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Abstract

After corticospinal tract damage, reticulospinal connections to motoneurons strengthen preferentially to flexor
muscles. This could contribute to the disproportionately poor recovery of extensors often seen after spinal
cord injury (SCI) and stroke. In this study, we paired electrical stimulation over the triceps muscle with auditory
clicks, using a wearable device to deliver stimuli over a prolonged period of time. Healthy human volunteers
wore the stimulation device for ;6 h and a variety of electrophysiological assessments were used to measure
changes in triceps motor output. In contrast to previous results in the biceps muscle, paired stimulation: (1)
did not increase the StartReact effect; (2) did not decrease the suppression of responses to transcranial mag-
netic brain stimulation (TMS) following a loud sound; (3) did not enhance muscle responses elicited by a TMS
coil oriented to induce anterior-posterior current. In a second study, chronic cervical SCI survivors wore the
stimulation device for ;4 h every day for fourweeks; this was compared with a four-week period without
wearing the device. Functional and electrophysiological assessments were repeated at week 0, week 4, and
week 8. No significant changes were observed in electrophysiological assessments after paired stimulation.
Functional measurements such as maximal force and variability and speed of trajectories made during a pla-
nar reaching task also remained unchanged. Our results suggest that the triceps muscle shows less potential
for plasticity than biceps; pairing clicks with muscle stimulation does not seem beneficial in enhancing triceps
recovery after SCI.
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Significance Statement

A wearable device which pairs auditory clicks with electrical stimulation over a muscle was previously
shown to strengthen putative reticulospinal connections to the biceps brachii muscle. Here, we tested
whether this device could also strengthen connections to the triceps muscle, both in healthy volunteers and
in people with spinal cord injury (SCI). Surprisingly, there was no evidence of an effect. This suggests that
connections to triceps differ from those to biceps in their ability to undergo plastic changes. This may under-
lie the poor recovery of triceps compared with biceps typically seen after spinal cord injury.

Introduction
Damage to the corticospinal tract through spinal cord

injury (SCI) often results in decreased voluntary control of
muscles below the level of injury, or even full paralysis.

The recovery of any remaining function following SCI is
associated with plastic changes and reorganization of
neural pathways.
While extensive axonal regeneration in the CNS is ab-

sent, even the most severe SCIs often spare regions of
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white matter (Kakulas, 1999; Petersen et al., 2012; Angeli
et al., 2014; Barthelemy et al., 2015) and surviving CST fi-
bers in these bridges may contribute to recovery, for ex-
ample, through spontaneous sprouting (Rosenzweig et
al., 2010).
Alternatively, other descending pathways may provide

a route for motor command transmission. Monkeys show
a remarkable recovery after CST lesions (Lawrence and
Kuypers, 1968a, b) and regain most of their gross loco-
motor functions, with motor outputs from the red nucleus
strengthening (Belhaj-Saïf and Cheney, 2000) to provide a
substrate for recovery. However, the rubrospinal tract
may be weak or nonexistent in humans (Nathan and
Smith, 1955; Onodera and Hicks, 2010), which could ex-
plain the stark difference in functional recovery after CST
damage.
In the absence of a rubrospinal tract, humans may have

to rely on medial brainstem pathways, including the retic-
ulospinal tract (RST), after damage to the CST. While the
CST has become the dominant pathway in primates, re-
ticulospinal connections to motoneurons strengthen after
CST lesions, partially restoring lost synaptic drive (Zaaimi
et al., 2012, 2018). Increased inputs from both CST and
RST could help recovery after SCI. Importantly, reticulo-
spinal neurons may show more potential for plasticity
than corticospinal neurons after injury (Vavrek et al., 2007;
Zörner et al., 2014).
Noninvasive methods to modulate the RST in humans

are limited, but exploiting the fact that reticulospinal neu-
rons receive extensive afferent input (Leiras et al., 2010)
and auditory stimuli excite reticular neurons (Irvine and
Jackson, 1983; Fisher et al., 2012), we previously built a
portable device capable of delivering stimuli to the motor
point of a muscle paired with an auditory click, which is
able to induce plastic changes in motor output (Foysal et
al., 2016; Germann and Baker, 2021). Using this device at
home for fourweeks produced significant improvements
in upper limb function for stroke survivors (Choudhury et
al., 2020), which were retained for at least fourweeks after
device stimulation ceased.
Elbow extensors show notoriously limited recovery

compared with elbow flexor muscles in individuals with
cervical SCI (Ditunno et al., 1992, 2000; Calancie et al.,
2004; McKay et al., 2011). This asymmetrical recovery of
function is also commonly seen after stroke, with survi-
vors often exhibiting flexor spasm and extensor weakness
(Twitchell, 1951; Cauraugh et al., 2000; Kamper et al.,
2003). Most cervical spinal cord injuries affect more than

one spinal segment (Schaefer et al., 1989; Benavides et
al., 2020), making it unlikely that CST projections to elbow
extensors would be regularly more damaged compared
with elbow flexors. The location of motoneurons that in-
nervate these muscles also largely overlap (Schirmer et
al., 2011).
The imbalanced recovery might be because of the dif-

ferential control of flexor and extensor motoneurons by
corticospinal and reticulospinal pathways (Sangari and
Perez, 2020). Indeed, after CST lesion in monkeys, reticu-
lospinal connections strengthen to forearm flexor and in-
trinsic hand muscles, but not to forearm extensors
(Zaaimi et al., 2012). In the healthy state, the RST has
been shown to preferentially facilitate ipsilateral flexors
and contralateral extensors (Davidson and Buford, 2006).
Our previous work using the wearable device to modu-

late motor output (Foysal et al., 2016), most likely by in-
ducing subcortical plasticity (Germann and Baker, 2021),
targeted the elbow flexor biceps brachii. The same proto-
col was able to improve upper limb function after stroke
(Choudhury et al., 2020) by targeting forearm extensor
muscles. Here, we investigated whether this protocol
could also generate plastic changes in triceps. In both
healthy individuals and chronic cervical spinal cord injury
survivors, we found no significant changes in electrophys-
iological measurements from triceps, or in functional
measures of elbow extension. This suggests that triceps
may be more resistant to stimulation protocols which in-
duce plasticity in subcortical pathways.

Materials and Methods
Single-day study in healthy volunteers: subjects
In total, 11 healthy volunteers (six females and five

males; 18–35 years old, right-handed by self-report) par-
ticipated in the study. Four subjects took part in two ex-
periments. If participants took part in several stimulation
paradigms, each session was separated by at least 7d. All
subjects gave written informed consent to the experimental
procedures, which was approved by the appropriate ethics
committee. The study was performed in accordance with
the guidelines established in the Declaration of Helsinki, ex-
cept that the study was not preregistered in a database.

Single-day study in healthy volunteers: experimental
paradigm
The single-day study in healthy subjects followed the

same paradigm as our previous work targeting the biceps
muscle (Germann and Baker, 2021).This required subjects
to come to the laboratory at around 9 A.M., where base-
line assessments were conducted. They were then fitted
with a wearable electronic device to deliver paired electrical
and auditory stimuli, and the subject left and continued their
normal daily activities. In the evening, the subject returned,
the device was removed, and the assessments repeated.
The order of the various assessments was randomized for a
given subject, but kept the same for the morning and eve-
ning recordings in that person. The two assessment ses-
sions were at least 6 h apart.
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For this study, conducted over 1 d, the following as-
sessments were used at baseline and after wearing the
device: StartReact, loud sound with MEP, MEPs with dif-
ferent coil orientations (see below, sections beginning
‘Assessment’). Assessments used in this study are sum-
marized in Table 1.
Seven subjects wore the earpiece in the contralateral

ear and 8 subjects wore the earpiece in the ipsilateral ear
(relative to the stimulated right triceps).

SCI study: subjects
Subjects needed to fit the following inclusion criteria to

be eligible for the study: at least 18 years of age; chronic
(more than one year) cervical (C2–C7) injury; detectable
electromyography (EMG) activity in triceps; without upper
limb fracture or subluxation/dislocation of joints within
last sixmonths; be able to follow study instructions; will-
ing to provide written informed consent (if necessary,
through an independent witness, should the subject be
unable to write themselves because of their injury).

SCI study: trial design
This study was designed as an interventional randomized

crossover trial. The trial was registered in the ISRCTN regis-
try (ISRCTN15025040). After completing the baseline ses-
sion (week 0) which included all assessments (see below,
sections begining ‘Assessment’; Table 1), participants were
randomized to one of two groups using custom MATLAB
code. Group A was issued the device to be used at home for
fourweeks, returned for a second assessment session (week
4) and then stopped wearing the device and returned in an-
other fourweeks (week 8). Group B first did not wear the de-
vice and returned for a second session (week 4), when they
were issued the device to use for the remaining fourweeks
(week 8). For the period spent using the device, participants
were instructed to wear it for at least 4 h (total usage) every
day, in line with the previous study in stroke survivors
(Choudhury et al., 2020). Because of the nature of the inter-
vention and control (device vs no device), subjects and re-
searchers were not blinded.
The device can be worn during all activities with the ex-

ception of showering and sleeping. Participants were care-
fully shown how to place the electrodes and given a detailed
information pamphlet on how to use the device, as well as
sufficient electrodes to last them for the month. Participants
chose whether they wanted to stimulate the left or right tri-
ceps for the duration of the study (11 chose right arm, 4
chose left arm). Participants were free to choose the stimu-
lated side, to maximize the benefit to them from any poten-
tial improvement.

SCI study: adverse events
An adverse event (AE) was defined as any untoward

medical event, including abnormal laboratory values, oc-
curring during the use of the study device, but not neces-
sarily causally related to it. Events with onset before start
of study device use were not considered as adverse
events unless there was an increase in severity and/or

frequency following use of the study device. No AEs were
reported during the study.

Electromyography (EMG) recordings
EMG was recorded through surface electrodes (dispos-

able Kendall H59P Electrodes, Covidien) secured on the
skin over the belly of the triceps, biceps, and deltoid muscle.
For the 1-d study in healthy subjects, the electrodes

over the right triceps muscle were used for both EMG re-
cording and for wearable stimulation, so they were kept in
place for the whole day, ensuring consistency between
the morning and evening sessions. For the SCI study,
electrodes had to be repositioned for each session.
EMG signals were amplified and filtered (30–2000Hz, gain

1000) with a bioamplifier (D360 Amplifier, Digitimer), digitized
at a sampling rate of 5kHz (CED Micro 1401 with Spike2
software, Cambridge Electronic Design) and stored on a
computer for off-line analysis. Where necessary for a given
assessment (see below, sections beginning ‘Assessment’),
the level of triceps EMG activity was displayed continuously
on a computer screen via series of colored bars, allowing
subjects to maintain a constant isometric contraction.
Physiologic measurements were acquired at 10–20% of
MVC across conditions. The exact level of MVC varied
across participants, but was kept constant for all assess-
ments of each participant.

Transcranial magnetic stimulation (TMS)
Transcranial magnetic stimuli were applied using a fig-

ure-of-eight coil through a Magstim 2002 magnetic stimu-
lator (Magstim) with a monophasic current waveform. We
determined the optimal position for eliciting a motor
evoked potential (MEP) in the triceps muscle (hotspot) by
moving the coil tangential to the scalp, at an angle of 45°
to the midline, with the handle pointing laterally and pos-
teriorly, in small steps along the arm representation of M1.
The hotspot was defined as the region where the largest
MEP in the triceps muscle could be evoked (Rothwell et
al., 1999). Unless stated otherwise, the magnetic coil was
held in this orientation over the left hemisphere for subse-
quent measurements, to induce currents in the brain that
flowed perpendicular to the presumed line of the central
sulcus in a posterior-anterior (PA) direction.
Active motor threshold (AMT) was defined as the stimu-

lator intensity sufficient to elicit a visible MEP in at least five
out of 10 consecutive stimuli, in the triceps contralateral to
the stimulus with an active contraction of 10–20%maximal
voluntary contraction (MVC).

Table 1: Summary of assessments used in the two separate
studies

Assessments
Single-day study in
healthy volunteers

SCI
study

StartReact x x
Loud sound with MEP x x
MEPs with different coil Orientation x x
Force x
Planar reaching task x
CUE Questionnaire x
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A Polaris Vicra camera (Northern Digital Inc.) tracked
both coil and head position, allowing the site of stimula-
tion to be marked using the Brainsight neuronavigation
system (Rogue Research Inc.). This ensured a stable coil
location throughout the experiment, and allowed us to re-
turn to the same site in all sessions.

Assessment: StartReact
StartReact was examined using a previously reported

paradigm (Baker and Perez, 2017; Germann and Baker,
2021), which measures reaction time in an EMG recording in
response to a visual cue [visual reaction time (VRT)], a visual
plus quiet auditory cue [visual-auditory reaction time
(VART)], and a visual plus loud auditory cue [visual-startle re-
action time (VSRT)]. The acceleration of reaction time be-
tween VART and VSRT reflects the action of the RST (Valls-
Solé et al., 1999; Carlsen et al., 2004; Rothwell, 2006; Baker
and Perez, 2017; Smith et al., 2019; Tapia et al., 2022).
Some previous studies on StartReact have measured startle
responses from the sternocleidomastoid (SCM) muscle, and
excluded reaction times measured when this muscle was
not activated (Valls-Solé et al., 1999; Carlsen et al., 2004;
Honeycutt et al., 2013). We and others have previously
found that SCM activity is unreliable (Honeycutt et al., 2013;
Baker and Perez, 2017; Dean and Baker, 2017), and can be
generated both in response to startling and nonstartling
cues. In this study, we therefore simply included all reaction
times measured from the relevant cue, as in our previous
publications (Baker and Perez, 2017; Dean and Baker,
2017; Choudhury et al., 2019; Germann and Baker, 2021).
Subjects were seated with the arm flexed at the elbow

by 90° and secured in an arm restraint.
A green light-emitting diode (LED) was located ;1 m in

front of the subject. Subjects were instructed to push
against the restraint (elbow extension) as quickly as possi-
ble after the LED illuminated. EMG was recorded from both
the triceps and bicepsmuscles, and reaction timemeasured
as the time from cue to onset of the EMG burst. Three types
of trial were randomly interleaved (20 repeats per condition;
intertrial interval 5–6 s): LED illumination alone (VRT), LED
paired with a quiet sound (80dB, 500Hz, 50ms, VART),
LED paired with a loud sound (500Hz, 50ms, 120dB,
VSRT). Subjects were initially presented with five consecu-
tive loud sounds, without performing the task, to allow famil-
iarization and to habituate the overt startle reflex.
Data were analyzed trial-by-trial using a custom MATLAB

program which identified the reaction time as the point
where the rectified EMG exceeded the mean 6 7 SD of the
baseline measured 0–200ms before the stimulus. Every trial
was inspected visually, and erroneous activity onset times
(caused, for example, by electrical noise artefacts) were
manually corrected. This yielded a reaction time distribution
for each condition.

Assessment: loud sound with MEP
A paradigm similar to previous studies (Furubayashi et al.,

2000; Tazoe and Perez, 2017; Germann and Baker, 2021)
was used. Loud (500Hz, 120dB SPL) auditory stimuli (LAS)
were given 50ms before a TMS pulse over M1; this elicits a
smaller MEP than the same TMS pulse given alone, which is

believed to reflect cortical inhibitory processes. The interval
used was selected as it gave the largest suppression in a
previous detailed examination of these effects (Furubayashi
et al., 2000). Sounds were given through two audio speakers
located on a table ;1 m in front of the subject. The sound
ended at the time of the test stimulus. To avoid stimulus
predictability, the intertrial interval was chosen randomly be-
tween 20.5 and 23 s (uniform distribution). At the beginning
of the study, five consecutive loud sounds were presented
to habituate the startle reflex. During testing subjects were
seated with the arm flexed at the elbow by 90° and pushed
against the restraint at 10–20% of MVC. The level of triceps
EMG activity was displayed continuously on a computer
screen via a series of colored bars, allowing subjects to
maintain a constant isometric contraction, which was kept
the same across sessions for that subject. The test stimulus
intensity was adjusted to be 130% of the AMT. Ten test
MEPs and 10 conditioned MEPs were measured in each
condition, in randomized order.

Assessment: MEPs with different coil orientations
By holding a figure-of-eight TMS coil in different orien-

tations, activation can be biased toward different indirect
(I) waves (Sakai et al., 1997; Ziemann and Rothwell, 2000).
With the coil tangential to the scalp, at an angle of 45° to
the midline with the handle pointing laterally and posteri-
orly, a posterior-anterior (PA) current is induced in the
brain, which mainly recruits early I waves. By contrast, in
the reverse orientation [handle pointing medial and anterior;
anterior-posterior (AP)-induced current], predominantly late I
waves are recruited. Here, wemeasuredMEPs with different
coil orientations to compare changes in direct versus indi-
rect corticospinal pathways.
MEPs in the triceps muscle were measured from the con-

tralateral hemisphere in the two different coil orientations.
As for the measurements of MEPs described above, the fig-
ure-of-eight coil was first held to induce a posterior-anterior
(PA) current in the brain. The optimal scalp position was lo-
cated with this orientation, and marked in the Brainsight
neuronavigation software. This site was then used for stimu-
lation to induce an anterior-posterior (AP) current in the
brain, by rotating the coil so that the handle faced anterior
and medial, as the current direction does not significantly in-
fluence the position of the hotspot (Sakai et al., 1997; Arai et
al., 2005). Within each subject, we randomized the order of
coil orientations (PA vs AP); the same order was used for the
baseline and all following assessments. Stimulus intensity
was set to 1.1� active motor threshold (two separate
thresholds were measured, one for each coil orientation).
Subjects were seated with the arm flexed at the elbow by
90° and secured in a restraint.
The level of triceps EMG activity was displayed continu-

ously on a computer screen via a series of colored bars.
Twenty MEPs were recorded (5-s interstimulus interval)
while subjects maintained a constant isometric contraction
of 10�20%MVC by pushing against the arm restraint.

Assessment: MVC and force
Subjects were asked to perform three brief (3 s) maxi-

mal contractions by pushing or pulling against the arm
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restraint, for elbow extension or elbow flexion respec-
tively. Each contraction was separated by 60 s. Force was
measured with a dynamometer built into the arm restraint.

Assessment: planar reaching task
Participants sat at a custom-built table (Fig. 1) with their

trunk secured to a high-backed chair. Table height was
adjusted to bring shoulder, elbow, and wrist close to the
same horizontal plane. The reaching arm was supported on
an air cushion sled that used continuous pressurized airflow
to support the limb against gravity and allowed near friction-
less movements. Participants were instructed to make 20
straight movements to visual targets (160 trials in total), pro-
jected using a two-way mirror to appear in the same plane
as a blue LED cursor (diameter 3 mm) attached to the sled.
The targets consisted of a start position at the center

and 8 targets of equal angular range around the central
target, each with 1-cm radius. The targets were arranged
at a distance 10 cm radially from the center start position.
One target at a time would light up green. The target
turned red as soon as the cursor reached the target area.
Participants had to hold the cursor inside the target for
800–1209.6ms, before the center target would light up
green and participants returned to start position. Targets
appeared in a pseudo-randomized order.
Arm position was tracked using a Polhemus Liberty mo-

tion tracking system (Polhemus) with a sensor built into
the support sled.
Despite the arm support, two participants were unable

to perform the required reaching movement and analysis
is based on the remaining 13 participants.
Targets for participants who chose to use their left arm for

the study were mirrored across the midline, so comparable
muscle groups were used for each target across subjects.
Trajectories of SCI participants were compared with

data from 18 healthy volunteers performing the same task

with their right arm (13 females and 5 males; 18–35 years
old, right-handed by self-report).

Assessment: CUE questionnaire
The Capabilities of Upper Extremity (CUE) Questionnaire

measures upper extremity functional limitations in individuals
with tetraplegia (Marino et al., 1998). It is a 32-item question-
naire evaluating perceived difficulty completing actions using
the right (15 items), left (15 items), or both (two items) upper
extremities. The participant gave each action a score from 0
to 4, with higher scores reflecting less limitation. Left and right
arm function can be derived separately. The scores for both
arms were summed and compared across sessions.

Intervention: wearable device
The wearable device was similar to that used in our previ-

ous work (Choudhury et al., 2020). It comprised a plastic box
containing an electrical stimulator and audio amplifier, pow-
ered by an internal battery which could be recharged via a
standard USB-C port. The wearable device generated con-
stant-current electrical stimulation to the right biceps muscle
through surface electrodes (220-V compliance, 0.15-ms
pulse width). A knob on the device allowed adjustment of the
stimulus intensity, which was set to be just below the motor
threshold (defined as a visible muscle twitch). Auditory stimu-
li were generated by delivering a 0.1ms wide, 3.3-V square
excitation pulse into a miniature earpiece; this produced a
brief click with an intensity of 110dB SPL.
Based on calculations provided by Rosengren et al.

(2010) and Foysal et al. (2016), this intensity corresponds
to an A-weighted intensity of 68dB LAeq when delivered
at 0.66Hz, and 71dB LAeq when delivered at 1.32Hz; as-
suming device usage for at least 8 h. This is well below
the recommended safe limit for noise exposure of 85 dB
LAeq given by the United Kingdom’s Control of Noise at
Work Regulations (The Health and Safety Executive,
2005). The device can therefore potentially be used every
day for at least 8 h at these levels without concern.
For the 1-d study in healthy subjects, seven subjects

wore the earpiece in the contralateral ear and eight subjects
wore the earpiece in the ipsilateral ear (relative to the stimu-
lated right triceps). For the SCI study, the earpiece was al-
ways placed contralateral to the stimulated triceps muscle.
Stimuli were delivered with an intertrial interval of 1250–

1750ms (chosen at random from a uniform distribution);
the delay between electrical stimulation and auditory click
was 10ms. This interstimulus interval was chosen so that
the afferent volley should arrive at the brainstem just be-
fore RST cell activation by the click.
The device logged to flash memory how many stimuli

were given each time it was switched on, allowing the ex-
perimenter to check how often it had been used at the
end of the four-week usage period.

Data analysis
Data were analyzed using custom scripts written in the

MATLAB environment (R2017a, MathWorks). Statistical
tests were performed using MATLAB and IBM SPSS
Statistics for Windows, version 24 (IBM Corp.).

Figure 1. Schematic representation of the planar reaching task.
a, Smooth table surface. b, Arm support air sled. c, LED cursor,
positioned on top of the air sled. d, Targets, projected to plane
of the arm from e, LED lights panel via f, two-way mirror.
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EMG traces were full-wave rectified and then averaged.
MEP amplitude was measured as the area under the
curve of this average.
Where MEPs were conditioned by loud sound, the am-

plitude of the conditioned MEP was expressed as a per-
centage of the unconditioned MEP.
The StartReact effect was measured as the difference

between the mean VART and VSRT.
For the assessment which conditioned MEPs with loud

sound, a one sample t test was performed to compare the
normalized conditioned MEP amplitude against 100%, to
evaluate the effect of conditioning at baseline.
For each experiment, individual paired t tests were used

to compare the measurements of each session to the meas-
urements at baseline.
For the SCI study, the session preceding device usage

was taken as the “before” (week 0 for group A; week 4 for
group B) and the session immediately after wearing the
device was taken as the “after” (week 4 for group A; week
8 for group B) for the “device” condition. The same princi-
ple was used for the “no device” condition; with the “be-
fore” session being week 4 for group A and week 0 for
group B and the “after” session being week 8 for group A
and week 4 for group B. Differences between before and
after sessions were compared with paired t tests.
Where necessary, the procedure introduced by Benjamini

and Hochberg (1995) to correct for multiple comparisons
was used. Cohen’s dwas used to measure effect size.
To assess the overall movement quality during planar

reaching, Mahalanobis distance squared (MDC2) was cal-
culated using functional principal component analysis
(PCA), a generalization of traditional PCA (Kitago et al.,
2015; Goldsmith and Kitago, 2016; Cortes et al., 2017).
MDC2 was derived from a comparison between reaching
trajectories of SCI participants and trajectories from a
group of healthy controls (N¼ 18).
For the reaching task, two-way repeated measures

ANOVAs were performed with factors time (before, after)
and target (Targets 1–8) on speed, distance, and MDC2 of
trajectories.
Additionally, two-way repeated measures ANOVAs were

performed with factors target (Targets 1–8) and condition
(device, none) on speed, distance, and MDC2 differences
(after-before). Speed, distance, and MDC2 at baseline
(week 0 for both groups A and B) were also assessed
with a repeated measures ANOVA with factor target
(Targets 1–8).
The significance level was set at p, 0.05. Descriptive

statistics are presented as mean6 SD.
Binomial tests were performed to determine whether

the number of subjects showing a certain change were
more than expected by chance based on a binomial
distribution.

Results
Single-day study in healthy volunteers
Figure 2 presents group results for the single-day study

in healthy volunteers, for the StartReact (Fig. 2A), LAS
with TMS (Fig. 2B), MEPs elicited with AP coil orientation

(Fig. 2C) and MEPs elicited with PA coil orientation (Fig.
2D) assessments. Seven participants wore the earpiece in
the contralateral ear and eight in the ipsilateral ear. Both
groups received electrical stimulation to the right triceps.
Because of the low number of participants, results were
also combined to a total N¼ 15.
There was no significant difference in StartReact effect

after wearable device stimulation (p¼ 0.628 contralateral,
p¼ 0.732 ipsilateral, p¼ 0.538 combined; Fig. 2Aa).
Figure 2B shows the results when MEPs elicited by

TMS were conditioned by a loud sound beginning 50ms
before the magnetic stimulus. Our previous study in the
biceps muscle (Germann and Baker, 2021) showed signif-
icantly suppressed MEPs at baseline. For the triceps, the
group wearing the earpiece contralaterally did show a sig-
nificant MEP suppression (one sample t test p, 0.001) at
baseline (Fig. 2Ba); however, for the group wearing the
audio ipsilaterally, this suppression did not quite reach
significance (p¼ 0.059). When the groups were com-
bined, MEPs were significantly suppressed at baseline
(p, 0.001) as expected from the literature (Furubayashi et
al., 2000; Tazoe and Perez, 2017). However, there was no
change in conditioned MEP suppression after wearable
device stimulation (p¼ 0.340 contralateral, p¼ 0.426 ipsi-
lateral, p¼ 0.939 combined; Fig. 1Ba).
There was no change in MEP size in the triceps after

wearable device stimulation, when the coil was held in the
AP (p¼ 0.851 contralateral, p¼ 0.111 ipsilateral, p¼ 0.203
combined; Fig. 2C) or PA (p¼ 0.160 contralateral, p¼ 0.790
ipsilateral, p¼ 0.494 combined; Fig. 2D) orientation over the
left hemisphere (contralateral to the arm stimulated by the
wearable device).
Overall, there did not seem to be any changes to re-

sponses in the triceps muscle after wearable device stim-
ulation for a single day. These results are in stark contrast
to our results in the biceps muscle (Germann and Baker,
2021), which used the same stimulation protocol and
duration.
While there was no significant majority (compared with

the binomial distribution) of subjects showing a certain di-
rection of change for any of the assessments (Fig. 2Ac,
Bc,Cc,Dc), most subjects receiving the clicks ipsilaterally
showed an increase in StartReact, attenuation of MEP
suppression in response to LAS and facilitation of MEPs eli-
cited with AP-induced current, as previously seen in biceps.
All of these measures had two clear outlier subjects which
could have a disproportionate impact on our results.

SCI study
For the SCI trial, a total of 22 participants with chronic

cervical spinal cord injury were recruited to the study
(Table 2). All participants had to complete three sessions,
each separated by approximately fourweeks. Participant
flow is depicted in Figure 3. Six participants dropped out
during the course of the study, as they were unable to at-
tend all three session appointments within an acceptable
number of days of the target date (.8d difference). One
subject was excluded from group analysis, as their
usage of the device was too low during the fourweeks
(see below, this section). Subsequent analysis is based
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Figure 2. Group results for the single-day study in healthy triceps. A, Results for the StartReact assessment (contralateral
audio N¼7, ipsilateral audio N¼8, both groups combined N¼ 15). The figure represents StartReact effect (difference be-
tween VART and VSRT). a, StartReact effect before (cyan) and after (red) wearable device stimulation. Colored bars repre-
sent group means; error bars indicate SDs. b, difference in StartReact effect between before and after wearable device
stimulation. A positive difference indicates a more pronounced StartReact effect after wearable device stimulation. Bars rep-
resent group means; circles show single subject values. c, Number of subjects showing an increase (yellow) or decrease
(blue) in StartReact effect after wearable device stimulation. B, Results for the conditioned MEPs with loud sounds. The fig-
ure represents conditioned MEP amplitude normalized to unconditioned amplitude (as percentage of control). Layout is the
same as for A. C, Results for the coil orientation assessment when stimulation with an AP coil orientation. The figure repre-
sents MEP amplitude as area under the curve. For one subject stimulation threshold was too high to detect AP MEPs, so
subject was excluded for the coil orientation assessment (contralateral audio N¼ 6, ipsilateral audio N¼8, combined N¼14).
Layout is the same as for A. D, Results for the coil orientation assessment when stimulation with a PA coil orientation. The
figure represents MEP amplitude as area under the curve. For one subject stimulation threshold was too high to detect AP
MEPs, so subject was excluded for the coil orientation assessment (contralateral audio N¼6, ipsilateral audio N¼8, com-
bined N¼ 14). Layout is the same as for A.
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on the remaining 15 participants (six females, nine males,
45.26 14.0 years old; Table 2).
Of these 15 participants, one subject had to be ex-

cluded from the StartReact Assessment because of
equipment failure during one session, two subjects were
unable to perform the required reaching movements for
the planar reaching task and had to be excluded for that

task and in two subjects it was not possible to elicit MEPs
with the AP coil orientation, so these individuals had to be
excluded for the coil orientation assessment.
The wearable device had an inbuilt flash memory which

logged the number of paired stimuli given every time it
was switched on. Participants were asked to use the de-
vice for a minimum of 4 h/d, every day for fourweeks

Table 2: SCI participants

Participant no. Age (years) Gender Level Injury (years) Arm Device usage (d)
1 35 F C5 incomplete 2 R 28
2 32 F C5–C6 incomplete 3 R 27
3 52 M C3–C4 incomplete 6 R 28
4 67 M C3–C4 incomplete 13 R 28
5 39 M C5–C6 incomplete 17 R 28
6 62 M C5–C6 complete 28 R 28
7 45 F C4 incomplete 17 R 28
8 30 M C4 complete 11 R 31
9 34 M C4 complete 5 R 29
10 67 F C3–C7 incomplete 4 R 28
11 60 F C2–T2 incomplete 15 L 35
12 22 M C5 incomplete 5 L 28
13 47 F C4–C5 incomplete 3 L 28
14 39 M C4–C5 incomplete 2 R 28
15 47 M C6 complete 22 L 28
16 34 M C4–C5 incomplete 10 R 40

Participant number 16 was subsequently excluded from analysis because of low compliance.

Figure 3. Consort diagram. Trial flow diagram for the SCI study. Participants were randomized into two groups (A, B), which both
spent fourweeks wearing the device and fourweeks without wearing the device, but in opposite order. Subsequent analysis is
based on the remaining 15 participants.
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(28 d). Based on the average stimulus frequency, this is
equivalent to 268,800 paired stimuli. Figure 4 depicts
each subject’s total number of stimuli received over the
course of fourweeks, with the dotted line indicating the
target minimum stimulus number. Only three subjects ex-
ceeded the instructed minimum stimulus number; 12 sub-
jects were below this level, but with a number judged
acceptable. One subject had such a low compliance that
they were subsequently excluded from group analysis.
The total score achieved in the CUE questionnaire did

not change between sessions (device p¼ 0.133, none
p¼ 0.435; Fig. 5Aa) or between conditions (p¼ 0.177; Fig.
5Ab). Maximal force generated during elbow flexion (de-
vice p¼ 0.418, none p¼ 0.507; Fig. 5B) or extension (de-
vice p¼ 0.604, none p¼ 0.617; Fig. 5C) also remained
unchanged and the differences did not vary across condi-
tions (flexion p¼ 0.825, extension p¼ 0.471; Fig. 5Bb,Cb).
Since participants had to come back on different days, we
also compared AMT between sessions, but found no signifi-
cant changes in stimulation threshold with either PA coil ori-
entation (device p¼ 0.568, none p¼ 0.354; Fig. 5D) or AP
coil orientation (device p¼ 0.630, none p¼ 0.419; Fig. 5E).
As with our healthy volunteers, there was no significant

difference in StartReact effect after wearable device stim-
ulation (device p¼ 0.461, none p¼ 0.476; Fig. 6A).
Figure 6B depicts group results for MEPs conditioned

with loud sound. Notably, in these SCI subjects MEPs
were not suppressed at baseline (device p¼ 0.796, none
p¼ 0.4137; Fig. 6Ba), which is unexpected based on pre-
vious findings. MEP size remained unchanged across
sessions (device p¼ 0.382, none p¼ 0.587) and did not
differ between conditions (p¼ 0.471; Fig. 6Bb).
Figure 6C illustrates average size of MEPs elicited with

AP coil orientation normalized to the size of MEPs elicited
with PA coil orientation. There was no apparent difference
in MEP size between sessions (device p¼ 0.246, none
p¼ 0.281; Fig. 6Ca) or between conditions (p¼ 0.114; Fig.
6Cb). However, more subjects than expected by chance
based on a binomial distribution showed an increase in

MEP size elicited with AP compared with PA-induced cur-
rents after wearable device stimulation (device p¼ 0.022,
none p¼ 0.500).
Group analysis of trajectories during the planar reach-

ing task are shown in Figure 7. Targets are arranged radi-
ally according to where they were positioned during the
task (for subjects using their right arm; targets were mir-
rored across the midline for subjects using their left arm),
with target 7 being the closest to the subject’s body. Both
maximal speed and distance from straight line were sig-
nificantly modulated with target position (speed F(7,84) ¼
8.648, p,0.001, h2¼ 0.419; distance F(7,84) ¼ 14.170,
p, 0.001, h2¼ 0.541; Fig. 7Aa,Ba). There was a signifi-
cant effect of target for both measures after fourweeks of
using the device (speed F(7,84) ¼ 8.074, p, 0.001, h2¼
0.402; distance F(7,84) ¼ 16.092, p, 0.001, h2¼ 0.573)
and fourweeks of not using the device (speed F(7,84) ¼
8.205, p,0.001, h2¼ 0.406; distance F(7,84) ¼ 17.644,
p, 0.001, h2¼ 0.595), but no effect of time (speed “de-
vice” F(1,12) ¼ 3.759, p¼ 0.076, h2¼ 0.239; speed “none”
F(1,12) ¼ 0.101, p¼ 0.756, h2¼ 0.008; distance “device”
F(1,12) ¼ 0.439, p¼ 0.520, h2¼ 0.035; distance “none”
F(7,84) ¼ 17.644, p, 0.001, h2¼ 0.595) or their interaction
(speed “device” F(7,84) ¼ 0.627, p¼ 0.733, h2¼ 0.050;
speed “none” F(7,84) ¼ 0.808, p¼ 0.583, h2¼ 0.063; dis-
tance “device” F(7,84) ¼ 0.395, p¼ 0.903, h2¼ 0.032; dis-
tance “none” F(7,84) ¼ 0.333, p¼ 0.937, h2¼ 0.027).
Comparing the differences between sessions (Fig. 7Ab,

Bb) revealed no effect of condition (speed F(1,12) ¼ 0.743,
p¼ 0.406, h2¼ 0.058; distance F(1,12) ¼ 0.070, p¼ 0.797,
h2¼ 0.006), target (speed F(7,84) ¼ 0.547, p¼ 0.7961,
h2¼ 0.044; distance F(7,84) ¼ 0.462, p¼ 0.859, h2¼
0.037), or their interaction (speed F(7,84) ¼ 0.751, p¼ 0.629,
h2¼ 0.059; distance F(7,84)¼ 0.340, p¼ 0.933, h2¼ 0.028).
Trajectories were also evaluated using functional princi-

pal component analysis to compute Mahalanobis dis-
tance squared (MDC2; Fig. 7C) compared with trajectories
from healthy volunteers (N¼ 18). A mixed ANOVA with re-
peated measure target (1–8) and between-subject factor
group (SCI, healthy) was used to analyze trajectories at base-
line (Fig. 7Ca). Mauchly’s Test of Sphericity indicated that the
assumption of sphericity had been violated (x2(27)¼ 239.232,
p,0.001) and therefore a Greenhouse–Geisser correc-
tion was used. Overall quality of trajectories from SCI
participants differed significantly from healthy trajecto-
ries at baseline, with a main effect of group (F(1,29) ¼
15.686, p, 0.001, h2¼ 0.351), target (F(7,203) ¼ 3.518,
p¼ 0.043, h2¼ 0.108) and their interaction (F(7,203) ¼
3.518, p¼ 0.0431, h2¼ 0.108).
However, there was no effect of time (device F(1,12) ¼

3.329, p¼ 0.093, h2¼ 0.217; none F(1,12) ¼ 2.005,
p¼ 0.182, h2¼ 0.143), target (device F(7,84) ¼ 1.779, p¼
0.102, h2¼ 0.129; none F(7,84) ¼ 2.138, p¼ 0.048, h2¼
0.151), or their interaction (device F(7,84) ¼ 0.651,
p¼ 0.713, h2¼ 0.051; none F(7,84) ¼ 1.009, p¼ 0.431,
h2¼ 0.078) on MDC2 across sessions. Similar to maximal
speed and distance to straight line, there was no effect of
condition (F(1,12) ¼ 0.091, p¼ 0.768, h2¼ 0.008), target
(F(7,84) ¼ 1.803, p¼ 0.097, h2¼ 0.131), or their interaction
(F(7,84) ¼ 0.521, p¼ 0.817, h2¼ 0.042) on MDC2 when
looking at the differences between sessions (Fig. 7Cb).

Figure 4. Compliance of device usage in SCI participants. The
device recorded the number of stimuli given over the four-week
period. Gray dashed line represents total number of stimuli re-
ceived if the device was used as instructed, with a minimum
usage of 4 h/d over the period of fourweeks (28 d). Circles rep-
resent individual participants (N¼ 16). One subject receiving a
very low number of stimuli was subsequently excluded from
analysis.
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Figure 5. Group results for the SCI study. A, Results for the CUE questionnaire (N¼15). The figure represents the total score
achieved in the CUE questionnaire. a, Total CUE score before (cyan) and after (red) fourweeks of wearing the device (device) or
fourweeks of not using the device (none). Colored bars represent group means; error bars indicate SDs. b, Difference in total CUE
score between before and after using the device or not. A positive difference indicates an increase in total score after fourweeks.
Bars represent group means; circles show single subject values. c, Number of subjects showing an increase (yellow) or decrease
(blue) in total score after fourweeks. B, Results for the maximal force produced during elbow flexion (N¼15). The figure represents
mean maximal force, measured with a force plate. Layout is the same as for A. C, Results for the maximal force produced during
elbow extension (N¼15). The figure represents mean maximal force, measured with a force plate. Layout is the same as for A. D,
Results for the active motor threshold of MEPs elicited with PA coil orientation (N¼ 15). The figure represents AMT. Layout is the
same as for A. E, Results for the active motor threshold of MEPs elicited with AP coil orientation. For two subjects AMT was too
high to detect AP MEPs (N¼13). The figure represents AMT. Layout is the same as for A.
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Significantly more subjects than expected by chance
showed a decrease in MDC2 after wearable device stimu-
lation for target 5 (device p¼ 0.004, none p¼ 0.710) and
target 4 (device p¼ 0.022, none p¼ 0.290), although tar-
get four was not significant after correction for multiple
comparisons.

Discussion
Unlike our previous results with the device targeting the bi-

ceps muscle (Germann and Baker, 2021), pairing electrical
stimulation to the triceps muscle with auditory clicks for 6 h
did not lead to changes in motor output in healthy volunteers.
A study by Foysal and Baker (2019) demonstrated that in-

trinsic hand and flexor muscle have a higher potential to
show plasticity than extensors, which could explain the dif-
ferences in our results. Although extensors might remain un-
affected by our 6-h protocol, it remained possible that
prolonged stimulation over several weeks might be enough
to induce plasticity. However, there also were no significant

electrophysiological or functional changes in triceps after
fourweeks of paired stimulation in chronic cervical SCI.

Contrast with previous work: triceps does not show
plasticity
Increased amplitude in MEPs elicited by AP currents, in-

creased StartReact effect and reduction in MEP suppression
following loud auditory stimuli were previously all observed
in the biceps muscle after wearable device stimulation for 6
h (Germann and Baker, 2021); all of those changes point to-
ward subcortical effects, such as enhanced RST output to
the bicepsmotor nucleus.
Because the overt startle reflex is known to involve the

reticulospinal tract (Davis et al., 1982), several studies
suggest that the size of the StartReact effect is a measure
of RST outflow (Valls-Solé et al., 1999; Carlsen et al.,
2004; Rothwell, 2006; Baker and Perez, 2017; Smith et
al., 2019); this has been recently confirmed by studies in
monkeys from this laboratory (Tapia et al., 2022).

Figure 6. Group results for StartReact, startle TMS and MEPs with different coil orientations. A, Results for the StartReact assess-
ment. For one subject equipment failure prevented recordings, so subject had to be excluded for this assessment (N¼14). The fig-
ure represents StartReact effect (difference between VART and VSRT). a, StartReact effect before (cyan) and after (red) wearing the
device for fourweeks (device) or fourweeks of not using the device (none). Colored bars represent group means; error bars indicate
SDs. b, Difference in StartReact effect between before and after using the device or not. A positive difference indicates a more pro-
nounced StartReact effect after fourweeks. Bars represent group means; circles show single subject values. c, Number of subjects
showing an increase (yellow) or decrease (blue) in StartReact effect after fourweeks. Asterisks indicate proportions significantly dif-
ferent from the 50% expected by chance. B, Results for the conditioned MEPs with loud sounds (N¼15). The figure represents
conditioned MEP amplitude normalized to unconditioned amplitude (as percentage of control). Layout is the same as for A. C,
Results for the coil orientation assessment. For two subjects stimulation threshold was too high to detect AP MEPs, so subjects
were excluded for the coil orientation assessment (N¼13). The figure represents MEP amplitudes elicited by AP orientation normal-
ized to MEP amplitudes elicited by PA orientation. Layout is the same as for A.
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Figure 7. Group results for the planar reaching task. Two subjects were unable to perform the required reaching movements and
group analysis is based on the remaining 13 participants. A, Maximal speed of trajectories achieved while reaching for each target
(Targets 1–8, boxed numbers). a, Mean maximal speed (in m/s) of trajectories across SCI participants at baseline (N¼ 13). Purple
line represents mean values, shaded area represents standard deviation. b, Difference in maximal speed (in m/s) between before
and after fourweeks of using the device (light blue) or not (orange). c, Number of subjects showing an increase (yellow) or decrease
(blue) in maximal speed after fourweeks of using the device. d, Number of subjects showing an increase (yellow) or decrease (blue)
in maximal speed after fourweeks of not using the device. B, Maximal distance from straight line (in mm) while reaching for each
target (Targets 1–8). Layout is the same as for A. C, Mahalanobis distance squared (MDC2) of trajectories for each target (Targets
1–8). MDC2 was calculated by comparing trajectories from SCI participants (N¼ 13) with trajectories from healthy controls (N¼ 18)
with functional PCA. a, Mean MDC2 across SCI participants (purple) and healthy controls (amber). Layout is the same as for A.
Stars indicate proportions significantly different from the 50% expected by chance, for that target.
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The cortical suppression of MEPs following LAS most
likely results from stimulation of the reticular formation by
the loud sound (Hammond, 1973; Leitner et al., 1980;
Davis et al., 1982; Fisher et al., 2012; Tapia et al., 2022),
and activation of cortical interneurons via reticulo-tha-
lamic projections (Pare et al., 1988; Steriade et al., 1988).
TMS can preferentially recruit different descending

waves in humans by changing the direction of the current
induced in the brain (Sakai et al., 1997; Ziemann and
Rothwell, 2000). PA-directed current predominantly recruits
early, whereas AP current predominantly recruits late I-
waves (Day et al., 1989; Sakai et al., 1997; Di Lazzaro et al.,
2001; Ni et al., 2011), which may be more heavily modulated
by subcortical sources (Tokimura et al., 1996; Ziemann et
al., 1998).
None of these measures showed any significant changes

for the triceps muscle after paired stimulation in healthy
volunteers or after prolonged wearable device usage in
chronic cervical SCI. In addition to our electrophysiologi-
cal measurements, we also had a range of functional
measurements to assess motor function before and after
wearable device stimulation in participants with chronic
cervical SCI. For one, we assessed maximal force pro-
duced before and after wearing the device (Fig. 5B,C),
although this too remained unchanged in both biceps and
triceps muscle.
In addition to strength, an important aspect of motor

control is skilled muscle use; this is harder to assess as
most movements have significant antigravity strength re-
quirements. In order to separate motor control of the
upper limb from strength, we used a planar reaching task
similar to previous studies in stroke (Goldsmith and
Kitago, 2016; Cortes et al., 2017). This task allowed us to
compare range, speed, and accuracy of upper limb move-
ments across sessions, which overall did not change
significantly.
In our previous study, auditory clicks were always deliv-

ered contralaterally to the target muscle. However, it has
been shown that galvanic-evoked vestibulocollic reflexes
project contralaterally to flexors and ipsilaterally to exten-
sors (Uchino et al., 1997; Watson and Colebatch, 1998a).
Auditory clicks of 100dB are able to evoke vestibulospinal
reflex responses with a similar latency as galvanic stimula-
tion (Watson and Colebatch, 1998b). Therefore, when tar-
geting the elbow extensor triceps brachii, auditory clicks
might need to be delivered ipsilaterally. For comparison, half
of our healthy participants wore the earpiece in the contra-
lateral ear and half in the ipsilateral ear. As there were no sig-
nificant differences between these groups and because of
the low number of participants we also combined the results
(Fig. 2).
Although reticulospinal neurons may respond better to

plasticity protocols than corticospinal neurons (Vavrek et
al., 2007; Zörner et al., 2014), there is a hierarchy in the
ability to induce plastic changes across muscle groups
(Foysal and Baker, 2019), with extensor muscles showing
a much lower potential for plasticity. In fact, the study by
Foysal and Baker (2019) showed that even when extensor
muscles were stimulated, outputs were enhanced to flex-
ors but not extensors. However, this difference was only
seen in protocols that require integration of sensory input,

while the same level of plasticity was observed when
using a rTMS protocol. There is a similar difference in
the ability to induce plasticity between muscles in the
lower limb. The plantar flexor muscle soleus does not
show plastic changes in the corticospinal tract after
neuromuscular electrical stimulation (Lagerquist et al.,
2012), whereas the dorsiflexor tibealis anterior does
(Khaslavskaia and Sinkjaer, 2005).
This might be because flexor and extensor muscles

receive differential control from corticospinal and reticulospinal
pathways. Through corticospinal connections, flexors might
receive larger monosynaptic facilitation and extensors
stronger disynaptic inhibition in both monkeys (Phillips
and Porter, 1964) and humans (Palmer and Ashby, 1992),
although other work has suggested no flexor-extensor
difference (Park et al., 2004). Stimulation of the reticular
formation in monkeys typically evokes bilateral responses,
but the prevalent pattern is ipsilateral extensor suppression
and flexor facilitation with the opposite pattern occurring
contralaterally (Davidson and Buford, 2006; Herbert et al.,
2010).
After contralateral CST lesion in monkey, there was no

evidence of novel connections from ipsilateral corticospi-
nal fibers that would make any significant contribution to
recovery (Zaaimi et al., 2012). In contrast, there was a
nonuniform strengthening of brainstem connections, with
inputs to forearm flexor and intrinsic handmotorneurons en-
hanced, whereas connections to extensors remained un-
changed (Zaaimi et al., 2012). Limited CST connections and
enhanced RST output has been associated with spasticity
in SCI survivors (Sangari and Perez, 2019). Whether reticulo-
spinal reorganization after injury is helpful or detrimental re-
mains a topic of discussion (Karbasforoushan et al., 2019),
but many animal models of SCI have provided evidence that
it can contribute to functional tasks (Wakabayashi et al.,
2001; Ballermann and Fouad, 2006; Filli et al., 2014; May et
al., 2017).
Importantly, there is no evidence of increased spasticity

in stroke survivors using the wearable device (Choudhury
et al., 2020). There were likewise no adverse events of any
type reported during our study with SCI participants.
All of the above evidence suggests that reticulospinal

inputs compensate for the loss of corticospinal axons, but
may do so preferentially in flexors, which could explain
the asymmetrical recovery of biceps and triceps muscles
observed in people after SCI (Sangari and Perez, 2020).
The failure to enhance reticulospinal inputs to triceps
could also explain why our plasticity protocol leads to sig-
nificantly enhanced motor output in biceps but not tri-
ceps. However, it should be noted that given our small
number of participants in both studies, we cannot rule out
a possible small effect. Choudhury et al. (2020) showed a
significant improvement in hand function in stroke pa-
tients after fourweeks of wearable device usage with a
protocol that targeted forearm extensors; however, the
range of motion and maximum contraction torque about
the wrist did not change. It is possible therefore that the
benefits in that study were more nonspecific, rather than
resulting from a direct effect in the extensor muscles.
There is also the possibility that there is an inherent differ-
ence between distal forearm extensors and the more
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proximal elbow extensor, something that would need to
be investigated in future studies.

Study limitations
Compliance was variable between SCI participants

(Fig. 4), with only three participants receiving more than
the instructed minimum number of stimuli and 13 receiving
fewer. Choudhury et al. (2020) demonstrated that the extent
of functional gain in stroke patients was correlated with
stimulus number. The smaller number of participants in our
study, and even fewer participants reaching minimum com-
pliance, could have affected our results.
The CUE questionnaire is designed to measure upper

extremity functional limitations in individuals with tetraple-
gia. However, 12 out of 32 questions focus on hand and
finger function, hardly something expected to change
after our plasticity protocol targeting the triceps.
Furthermore, we recruited participants with both com-

plete and incomplete cervical SCI. Even when voluntary
movement is completely absent on clinical evaluation,
neurophysiological methods using surface electromyog-
raphy are sometimes able to identify and quantify evi-
dence of preserved translesional conduction in chronic
clinically complete SCI subjects (McKay et al., 2004,
2011). However, each SCI lesion is highly individualized in
regards to severity of impairment and which particular de-
scending tracts are spared (Kakulas, 2004) and including
a wider range of participants must invariably introduce
more variability in the data. This considerable diversity in
pathway interruption would also affect the amount of RST
damage the study participants might have sustained.
The heterogeneity of the participants was mostly be-

cause of the lack of injury-specific inclusion criteria (see
Methods), as anyone with a cervical injury was allowed to
participate. There was also very little clinical baseline data
available, further contributing to the diverse nature of the
participants. Future more extensive studies could use, for
example, the ASIA scale to stratify participants and possi-
bly improve the chance to detect an effect.
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