided by the total number of comparisons, and can
be considered an area under the curve percentage from a
receiver operating characteristic analysis [60].

Randomization test Subsequently, randomization tests
will be performed to test the null hypothesis that NMES
does not have an effect on participant’s cognitive func-
tion. The observations of the baseline phase will be com-
pared to those of the intervention and follow-up phases
respectively. The test statistic “means of phase A minus
means of phase B” will be chosen as the primary outcome
of this study. In case visual analysis suggests delayed
effects, the randomization test will be repeated with
lagged data until the lowest p-value has been reached
(one effect lag equals one day). The first 4 measurements
in the baseline phase will be removed before calculat-
ing the means, since we expect a learning effect on the
first trials, leaving between 5 and 20 measurement points
depending on the randomly decided length of the base-
line period. Studies that tested the statistical properties of
a randomization test used in this type of design showed
that the Type I error probability of the randomization
test was maintained at an acceptable level [61].

Missing data Missing values from the repeated smart-
phone-based cognitive test will be treated with the ran-
domized marker method [62]. In this method, the miss-
ing value is removed from calculation of the mean in
the randomization test. In addition, the position of the
missing value will be randomly reshuffled within possi-
ble randomization schemes of the study protocol. In this
study, this means that a missing value in the baseline or
beginning of the intervention phase may be reshuffled to
be part of the other phase if this falls within the possi-
bilities (i.e. if it falls within the first 4 to 8 weeks of the
study). This method was found to be more effective at
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controlling type I error and resulted in higher power than
multiple imputation and single imputation using a time
series model in a SCED simulation study [63].

Secondary data

For the secondary study parameters (i.e. BDNF levels and
results of the oral cognitive test battery) which are meas-
ured within a single-armed prospective design, statistical
analysis will be done using IBM SPSS Statistics 27.

Secondary statistics Before analysis, the data will be
checked for outliers, defined as values lying further than
three times the interquartile range away from the median
value. The normality assumption will be checked based
on visual representations of the data using histograms
and measurements of skewness and kurtosis (normal-
ity assumed if the data values lie between -2 and+2)
[64]. Homoskedasticity will be tested using the Levene’s
test. Descriptive statistics will be used. Furthermore, the
Friedman test will be used for analysis of repeated meas-
urements. The False Discovery Rate (FDR) method will
be applied to correct for the multiple testing problem.
In the FDR method, every p-value is compared against a
sequentially weighted threshold on all p-values [65].

Missing data Missing pre-post values will not be
replaced by specific values, but be excluded from statisti-
cal analysis.

Sample size calculation

Single-case data

The sample size needed for the abovementioned statisti-
cal analyses is different for the SCED and single-armed
prospective study design. For the SCED design, the mini-
mum sample size is n=1. Instead, the power of the analy-
sis depends on the number of observations [40, 41]. For
randomization tests the lowest attainable p-value is cal-
culated by dividing 1 by the number of possible permuta-
tions. In this study, the baseline phase, after removing the
first four values because of a learning effect, can contain
5 to 24 measurement points, allowing 20 possible permu-
tations. This corresponds with a lowest attainable p-value
of 0.05 [56]. Of note, successful replication of the single-
case experiment in additional participants with similar
symptoms will improve the generalizability of the results
[40, 41].

Secondary data

For the single-armed prospective study design we have
estimated the sample size needed in order to have suf-
ficient power (Power=0.80) for evaluating a Time
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effect (over 4 time points) of cognitive test performance
changes with repeated measures ANOVA. We found no
previous studies examining the effect of any muscle activ-
ity intervention in spinal cord injury subjects. Therefore,
the required effect size was estimated to be similar to that
from a meta-analysis examining the effect of resistance
exercise interventions on general cognitive function in
healthy adults [66]. The overall effect size (Cohen’s d) was
0.71 (0.30-1.12) for resistance exercise. The correlation
among repeated measures for this cognitive test battery
that was found to be >0.77 in a previous SCI study [43].
G*Power 3.1.9.7 estimated that the minimum total sam-
ple size should be 7. Taking into account potential drop-
outs and the uncertainty of the effect, we decided to aim
for a total sample of 15 included participants.

Data management

All the participant data will be coded and pseudomized
to protect their privacy. The repeated cognitive test will
be administered using a secured smartphone application
(see www.m-path.io/landing), which was designed for use
in clinical settings and research and is General Data Pro-
tection Regulation (GDPR) compliant. Participants will
register to m-Path with their study code instead of their
personal name. With a password, one of the researchers
can access a dashboard where data from all included par-
ticipants will be visible. Other test results including par-
ticipant identification details will be stored at Adelante
Hoensbroek in a locked cabinet with restricted access. The
key will be kept in another locked cabinet. The test results
with participant identification will only be accessed again
after coding and de-identifying the data in order to hand
them over to participants requesting their test results.
The data will be stored for 15 years. Blood samples will be
destroyed after analysis, which is expected to take place
within one year after blood collection. We intend to make
pseudomized data from our study available according to
the FAIR principle, such that it is Findable, Accessible,
Interoperable and Reusable. Both negative and positive
results will be made public. Our results will be presented
on the Dutch national rehabilitation medicine congress
and international rehabilitation/neuroscience congresses
so that rehabilitation professionals are more aware of the
benefit of muscle training or maintaining a healthy body
overall on the brain and cognitive function, and so that
neuroscientists will understand the relevance of neuro-
muscular electrical stimulation as one of the muscle train-
ing strategies to investigate the exercise-cognition link.
The results will be conveyed locally to spinal cord injury
subjects in our rehabilitation center in Hoensbroek and
in the Maastricht University Medical Center (MUMC +).
We will inform other national spinal cord injury clinics of
the results and we will discuss the findings in the national
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work group of the Dutch rehabilitation society for move-
ment and sport. Finally, the results will be submitted to a
peer-reviewed journal.

Risks and harms

The use of electrical stimulation is generally safe. It has
even been used unsupervised in spinal cord injury sub-
jects during sleep [67]. However some adverse events
or inconveniences that have been reported previously
in literature are a red, raised or itchy skin; muscle pain;
increased neuropathic pain; uncomfortable feeling;
orthostatic hypotension (dizziness, light-headedness,
blurred vision, palpitation or shortness of breath); in
some cases pain from a spasm may occur. The adverse
events reported are temporary added risks that disap-
pear once the stimulus/stimulation has stopped [68]. In
case the subject feels uncomfortable during electrical
stimulation, they will be informed that the stimulation
can be interrupted. Participants with a lesion level above
T6 may experience autonomic dysreflexia in response to
the electrical stimulation. Whenever this occurs, stop-
ping the electrical stimulation should solve the problem.
Participants with lesion levels above T6 will be explained
how they can recognize signs of autonomic dysreflexia.
Whenever autonomic dysreflexia has occurred during the
NMES training period participants are asked to contact
the medical professional who’s telephone number is pro-
vided to them at the beginning of the project and in the
participant information. The sponsor has a liability insur-
ance which covers for damage to research participants.
All adverse events reported spontaneously by a partici-
pant or observed by the investigator will be recorded.
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