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Cervical or upper-thoracic spinal cord injury (SCI, ≥T6) often leads to low 
resting blood pressure (BP) and impaired cardiovascular responses to acute 
exercise due to disrupted supraspinal sympathetic drive. Epidural spinal cord 
stimulation (invasive, ESCS) and transcutaneous spinal cord stimulation (non-
invasive, TSCS) have previously been used to target dormant sympathetic 
circuits and modulate cardiovascular responses. This case series compared the 
effects of cardiovascular-optimised ESCS and TSCS versus sham ESCS and TSCS 
on modulating cardiovascular responses and improving submaximal upper-
body exercise performance in individuals with SCI. Seven males with a chronic, 
motor-complete SCI between C6 and T4 underwent a mapping session to 
identify cardiovascular responses to spinal cord stimulation. Subsequently, four 
participants (two ESCS and two TSCS) completed submaximal exercise testing. 
Stimulation parameters (waveform, frequency, intensity, epidural electrode 
array configuration, and transcutaneous electrode locations in the lumbosacral 
region) were optimised to elevate cardiovascular responses (CV-SCS). A sham 
condition (SHAM-SCS) served as a comparison. Participants performed arm-
crank exercise to exhaustion at a fixed workload corresponding to above 
ventilatory threshold, on separate days, with CV-SCS or SHAM-SCS. At rest, CV-
SCS increased BP and predicted left ventricular cardiac contractility and total 
peripheral resistance. During exercise, CV-SCS increased time to exhaustion and 
peak oxygen pulse (a surrogate for stroke volume), relative to SHAM-SCS. Ratings 
of perceived exertion also tended to be  lower with CV-SCS than SHAM-SCS. 
Comparable improvements in time to exhaustion with ESCS and TSCS suggest 
that both approaches could be promising ergogenic aids to support exercise 
performance or rehabilitation, along with reducing fatigue during activities of 
daily living in individuals with SCI.
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Introduction

Spinal cord injury (SCI) is a multifaceted neurological condition 
affecting over 20 million people worldwide (GBD Spinal Cord Injuries 
Collaborators, 2023), resulting in a loss of sensory, motor, and autonomic 
functions below the level of the lesion. The majority of individuals with 
a motor-complete cervical or upper-thoracic (i.e., above the sixth 
thoracic segment; >T6) SCI typically exhibits cardiovascular dysfunction 
resulting from disrupted pathways between the medulla oblongata and 
the sympathetic pre-ganglionic neurons at and below the level of injury 
(West et al., 2015; Partida et al., 2016; Cruz and Blauwet, 2018). During 
exercise, diminished supraspinal sympathetic output to the heart and 
blood vessels is thought to reduce peak heart rate (HR), lower brachial 
blood pressure (BP), venous return and thus stroke volume (SV), and 
ultimately limit exercise performance (Claydon et al., 2006; West et al., 
2012; Schmid et al., 1998; Bhambhani, 2002). Overtime, a reduction in 
habitual physical activity (Nightingale et al., 2017; van den Berg-Emons 
et al., 2010), particularly of a sufficient intensity (Bhambhani, 2002; 
Cowley, 2018), results in accelerated physical deconditioning that is 
associated with low levels of cardiorespiratory fitness (CRF) (Haisma 
et  al., 2006; Simmons et  al., 2014). This physical deconditioning 
represents a model of advanced ageing whereby the risk of developing 
chronic conditions such as cardiovascular disease, stroke, cognitive 
impairment, and type-2 diabetes mellitus is likely to occur at an earlier 
age and also at a heightened frequency (Bauman et al., 1999; Groah et al., 
2012). This risk is also significantly elevated with a low CRF (Wu et al., 
2012; Cragg et al., 2013), thereby increasing the risk of mortality (Cragg 
et al., 2013). Moreover, individuals with a higher neurological level of 
injury are at a greater risk for developing such health complications 
(Groah et al., 2001).

To overcome the impaired cardiovascular responses during 
exercise, various strategies to augment the cardiovascular system in 
individuals with SCI have been explored [e.g., abdominal binding 
(Kerk et  al., 1995; West et  al., 2014), lower-body positive pressure 
(Pitetti et al., 1994), compression garments (Rimaud et al., 2007), and 
α − 1 agonist midodrine (Nieshoff et al., 2004)], yet the evidence on 
their effectiveness to enhance acute upper-body exercise performance 
is inconclusive. Therefore, individuals, particularly athletes, are known 
to intentionally induce autonomic dysreflexia (AD) to elicit a 
sympathetic response and increase BP during exercise. This practice is 
called “boosting” (Gee et  al., 2015, 2021) and has been shown to 
increase peak oxygen uptake (V̇O2peak) by 6–24% (Burnham et al., 1994; 
Schmid et al., 2001; Nightingale et al., 2022) and therefore provides 
individuals with SCI with an ergogenic advantage. Despite the potential 
benefits, there are life-threatening consequences associated with such 
large and uncontrolled elevations in BP (Wan and Krassioukov, 2014).

Spinal cord stimulation (SCS) has received overwhelming 
attention in recent years for targeting the recovery of various 

neurological dysfunctions. Epidural SCS (ESCS) involves the activation 
of dorsal root afferents using a surgically implanted electrode array on 
top of the dura that is connected to a pulse generator. Early research 
demonstrated that ESCS paired with activity-based therapy could 
improve walking speed and lower perception of effort in individuals 
with motor-incomplete SCI (Herman et al., 2002; Carhart et al., 2004; 
Ganley et  al., 2005). Recently, studies have shown that ESCS can 
effectively modulate cardiovascular output in individuals with motor-
complete SCI (Harkema et al., 2018; Aslan et al., 2018; West et al., 2018; 
Samejima et al., 2023) and can increase V̇O2peak by up to 26% during 
an upper-body exercise test to exhaustion in an individual with motor-
complete tetraplegia (Nightingale et al., 2019). This acute improvement 
drastically outweighs the average 9% increase in V̇O2peak achieved 
following 10–37 weeks of upper-body aerobic exercise training in 
individuals with tetraplegia (Figoni et al., 2021). The use of ESCS may 
also obviate the need to use a practice such as boosting to enhance 
exercise performance. Despite its promising potential, the accessibility 
of ESCS within the SCI community is limited by its invasive surgical 
procedure (Taccola et al., 2020) and expensive cost (Shipley and North, 
2018). Alternatively, non-invasive transcutaneous SCS (TSCS) can 
be used to target the same dorsal afferents as ESCS without surgical 
intervention (Hofstoetter et al., 2018; Ladenbauer et al., 2010; Danner 
et al., 2011). While it has been demonstrated that TSCS can target 
cardio-autonomic dysfunction, such as the mitigation of orthostatic 
hypotension (Phillips et  al., 2018), its effectiveness for improving 
cardiovascular responses during acute, submaximal exercise is 
currently unknown. In comparison with ESCS, this approach may 
be safer and could offer greater flexibility in positioning electrodes to 
target cardiovascular function, and thus be  used as a combined 
exercise strategy in the future.

This study aimed to compare the acute effects of ESCS and TSCS 
(relative to sham conditions) on modulating resting cardiovascular 
responses (e.g., BP, SV, and cardiac contractility) and exercise 
performance, assessed as time to exhaustion during submaximal 
upper-body exercise, in individuals with SCI. We hypothesised that 
there would be comparable improvements in time to exhaustion with 
both ESCS and TSCS when optimised to improve cardiovascular 
responses, relative to sham conditions.

Materials and methods

This study received ethical approval from the University of British 
Columbia Clinical Research Ethics Board (H19-00932) and was 
conducted in accordance with the Declaration of Helsinki. Testing was 
performed at the International Collaboration on Repair Discoveries 
in the Blusson Spinal Cord Centre, University of British Columbia, 
Vancouver, Canada.

Participants were required to meet the following inclusion criteria: 
(1) aged 18–65 years; (2) non-progressive SCI ≥ T6; (3) ≥1-year post-
injury; (4) motor-complete SCI [American Spinal Injury Association 
Impairment Scale (AIS) A-B, determined via the 2019 version of 
International Standards for Neurological Classification of Spinal Cord 
Injury examination (Rupp et  al., 2021)]; (5) no musculoskeletal 
dysfunction, unhealed fractures, pressure sores, or active infections; 
(6) no cardiovascular, respiratory, bladder, or renal disease unrelated 
to the SCI; and (7) no additional implanted medical devices (e.g., 
baclofen pumps and pacemakers). Seven males provided written 

Abbreviations: AD, autonomic dysreflexia; BP, blood pressure; CPET, 

cardiopulmonary exercise test; CRF, cardiorespiratory fitness; CV-SCS, 

cardiovascular-optimised spinal cord stimulation; EMG, electromyography; ESCS, 

epidural spinal cord stimulation; HR, heart rate; RPE, rating of perceived exertion; 

SCI, spinal cord injury; SCS, spinal cord stimulation; SHAM-SCS, sham spinal cord 

stimulation; SV, stroke volume; TPR, total peripheral resistance; TSCS, 

transcutaneous spinal cord stimulation; V̇O2peak, peak oxygen uptake; VT, ventilatory 

threshold.
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informed consent to participate in this study. Three participants were 
recruited who were already implanted with a 16-electrode array 
(Restore-ADVANCED neurostimulator, Specify 5-6-5, Medtronic, 
Minneapolis, MN, United States) between the T10 and T12 spinal 
segments at least 7 months prior to the study. Four participants were 
not implanted with an epidural stimulator and therefore received 
TSCS. Three participants completed the mapping session but 
withdrew from the study prior to the exercise trials for reasons 
unrelated to the study protocol (demographics are provided in 
Supplementary material S1). Therefore, two ESCS and two TSCS 
participants completed the study (Figure 1).

Study design and assessments

During the first visit, participants underwent an ESCS or TSCS 
mapping session to identify the specific stimulation parameters (i.e., 
waveform, frequency, intensity, specific configurations, and electrode 
locations over specific spinal processes) to be used during the exercise 
trials (Figure 2). Beat-by-beat BP and HR were recorded via finger 
plethysmography and electrocardiogram (Finapres NOVA, Finapres 
Medical Systems, Amsterdam, Netherlands) and sampled at 1000 Hz 
through an analog-to-digital converter (Powerlab 16/35 System, AD 
Instruments, Colorado Springs, United States). Beat-by-beat BP was 
corrected using episodic brachial BP measurements every minute 
(Dinamap Pro, GE Healthcare, Chicago, United States) via LabChart 
8 (AD Instruments, Colorado Springs, United States). SV, cardiac 
contractility, and total peripheral resistance (TPR) were predicted via 
the integrated Modelflow® algorithm. Throughout the mapping 
session, motor activity was recorded via surface electromyography 
(EMG) sensors (Trigno, Delsys Inc., Boston, United States). Sensors 
were affixed bilaterally to the rectus abdominis, external obliques, 
erector spinae at the L4 level, biceps femoris, rectus femoris, tibialis 
anterior, and medial head of the gastrocnemius. Lower extremity 
muscle activity was recorded to assess whether any elevations in BP 
could be due to the reactivation of the skeletal muscle pump. All EMG 
data were collected at 2000 Hz and stored for offline analysis. Further 
information on the processing and analysis of the EMG data is 
provided as Supplementary material S2. ESCS was manipulated by 
altering the frequency, intensity, and pulse widths of several 
pre-specified electrode configurations, as programmed by the 
manufacturer [Verita Neuro (ESCS P1); Tripole™ and Proclaim 
elite™, Abbott (ESCS P2)]. TSCS was delivered using an isolated 
constant current stimulator (TESCoN, SpineX Inc., California, 
United States). Stimulation was applied via 2.5 cm self-adhesive round 
cathode electrodes placed on the skin at the midline over the vertebral 
column, and two 5.0 × 10.2 cm2 rectangular anode electrodes placed 
bilaterally on the skin over the iliac crests. The stimulation consisted 
of a high carrier frequency pulse (10 kHz) overlapping charge-
balanced monophasic rectangular waveforms at 30 Hz burst frequency, 
each with a 1.0 ms pulse width.

Stimulation parameters were chosen for two conditions: (1) those 
that achieved a gradual, optimal, and controlled elevation in BP 
without discomfort, symptoms, or exceeding the 150 mmHg cutoff for 
pharmacological-mediated AD intervention (Paralyzed Veterans of 
America Consortium for Spinal Cord Medicine, 1997) [i.e., 
cardiovascular-optimised SCS (CV-SCS)] and (2) those that did not 
alter cardiovascular responses (SHAM-SCS). For the ESCS sham 

condition, specific electrode configurations were chosen that did not 
modulate BP. For the TSCS sham condition, the stimulation intensity 
was increased to sensory threshold and slowly decreased to 0 mA prior 
to the start of the exercise trial (Estes et al., 2021). Representative 
traces for an ESCS and a TSCS participant, along with pooled data 
across all seven participants, are presented in Figure 2.

Following the mapping session, participants performed a 
graded cardiopulmonary exercise test (CPET) to volitional 
exhaustion on an electronically braked arm-crank ergometer 
(Angio CPET, Lode B.V., Groningen, Netherlands). Following a 
3 min warm-up, workload was increased by 4–10 watts (W) per 
minute. These increments were chosen by a trained clinical exercise 
physiologist and were based on differing neurological levels of 
injury to facilitate volitional exhaustion within 8–12 min. 
Participants were advised to cycle at approximately 70 revolutions 
per minute (rpm) and were given consistent encouragement 
throughout. The test was terminated upon volitional exhaustion, 
defined as a drop in cadence below 30 rpm for a total of three times, 
or for more than 10 s on one occasion. Breath-by-breath gas 
exchange variables (K5, COSMED, Rome, Italy) and HR (Garmin 
Dual, Garmin, Olathe, KS, United  States) were recorded 
continuously. Ratings of perceived exertion (RPE) were recorded at 
the end of each minute using the Borg 6–20 scale (Borg, 1982). 
V̇O2peak was determined as the highest 15-breath rolling average 
attained during the test. Attainment of V̇O2peak required meeting two 
of the following three criteria: (1) plateau in V̇O2, (2) respiratory 
exchange ratio (RER) ≥1.15, and (3) RPE ≥19 (Alrashidi et al., 
2022). Ventilatory thresholds (VT) were identified using a variety of 
strategies and via an online application tool (Gaskill et al., 2001; 
Keir et  al., 2022). All thresholds were agreed upon by two 
independent raters and enabled the identification of a workload 
(calculated using the V̇O2peak data at the time upon which each VT 
occurred) corresponding to either VT2 (prescribed for ESCS P1 and 
TSCS P1) or the midpoint between VT1 and VT2 (prescribed for 
ESCS P2 and TSCS P2).

Exercise trials

A familiarisation trial was conducted without SCS to cross-
check the prescribed exercise intensity. Participants were then 
randomised to perform two exercise trials to exhaustion, separated 
by at least 3 days of recovery, with CV-SCS and SHAM-
SCS. Participants arrived at the laboratory following a 4 h fast, 
having also refrained from caffeine consumption for >12 h, and 
avoided alcohol consumption and vigorous-intensity exercise for 
>24 h. Participants performed a thorough bowel routine in the 
preceding 24 h. The ESCS participants turned off their devices at 
least 3 h prior to arrival to prevent any residual effects of the 
stimulation during the trials. Upon arrival, participants emptied 
their bladder, had their weight recorded, and answered pre-exercise 
readiness questions to assess their health status (i.e., absence of 
flu-like symptoms, urinary tract infection, or pressure sores). All 
trials were performed at a similar time of day (± 2 h) to avoid 
circadian rhythm effects. Three resting brachial BP measurements 
were taken (Dinamap Pro, GE Healthcare, Chicago, IL, United States) 
before and after an unblinded clinician adjusted the stimulation 
parameters (via the TESCoN device or the participant’s epidural 
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FIGURE 1

(A) Flow diagram of participants throughout the study. Three participants completed the mapping session but withdrew due to reasons unrelated to 
the study (grey-shaded boxes). (B) Participant demographics, injury characteristics and trial workloads for the two epidural (ESCS P1 and P2) and two 
transcutaneous participants (TSCS P1 and P2). Conventional X-rays highlight the positions of the 16-electrode arrays in the two epidural participants. 
Parameters for cardiovascular-optimised spinal cord stimulation (CV-SCS) and sham spinal cord stimulation (SHAM-SCS) are presented for all 
participants, along with specific epidural electrode configurations and transcutaneous electrode locations (black, cathodes; red, anodes). The ESCS 
frequencies used for the participants herein align with the broad range of frequencies used by participants elsewhere for volitional and autonomic 
functions (i.e., 18–700 Hz) (Pino et al., 2022). Classifications of peak oxygen uptake (V̇̇O2peak) are based on reference fitness values for the SCI 
population, as described by Simmons et al. (2014). Participants demonstrated a range of fitness levels (i.e., fair to excellent). Demographics of the three 
participants who completed the mapping session but withdrew prior to the exercise trials are presented in Supplementary material S1. (C) Schematic of 
the study design. Participants underwent a spinal cord stimulation (SCS) mapping session followed by a cardiopulmonary exercise test on an arm-
crank ergometer to volitional exhaustion to identify V̇̇O2peak and ventilatory threshold (VT). Following a familiarisation trial, participants performed two 
exercise trials in a randomised order, with CV-SCS or SHAM-SCS. Trials were performed to exhaustion at a fixed workload corresponding to the above 
VT. All visits were separated by at least 3 days. (D) Overview of outcome measures during the time to exhaustion exercise trials. AIS, American Spinal 
Injury Association Impairment Scale; Hz, hertz; kHz, kilohertz; mA, milliamp; NLI, neurological level of injury; TSCS, transcutaneous spinal cord 
stimulation; μs, microseconds.
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neurostimulator device) as per the trial allocation (CV-SCS or 
SHAM-SCS). The participants and the remaining researchers were 
blinded to the trial randomisation. Following a 5 min warm-up at 
5 W, participants exercised at a constant workload corresponding to 
their VT (see Figure 1 for each participant’s workloads). On occasions 
where participants demonstrated no signs of fatiguing by the 40 min 
timepoint, the intensity was increased to a work rate corresponding 
to the next physiological threshold or beyond (i.e., VT2, +10% VT2, 
+20% VT2) (Nelson et al., 2014). The primary outcome was time to 
exhaustion (mm:ss). Breath-by-breath gas exchange variables were 
recorded via a facemask attached to a portable metabolic cart (K5, 
COSMED, Rome, Italy), and HR was recorded continuously via the 
Polar Beat application (Polar H10, Polar Electro, Kempele, Finland). 
Oxygen uptake and HR were used to calculate oxygen pulse 

(a reasonable surrogate for SV). The participant’s RPE (Borg 6–20 
scale) and exercise enjoyment (1–7 scale, whereby 1 = not at all and 
7 = extremely) (Stanley et al., 2009) were recorded in the final 15 s of 
each 5 min interval. Trunk and lower extremity muscle activity was 
recorded via surface electromyography (EMG) sensors (Trigno, 
Delsys Inc., Boston, United States). However, we were unable to 
effectively filter TSCS artefacts from the EMG signals recorded at the 
trunk for subsequent analysis, so only EMG results from the legs are 
reported herein. Further information is provided as 
Supplementary material S2. Superficial femoral artery blood flow 
and vessel diameter (5.2–13 MHz, Vivid 7, GE Healthcare, 
Mississauga, ON) were assessed in one matched SCS pair (ESCS P2 
and TSCS P2) (Supplementary Figure S1). Brachial BP was recorded 
in triplicate immediately post-exercise.

FIGURE 2

Mapping session for the selection of cardiovascular-optimised (CV-SCS) and sham spinal cord stimulation (SHAM-SCS) parameters. (A) An example 
mapping session setup with beat-by-beat blood pressure (BP) and heart rate (HR) recorded via finger plethysmography and electrocardiogram. Surface 
electromyography (EMG) recordings from trunk (RA, EO, and ES) and lower limb musculature (BF, RF, MG, and TA). (B) Pooled cardiovascular responses 
at baseline and with CV-SCS, including mean HR, predicted stroke volume (SV), left ventricular contractility (dP/dtmax), and total peripheral resistance 
(TPR). Red and blue bars represent the mean for ESCS and TSCS participants, respectively. Individual data are presented in black for two ESCS 
participants (ESCS P1, open circles; ESCS P2, closed circles) and two TSCS participants (TSCS P1, open diamonds; TSCS P2, closed diamonds). 
Individual data are also presented in grey for the one ESCS participant (ESCS P3, closed circles) and the two TSCS participants (TSCS P3, open 
diamonds; TSCS P4, closed diamonds) who withdrew from the study prior to performing the exercise trials. Data for all participants are provided as 
Supplementary material S1. Effect sizes are reported as Cohen’s d, with >0.2, >0.5 and  >  0.8 representing small, moderate and large effects, respectively. 
Representative cardiovascular responses with and without CV-SCS are demonstrated for an ESCS participant (C) and a TSCS participant (D). 
Representative lower extremity (RF, BF, TA, and SL) EMG recordings are also shown while the participants were at rest with and without CV-SCS. The 
top trace (light grey) of each plot represents the right muscle, while the bottom trace (dark grey) represents the left muscle. BF, biceps femoris; EO, 
external obliques; ES, erector spinae; ESCS, epidural spinal cord stimulation; RA, rectus abdominis; RF, rectus femoris; MG, medial gastrocnemius; SL, 
soleus; TA, tibialis anterior; TSCS, transcutaneous spinal cord stimulation.
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Data analysis

Data are presented as means with individual data points. Effect 
sizes are reported as Cohen’s d, with d > 0.2, d > 0.5, and d > 0.8 
representing small, moderate, and large effects, respectively 
(Cohen, 1988).

Results

Data from the mapping sessions indicate that with optimised 
stimulation parameters, ESCS and TSCS increased resting BP and 
predicted left ventricular cardiac contractility and TPR (Figure 2). 
During the exercise trials, time to exhaustion was greater with CV-SCS 
in all participants, relative to SHAM-SCS (Figure 3A), and was similar 
between ESCS and TSCS. The change in systolic BP at rest was larger 
with CV-SCS relative to SHAM-SCS (Figure 3B). Peak oxygen pulse 
was greater with CV-SCS in comparison with SHAM-SCS (Figure 3C). 
Overall, leg muscle activity was similar between rest and exercise in 
both SHAM-SCS and CV-SCS (Figure  3D). Average leg muscle 
activity increased no more than 1 μV between conditions for any 
participant, and the average increase in activity was only 
0.16 μV. Relative to SHAM-SCS, RPE tended to be lower with CV-SCS 
at each time point despite a matched workload prescribed across trials 
(Figures 3E–H). Peak systolic velocity and shear rate were greater with 
CV-SCS, relative to SHAM-SCS (Supplementary Figure S1). Values 
for these comparisons at rest and during the exercise trials are 
reported in Table  1. There were no adverse events related to the 
exercise protocol, ESCS or TSCS, but one ESCS participant developed 
a skin lesion on their back due to friction with their chair unrelated to 
the study.

Discussion

This case series demonstrated that ESCS and TSCS improved 
resting cardiovascular outcomes and subsequently enhanced acute 
submaximal upper-body exercise performance in individuals with an 
upper-thoracic or cervical, chronic, motor-complete SCI. In particular, 
not only is this study the first to show that non-invasive TSCS can 
improve upper-body exercise performance but also the first to observe 
comparable improvements relative to ESCS.

Delivering SCS in the lower thoracic/lumbosacral region is the 
most commonly reported location for increasing BP at rest in 
individuals with SCI (Law et al., 2023). Others have identified this area 
as the “haemodynamic hotspot” for modulating cardiovascular 
control (Squair et  al., 2021). Our mapping sessions with TSCS 
demonstrated robust haemodynamic responses upon receiving dual 
stimulation over the T11 and L1 spinal segments. The similar increases 
in predicted left ventricular contractility (with both SCS strategies) are 
supported by the acute improvements in contractile function with SCS 
reported in an animal model of ischaemic heart failure (Liu et al., 
2012). However, there were seemingly greater changes in predicted 
TPR with ESCS in comparison to TSCS. This is perhaps due to how 
ESCS can target and thus activate specific sympathetic circuitry to 
improve vasomotor tone below the level of injury (Harkema et al., 
2018; Aslan et  al., 2018; Angeli et  al., 2023). Such activation of 
sympathetic vasomotor efferents, particularly in the thoracolumbar 

region (Yanagiya et  al., 2004), may reactivate vasoconstriction of 
peripheral arteries and/or splanchnic vascular beds to increase venous 
return and raise BP (Harkema et  al., 2018). Recent reviews have 
discussed a mechanism known as the somato-autonomic reflex (Flett 
et al., 2022; Samejima et al., 2024). In short, activation of primary 
afferent fibres results in the excitation of spinal interneurons, which 
relay these input signals to sympathetic pre-, and subsequently, post-
ganglionic neurons that ultimately stimulate functional changes in the 
target organ, which as stated is vasoconstriction. Multiple other 
stimulation strategies that are capable of influencing sympathetic 
tissues (e.g., blood vessels) may have also contributed to the 
subsequent improvements in exercise performance with CV-SCS and 
are described in a comprehensive review by Flett et al. (2022).

During exercise, the CV-SCS parameters seemingly modulated 
supraspinal sympathetic drive to increase resting BP and subsequently 
peak oxygen pulse, implying a greater peak SV (Nightingale et al., 
2019) and thus cardiac output, which may be  supported by no 
noticeable change in HR across trials. A greater peak systolic velocity 
and shear rate in the superficial femoral artery with CV-SCS, albeit in 
only two participants, complements the increases in BP and peak 
oxygen pulse. This potentially larger SV likely enabled a greater 
delivery of substrates to meet the metabolic demands of the upper-
body musculature, supported the removal of waste metabolites, and 
ultimately prolonged the onset of fatigue (Joyner and Casey, 2015). 
Furthermore, the lack of change in leg muscle activity during the 
exercise trials suggests that the modulation of BP could be due to the 
reactivation of vasomotor tone alone, rather than via a skeletal muscle 
pump mechanism to increase venous return. Limitations in filtering 
TSCS artefacts from the trunk EMG signals restricted our 
understanding of trunk muscle activation in response to CV-SCS and 
whether this may have improved trunk stability and therefore exercise 
performance. Arm-cycling and other exercises are known to activate 
trunk musculature in individuals with SCI > T6 (Bjerkefors et al., 2009, 
2014; Williams et al., 2020), but it is possible that SCS may further 
increase this activation through the recruitment of spinal pathways 
that innervate these muscles or through direct stimulation of muscle 
tissue adjacent to the stimulation site (e.g., erector spinae).

A recent finding suggests that TSCS may increase BP by simply 
lowering the threshold for AD (Solinsky et al., 2024). However, other 
TSCS studies have demonstrated its preventative and therapeutic 
effects on episodes of AD (Collins and DiCarlo, 2002; Sachdeva et al., 
2021). The mapping used in this study to identify optimal 
transcutaneous electrode placement, together with cautious 
monitoring of cardiovascular responses, enabled a safe and controlled 
elevation in BP with TSCS without inducing cardiovascular-related 
adverse events. Importantly, this case series also included individuals 
with varying levels of fitness, one of which exhibited a V̇O2peak on par 
with elite athletes with SCI (Baumgart et  al., 2018). The robust 
improvements in exercise performance across all participants suggest 
that the ergogenic benefits of SCS are not limited to either sedentary 
or trained populations. A recent survey regarding the opinions of 
individuals with SCI on SCS strategies revealed that over 80% of 
respondents would find maintaining physical health a key benefit if 
they were to receive SCS, and thus, 91% would be willing to follow a 
specific training/rehabilitation protocol (Thorogood et  al., 2023). 
More individuals would be interested in trying TSCS (80%) versus 
ESCS (61%), perhaps owing to its relatively non-invasive nature. With 
the eventual commercialisation of TSCS devices, there is likely to 
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be  greater community uptake by individuals with SCI, with its 
utilisation improving acute exercise performance and possibly 
eliciting greater therapeutic adaptations as part of a longitudinal 

intervention. The lower RPE during the exercise trials may also have 
an important translation to individuals using SCS to minimise fatigue 
during activities of daily living.

FIGURE 3

Cardiorespiratory data during the time to exhaustion exercise trials with cardiovascular-optimised (CV-SCS) and sham spinal cord stimulation (SHAM-SCS). 
Individual data points are presented for each epidural (ESCS P1, open circles; ESCS P2, closed circles) and transcutaneous participants (TSCS P1, open 
diamonds; TSCS P2, closed diamonds). Time to exhaustion (A), change in systolic blood pressure (SBP) prior to exercise (B), and peak oxygen pulse (C) were 
all greater with CV-SCS, relative to SHAM-SCS, in both ESCS and TSCS participants. (D) Despite a range of small to large effect sizes, electromyography 
(EMG) data demonstrate negligible changes in leg muscle activity from rest to during exercise with CV-SCS and SHAM-SCS. Ratings of perceived exertion 
(RPE) are presented for each ESCS participant trial [ESCS P1 (E), ESCS P2 (F), TSCS P1 (G), and TSCS P2 (H)]. RPE was lower throughout the exercise trials 
with CV-SCS, and it took longer for participants to perceive the exercise to be “very hard” (RPE of 17, grey dashed line) relative to SHAM-SCS.
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There are several considerations to this study. First, our small sample 
size warrants adequately powered studies to corroborate our findings 
that ESCS and TSCS can improve exercise performance in individuals 
with SCI. Second, there are calls for research to prescribe exercise 
intensity via traditional physiological anchors (e.g., ventilatory threshold) 
as the use of fixed percentages (i.e., % V̇O2peak, %HRpeak) in individuals 
with SCI results in large inter-individual variation (Hutchinson and 
Goosey-Tolfrey, 2021; Hodgkiss et al., 2023). However, it is notoriously 
difficult to identify ventilatory thresholds in individuals with higher 
neurological levels of injury (Au et al., 2018; Kouwijzer et al., 2019). As 
such, it was difficult to identify these thresholds and subsequently 
prescribe a uniform exercise intensity across all four participants. 
Furthermore, during the familiarisation sessions we observed different 
responses to exercise performed at VT1 versus VT2, likely due to 
differences in age, aerobic capacity, and upper-extremity function. 
Therefore, to overcome this we prescribed a workload corresponding to 
at or above the midpoint of VT1 and VT2, allowing individualised 
workloads while still implementing an element of consistency across 
both matched pairs of participants. Future research could consider using 
lactate threshold (i.e., the gold standard) to prescribe individualised 

workloads. Third, while recent research has begun to report on novel 
filtering approaches to manage TSCS artefacts in EMG signals, these are 
only in EMG recordings from the limbs where TSCS contamination is 
considerably less, and often in recordings where substantial voluntary 
muscle activity is present (Kim et al., 2021; Andrews et al., 2023). Neither 
of these novel filters nor more common EMG filters were able to 
adequately filter TSCS artefacts from our trunk muscle recordings. As 
research continues to demonstrate the benefits of SCS therapies, there is 
a clear need for experts in the field of signal processing to develop 
techniques to effectively filter TSCS artefacts from nearby EMG 
recordings in the trunk, so we may better understand the effect of SCS 
on trunk muscle activity. Fourth, we acknowledge that the short period 
in which the TSCS intensity was increased for the SHAM-SCS trial may 
have resulted in some residual physiological changes at the very start of 
exercise, yet the large improvements in time to exhaustion with CV-SCS 
likely support that these effects would not have persisted throughout the 
SHAM-SCS trial. Finally, while our mapping data indicated a possible 
decrease in SV with ESCS, this is likely to be due to a limitation within 
the Modelflow® prediction resulting from rapid alterations in 
haemodynamic control/stability with noisy SCS (Waldron et al., 2018).

TABLE 1 Individual time to exhaustion, cardiorespiratory, and psychophysiological data for each epidural and transcutaneous participant at rest and 
during the exercise trials performed with cardiovascular-optimised (CV-SCS) and sham spinal cord stimulation (SHAM-SCS).

ESCS P1 ESCS P2 ESCS d TSCS P1 TSCS P2 TSCS d

CV-
SCS

SHAM-
SCS

CV-
SCS

SHAM-
SCS

CV-
SCS

SHAM-
SCS

CV-
SCS

SHAM-
SCS

Rest

SBP without SCS 

(mmHg)

104 100 134 129 0.22 118 130 107 105 0.37

DBP without SCS 

(mmHg)

53 55 68 62 0.24 70 72 65 57 0.38

ΔSBP with SCS 

(mmHg)

12 -1 11 2 6.96 24 13 17 4 2.17

Exercise

Time to exhaustion 

(mm:ss)

68:35 49:24 40:11 28:24 0.88 40:04 22:15 67:30 51:02 0.86

SBP post-exercise 

(mmHg)

124 101 132 107 4.71 125 136 140 125 0.21

O2 pulse (mL/beat) 13.7 12.1 7.7 6.7 0.32 13.0 12.0 8.5 7.9 0.27

Peak O2 pulse (mL/

beat)

17.8 15.4 10.9 9.2 0.45 16.5 14.0 9.6 8.8 0.39

HR (bpm) 95 96 139 148 0.16 163 165 133 137 0.15

Peak HR (bpm) 108 105 158 156 0.07 182 172 144 146 0.17

V̇O2 (L/min) 1.30 1.17 1.13 1.00 1.08 2.13 1.98 1.17 1.14 0.14

V̇O2 (mL/kg/min) 15.8 14.4 16.7 14.8 3.22 29.3 27.2 14.0 13.8 0.11

V̇E (L/min) 40.3 37.4 31.8 29.5 0.43 85.0 81.6 38.1 39.1 0.04

RER 0.99 0.95 0.91 0.96 0.14 1.09 1.11 1.06 1.10 1.26

RPE (6–20) 13 17 17 17 0.94 17 17 15 17 1.01

Enjoyment (1–7) 7 6 1 1 0.11 3 2 3 2 5.0

Data are presented as the mean throughout each trial, unless stated otherwise. Effect sizes are calculated using Cohen’s d, whereby > 0.2, >0.5, and > 0.8 represent small (black fill, white text), 
moderate (grey fill, black text), and large (grey fill, white text) effects, respectively. RPE was assessed using the Borg 6–20 scale (6 = no exertion to 20 = maximal exertion). Exercise enjoyment 
was measured using a 7-point scale (1 = not at all to 7 = extremely). DBP, diastolic blood pressure; ESCS, epidural spinal cord stimulation HR, heart rate; RER, respiratory exchange ratio; RPE, 
rating of perceived exertion; SBP, systolic blood pressure; SCS, spinal cord stimulation; TSCS, transcutaneous spinal cord stimulation; V̇E, minute ventilation; V̇CO2, carbon dioxide production; 
V̇O2, oxygen consumption.
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Evidently, further work is required to tease apart the distinct 
mechanisms by which ESCS and TSCS alter cardiovascular output 
and thus contribute to improvements in upper-body exercise 
performance. Looking forward, researchers should consider using 
echocardiography to elucidate any changes in cardiac function 
during mapping sessions. Furthermore, given that we could only 
measure shear rate in two participants, adequately powered studies 
should explore whether increases in shear rate during exercise 
drive any beneficial endothelial physiological adaptations in 
non-active limbs in this population and whether this is influenced 
by SCS. The long-term effects of both ESCS and TSCS on exercise 
capacity and other prominent health markers are also an important 
avenue for future research. Finally, while there are promising data 
supporting the safety of both SCS strategies (Pino et  al., 2022; 
Megía García et al., 2020), infrequent adverse events have been 
reported (Chalif et  al., 2024) and therefore researchers should 
endeavour to be  transparent with adverse event reporting 
going forward.

Conclusion

With optimised CV-SCS parameters, both ESCS and TSCS 
mitigated resting hypotension and improved acute upper-body 
exercise performance in individuals with a cervical or upper-
thoracic, motor-complete SCI. These findings have important 
ramifications for normalising physiological responses to exercise in 
a compromised clinical population. However, further study is 
warranted to corroborate and validate the findings reported in this 
case series, along with understanding the mechanisms underpinning 
these improvements. As TSCS is a non-invasive and relatively less 
expensive alternative to ESCS, it could be used as a therapeutic tool 
to stimulate meaningful physiological adaptions during exercise 
training or rehabilitation, thereby reducing the risk of chronic 
disease and improving health-related quality of life in individuals 
with SCI.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding authors.

Ethics statement

The studies involving humans were approved by University of 
British Columbia (Clinical Research Ethics Board: H19-00932). The 
studies were conducted in accordance with the local legislation and 
institutional requirements. The participants provided their written 
informed consent to participate in this study.

Author contributions

DH: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Project administration, Visualization, 

Writing – original draft, Writing – review & editing. AW: 
Conceptualization, Data curation, Investigation, Methodology, Project 
administration, Visualization, Writing – original draft, Writing – 
review & editing. CS: Investigation, Methodology, Project 
administration, Writing – review & editing. SS: Investigation, 
Methodology, Writing – review & editing. SB: Data curation, 
Investigation, Methodology, Writing – original draft, Writing – review 
& editing. TL: Conceptualization, Methodology, Writing – review & 
editing. AK: Conceptualization, Funding acquisition, Methodology, 
Project administration, Resources, Supervision, Writing – review & 
editing. TN: Conceptualization, Funding acquisition, Investigation, 
Methodology, Project administration, Supervision, Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. DH is 
supported by a Nathalie Rose Barr PhD studentship (#NRB123) 
from the International Spinal Research Trust, a registered charity 
in the UK, and received an ICORD Travel Exchange Award to 
support this work. CS is supported by the Canadian Institute for 
Health Research (#AWD-024871). SS is supported by a Paralyzed 
Veterans of America Fellowship (#3190) and the Wings for Life 
Spinal Cord Research Foundation (#235). SB is supported by 
Heart Research United Kingdom (#RG2698/21/23). AK holds an 
Endowed Chair in rehabilitation medicine, ICORD/UBC, and his 
laboratory are supported by funds from the Canadian Institute for 
Health Research, Rick Hansen Foundation, Canadian Foundation 
for Innovation and BC Knowledge Development Fund. TN was a 
recipient of a 2018/2020 Michael Smith Foundation for Health 
Research/ICORD Research Trainee Award (#17767), a Wellcome 
Trust ISSF Award (#1458993) and a generous donation from Mr. 
Nico Torregrosa.

Acknowledgments

We thank the participants for their dedicated involvement in this 
study and continued motivation for exercise testing at ICORD that 
facilitated these research findings. We would also like to acknowledge 
St Jude/Abbott for the generous device donation in one epidural 
participant and we are grateful to Dr. David Darrow and the ESTAND 
study group for carrying out the following procedures as part of a 
separate study: surgical implantation, medical oversight and 
management, project management and engineering oversight (i.e., 
setting ESCS program configurations). We would also like to thank 
Dr. Raza Malik and Miss Sharrise Lin for their assistance with data 
collection. Figures were created using R (Version 3.5.1, R Foundation 
for Statistical Computing, Vienna, Austria), GraphPad (Prism Version 
10.0.0 for Mac, GraphPad Software, Boston, MA, United States), and 
https://Biorender.com.

Conflict of interest

AK reports having several patents related to neuromodulation.

https://doi.org/10.3389/fnins.2024.1435716
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://Biorender.com


Hodgkiss et al. 10.3389/fnins.2024.1435716

Frontiers in Neuroscience 10 frontiersin.org

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 

reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnins.2024.1435716/
full#supplementary-material

References
Alrashidi, A. A., Nightingale, T. E., Bhangu, G. S., Bissonnette-Blais, V., and 

Krassioukov, A. V. (2022). Post-processing of peak oxygen uptake data obtained during 
cardiopulmonary exercise testing in individuals with spinal cord injury: a scoping 
review and analysis of different post-processing strategies. Arch. Phys. Med. Rehabil. 104, 
965–981. doi: 10.1016/j.apmr.2022.11.015

Andrews, B., Karem, A., Harkema, S. J., and Rouffet, D. M. (2023). Artifact adaptive 
ideal filtering of EMG signals contaminated by spinal cord transcutaneous 
stimulation. IEEE Trans. Neural Syst. Rehabil. Eng. 31, 3047–3054. doi: 10.1109/
TNSRE.2023.3294011

Angeli, C., Rejc, E., Boakye, M., Herrity, A., Mesbah, S., Hubscher, C., et al. (2023). 
Targeted selection of stimulation parameters for restoration of motor and autonomic 
function in individuals with spinal cord injury. Neuromodulation 27, 645–660. doi: 
10.1016/j.neurom.2023.03.014

Aslan, S. C., Legg Ditterline, B. E., Park, M. C., Angeli, C. A., Rejc, E., Chen, Y., 
et al. (2018). Epidural spinal cord stimulation of lumbosacral networks modulates 
arterial blood pressure in individuals with spinal cord injury-induced cardiovascular 
deficits. Front. Physiol. 9:565. doi: 10.3389/fphys.2018.00565

Au, J. S., Sithamparapillai, A., Currie, K. D., Krassioukov, A. V., MacDonald, M. J., 
and Hicks, A. L. (2018). Assessing Ventilatory threshold in individuals with motor-
complete spinal cord injury. Arch. Phys. Med. Rehabil. 99, 1991–1997. doi: 10.1016/j.
apmr.2018.05.015

Bauman, W. A., Spungen, A. M., Adkins, R. H., and Kemp, B. J. (1999). Metabolic 
and endocrine changes in persons aging with spinal cord injury. Assist. Technol. 11, 
88–96. doi: 10.1080/10400435.1999.10131993

Baumgart, J. K., Brurok, B., and Sandbakk, Ø. (2018). Peak oxygen uptake in 
Paralympic sitting sports: a systematic literature review, meta-and pooled-data 
analysis. PLoS One 13:e0192903. doi: 10.1371/journal.pone.0192903

Bhambhani, Y. (2002). Physiology of wheelchair racing in athletes with spinal cord 
injury. Sports Med. 32, 23–51. doi: 10.2165/00007256-200232010-00002

Bjerkefors, A., Carpenter, M. G., Cresswell, A. G., and Thorstensson, A. (2009). 
Trunk muscle activation in a person with clinically complete thoracic spinal cord 
injury. J. Rehabil. Med. 41, 390–392. doi: 10.2340/16501977-0336

Bjerkefors, A., Squair, J. W., Malik, R., Lam, T., Chen, Z., and Carpenter, M. G. 
(2014). Diagnostic accuracy of common clinical tests for assessing abdominal muscle 
function after motor-complete spinal cord injury above T6. Spinal Cord 53, 114–119. 
doi: 10.1038/sc.2014.202

Borg, G. A. (1982). Psychophysical bases of perceived exertion. Med. Sci. Sports 
Exerc. 14, 377–381. doi: 10.1249/00005768-198205000-00012

Burnham, R., Wheeler, G., Bhambhani, Y., and Belanger, M. (1994). Intentional 
induction of autonomic dysreflexia among quadriplegic athletes for performance 
enhancement: efficacy, safety, and mechanism of action. Clin. J. Sport Med. 4:1.

Carhart, M. R., He, J., Herman, R., D’Luzansky, S., and Willis, W. T. (2004). 
Epidural spinal-cord stimulation facilitates recovery of functional walking following 
incomplete spinal-cord injury. IEEE Trans. Neural Syst. Rehabil. Eng. 12, 32–42. doi: 
10.1109/TNSRE.2003.822763

Chalif, J. I., Chavarro, V. S., Mensah, E., Johnston, B., Fields, D. P., Chalif, E. J., et al. 
(2024). Epidural spinal cord stimulation for spinal cord injury in humans: a 
systematic review. J. Clin. Med. Res. 13:1090. doi: 10.3390/jcm13041090

Claydon, V. E., Hol, A. T., Eng, J. J., and Krassioukov, A. V. (2006). Cardiovascular 
responses and postexercise hypotension after arm cycling exercise in subjects with 
spinal cord injury. Arch. Phys. Med. Rehabil. 87, 1106–1114. doi: 10.1016/j.
apmr.2006.05.011

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. 2nd Edn. 
Hillsdale: Lawrence Erlbaum Associates.

Collins, H. L., and DiCarlo, S. E. (2002). TENS attenuates response to colon 
distension in paraplegic and quadriplegic rats. Am. J. Physiol. Heart Circ. Physiol. 283, 
H1734–H1739. doi: 10.1152/ajpheart.00253.2002

Cowley, K. C. (2018). A new conceptual framework for the integrated neural 
control of locomotor and sympathetic function: implications for exercise after spinal 
cord injury. Appl. Physiol. Nutr. Metab. 43, 1140–1150. doi: 10.1139/apnm-2018-0310

Cragg, J. J., Noonan, V. K., Krassioukov, A., and Borisoff, J. (2013). Cardiovascular 
disease and spinal cord injury: results from a national population health survey. 
Neurology 81, 723–728. doi: 10.1212/WNL.0b013e3182a1aa68

Cruz, S., and Blauwet, C. A. (2018). Implications of altered autonomic control on 
sports performance in athletes with spinal cord injury. Auton. Neurosci. 209, 100–104. 
doi: 10.1016/j.autneu.2017.03.006

Danner, S. M., Hofstoetter, U. S., Ladenbauer, J., Rattay, F., and Minassian, K. 
(2011). Can the human lumbar posterior columns be stimulated by transcutaneous 
spinal cord stimulation? A modeling study. Artif. Organs 35, 257–262. doi: 10.1111/j.
1525-1594.2011.01213.x

Estes, S., Zarkou, A., Hope, J. M., Suri, C., and Field-Fote, E. C. (2021). Combined 
transcutaneous spinal stimulation and locomotor training to improve walking 
function and reduce spasticity in subacute spinal cord injury: a randomized study 
of clinical feasibility and efficacy. J. Clin. Med. Res. 10:1167. doi: 10.3390/
jcm10061167

Figoni, S. F., Dolbow, D. R., Crawford, E. C., White, M. L., and Pattanaik, S. (2021). 
Does aerobic exercise benefit persons with tetraplegia from spinal cord injury? A 
systematic review. J. Spinal Cord Med. 44, 690–703. doi: 
10.1080/10790268.2020.1722935

Flett, S., Garcia, J., and Cowley, K. C. (2022). Spinal electrical stimulation to 
improve sympathetic autonomic functions needed for movement and exercise after 
spinal cord injury: a scoping clinical review. J. Neurophysiol. 128, 649–670. doi: 
10.1152/jn.00205.2022

Ganley, K., Willis, W., Carhart, M., He, J., and Herman, R. (2005). Epidural spinal 
cord stimulation improves locomotor performance in low ASIA C, wheelchair-
dependent, spinal cord-injured individuals: insights from metabolic response. Top. 
Spinal Cord Inj. Rehabil. 11, 50–63. doi: 10.1310/2QD8-XCV4-N2CH-WBVE

Gaskill, S. E., Ruby, B. C., Walker, A. J., Sanchez, O. A., Serfass, R. C., and 
Leon, A. S. (2001). Validity and reliability of combining three methods to determine 
ventilatory threshold. Med. Sci. Sports Exerc. 33, 1841–1848. doi: 
10.1097/00005768-200111000-00007

GBD Spinal Cord Injuries Collaborators (2023). Global, regional, and national 
burden of spinal cord injury, 1990–2019: a systematic analysis for the global burden 
of disease study 2019. Lancet Neurol. 22, 1026–1047. doi: 10.1016/
S1474-4422(23)00287-9

Gee, C. M., Nightingale, T. E., West, C. R., and Krassioukov, A. V. (2021). 
Infographic. Doping without drugs: how Para-athletes may self-harm to boost 
performance. Br. J. Sports Med. 55, 937–938. doi: 10.1136/bjsports-2020-101980

Gee, C. M., West, C. R., and Krassioukov, A. V. (2015). Boosting in elite athletes 
with spinal cord injury: a critical review of physiology and testing procedures. Sports 
Med. 45, 1133–1142. doi: 10.1007/s40279-015-0340-9

Groah, S. L., Charlifue, S., Tate, D., Jensen, M. P., Molton, I. R., Forchheimer, M., 
et al. (2012). Spinal cord injury and aging: challenges and recommendations for 
future research. Am. J. Phys. Med. Rehabil. 91, 80–93. doi: 10.1097/
PHM.0b013e31821f70bc

Groah, S. L., Weitzenkamp, D., Sett, P., Soni, B., and Savic, G. (2001). The 
relationship between neurological level of injury and symptomatic cardiovascular 
disease risk in the aging spinal injured. Spinal Cord 39, 310–317. doi: 10.1038/sj.
sc.3101162

Haisma, J. A., van der Woude, L. H. V., Stam, H. J., Bergen, M. P., Sluis, T. A. R., 
and Bussmann, J. B. J. (2006). Physical capacity in wheelchair-dependent persons 
with a spinal cord injury: a critical review of the literature. Spinal Cord 44, 642–652. 
doi: 10.1038/sj.sc.3101915

Harkema, S. J., Legg Ditterline, B., Wang, S., Aslan, S., Angeli, C. A., Ovechkin, A., 
et al. (2018). Epidural spinal cord stimulation training and sustained recovery of 

https://doi.org/10.3389/fnins.2024.1435716
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2024.1435716/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2024.1435716/full#supplementary-material
https://doi.org/10.1016/j.apmr.2022.11.015
https://doi.org/10.1109/TNSRE.2023.3294011
https://doi.org/10.1109/TNSRE.2023.3294011
https://doi.org/10.1016/j.neurom.2023.03.014
https://doi.org/10.3389/fphys.2018.00565
https://doi.org/10.1016/j.apmr.2018.05.015
https://doi.org/10.1016/j.apmr.2018.05.015
https://doi.org/10.1080/10400435.1999.10131993
https://doi.org/10.1371/journal.pone.0192903
https://doi.org/10.2165/00007256-200232010-00002
https://doi.org/10.2340/16501977-0336
https://doi.org/10.1038/sc.2014.202
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.1109/TNSRE.2003.822763
https://doi.org/10.3390/jcm13041090
https://doi.org/10.1016/j.apmr.2006.05.011
https://doi.org/10.1016/j.apmr.2006.05.011
https://doi.org/10.1152/ajpheart.00253.2002
https://doi.org/10.1139/apnm-2018-0310
https://doi.org/10.1212/WNL.0b013e3182a1aa68
https://doi.org/10.1016/j.autneu.2017.03.006
https://doi.org/10.1111/j.1525-1594.2011.01213.x
https://doi.org/10.1111/j.1525-1594.2011.01213.x
https://doi.org/10.3390/jcm10061167
https://doi.org/10.3390/jcm10061167
https://doi.org/10.1080/10790268.2020.1722935
https://doi.org/10.1152/jn.00205.2022
https://doi.org/10.1310/2QD8-XCV4-N2CH-WBVE
https://doi.org/10.1097/00005768-200111000-00007
https://doi.org/10.1016/S1474-4422(23)00287-9
https://doi.org/10.1016/S1474-4422(23)00287-9
https://doi.org/10.1136/bjsports-2020-101980
https://doi.org/10.1007/s40279-015-0340-9
https://doi.org/10.1097/PHM.0b013e31821f70bc
https://doi.org/10.1097/PHM.0b013e31821f70bc
https://doi.org/10.1038/sj.sc.3101162
https://doi.org/10.1038/sj.sc.3101162
https://doi.org/10.1038/sj.sc.3101915


Hodgkiss et al. 10.3389/fnins.2024.1435716

Frontiers in Neuroscience 11 frontiersin.org

cardiovascular function in individuals with chronic cervical spinal cord injury. JAMA 
Neurol. 75, 1569–1571. doi: 10.1001/jamaneurol.2018.2617

Herman, R., He, J., D’Luzansky, S., Willis, W., and Dilli, S. (2002). Spinal cord 
stimulation facilitates functional walking in a chronic, incomplete spinal cord 
injured. Spinal Cord 40, 65–68. doi: 10.1038/sj.sc.3101263

Hodgkiss, D. D., Bhangu, G. S., Lunny, C., Jutzeler, C. R., Chiou, S. Y., Walter, M., 
et al. (2023). Exercise and aerobic capacity in individuals with spinal cord injury: a 
systematic review with meta-analysis and meta-regression. PLoS Med. 20:e1004082. 
doi: 10.1371/journal.pmed.1004082

Hofstoetter, U. S., Freundl, B., Binder, H., and Minassian, K. (2018). Common 
neural structures activated by epidural and transcutaneous lumbar spinal cord 
stimulation: elicitation of posterior root-muscle reflexes. PLoS One 13:e0192013. doi: 
10.1371/journal.pone.0192013

Hutchinson, M. J., and Goosey-Tolfrey, V. L. (2021). Rethinking aerobic exercise 
intensity prescription in adults with spinal cord injury: time to end the use of 
“moderate to vigorous” intensity? Spinal Cord 60, 484–490. doi: 10.1038/
s41393-021-00733-2

Joyner, M. J., and Casey, D. P. (2015). Regulation of increased blood flow 
(hyperemia) to muscles during exercise: a hierarchy of competing physiological 
needs. Physiol. Rev. 95, 549–601. doi: 10.1152/physrev.00035.2013

Keir, D. A., Iannetta, D., Mattioni Maturana, F., Kowalchuk, J. M., and Murias, J. M. 
(2022). Identification of non-invasive exercise thresholds: methods, strategies, and 
an online app. Sports Med. 52, 237–255. doi: 10.1007/s40279-021-01581-z

Kerk, J. K., Clifford, P. S., Snyder, A. C., Prieto, T. E., O'Hagan, K. P., Schot, P. K., 
et al. (1995). Effect of an abdominal binder during wheelchair exercise. Med. Sci. 
Sports Exerc. 27, 913–919. doi: 10.1249/00005768-199506000-00018

Kim, M., Moon, Y., Hunt, J., McKenzie, K. A., Horin, A., McGuire, M., et al. (2021). 
A novel technique to reject artifact components for surface EMG signals recorded 
during walking with transcutaneous spinal cord stimulation: a pilot study. Front. 
Hum. Neurosci. 15:660583. doi: 10.3389/fnhum.2021.660583

Kouwijzer, I., Cowan, R. E., Maher, J. L., Groot, F. P., Riedstra, F., Valent, L. J. M., 
et al. (2019). Interrater and intrarater reliability of ventilatory thresholds determined 
in individuals with spinal cord injury. Spinal Cord 57, 669–678. doi: 10.1038/
s41393-019-0262-8

Ladenbauer, J., Minassian, K., Hofstoetter, U. S., Dimitrijevic, M. R., and Rattay, F. 
(2010). Stimulation of the human lumbar spinal cord with implanted and surface 
electrodes: a computer simulation study. IEEE Trans. Neural Syst. Rehabil. Eng. 18, 
637–645. doi: 10.1109/TNSRE.2010.2054112

Law, M., Sachdeva, R., Darrow, D., and Krassioukov, A. (2023). Cardiovascular 
effects of spinal cord stimulation: the highs, the lows, and the Don’t knows. 
Neuromodulation 2:S1094–7159(23)00714-6. doi: 10.1016/j.neurom.2023.07.010

Liu, Y., Yue, W. S., Liao, S. Y., Zhang, Y., Au, K. W., Shuto, C., et al. (2012). Thoracic 
spinal cord stimulation improves cardiac contractile function and myocardial oxygen 
consumption in a porcine model of ischemic heart failure. J. Cardiovasc. 
Electrophysiol. 23, 534–540. doi: 10.1111/j.1540-8167.2011.02230.x

Megía García, A., Serrano-Muñoz, D., Taylor, J., Avendaño-Coy, J., and 
Gómez-Soriano, J. (2020). Transcutaneous spinal cord stimulation and motor 
rehabilitation in spinal cord injury: a systematic review. Neurorehabil. Neural Repair 
34, 3–12. doi: 10.1177/1545968319893298

Nelson, M. T., Biltz, G. R., and Dengel, D. R. (2014). Cardiovascular and ride time-
to-exhaustion effects of an energy drink. J. Int. Soc. Sports Nutr. 11:2. doi: 
10.1186/1550-2783-11-2

Nieshoff, E. C., Birk, T. J., Birk, C. A., Hinderer, S. R., and Yavuzer, G. (2004). 
Double-blinded, placebo-controlled trial of midodrine for exercise performance 
enhancement in tetraplegia: a pilot study. J. Spinal Cord Med. 27, 219–225. doi: 
10.1080/10790268.2004.11753752

Nightingale, T. E., Eginyan, G., Balthazaar, S. J. T., Williams, A. M. M., Lam, T., and 
Krassioukov, A. V. (2022). Accidental boosting in an individual with tetraplegia – 
considerations for the interpretation of cardiopulmonary exercise testing. J. Spinal 
Cord Med. 45, 969–974. doi: 10.1080/10790268.2020.1871253

Nightingale, T. E., Walter, M., Williams, A. M. M., Lam, T., and Krassioukov, A. V. 
(2019). Ergogenic effects of an epidural neuroprosthesis in one individual with spinal 
cord injury. Neurology 92, 338–340. doi: 10.1212/WNL.0000000000006923

Nightingale, T. E., Williams, S., Thompson, D., and Bilzon, J. L. J. (2017). Energy 
balance components in persons with paraplegia: daily variation and appropriate 
measurement duration. Int. J. Behav. Nutr. Phys. Act. 14:132. doi: 10.1186/
s12966-017-0590-z

Paralyzed Veterans of America Consortium for Spinal Cord Medicine. (1997). Acute 
management of autonomic dysreflexia: individuals with spinal cord injury presenting to 
health-care facilities. Washington DC, USA: Eastern Paralyzed Veterans Association. 
Available at: https://pva.org/wp-content/uploads/2021/09/cpg_autonomic-dysreflexia.pdf

Partida, E., Mironets, E., Hou, S., and Tom, V. J. (2016). Cardiovascular dysfunction 
following spinal cord injury. Neural Regen. Res. 11, 189–194. doi: 
10.4103/1673-5374.177707

Phillips, A. A., Squair, J. W., Sayenko, D. G., Edgerton, V. R., Gerasimenko, Y., and 
Krassioukov, A. V. (2018). An autonomic Neuroprosthesis: noninvasive electrical 

spinal cord stimulation restores autonomic cardiovascular function in individuals 
with spinal cord injury. J. Neurotrauma 35, 446–451. doi: 10.1089/neu.2017.5082

Pino, I. P., Nightingale, T. E., Hoover, C., Zhao, Z., Cahalan, M., Dorey, T. W., et al. 
(2022). The safety of epidural spinal cord stimulation to restore function after spinal 
cord injury: post-surgical complications and incidence of cardiovascular events. 
Spinal Cord 60, 903–910. doi: 10.1038/s41393-022-00822-w

Pitetti, K. H., Barrett, P. J., Campbell, K. D., and Malzahn, D. E. (1994). The effect 
of lower body positive pressure on the exercise capacity of individuals with spinal 
cord injury. Med. Sci. Sports Exerc. 26, 463–468. doi: 
10.1249/00005768-199404000-00011

Rimaud, D., Calmels, P., Roche, F., Mongold, J. J., Trudeau, F., and Devillard, X. 
(2007). Effects of graduated compression stockings on cardiovascular and metabolic 
responses to exercise and exercise recovery in persons with spinal cord injury. Arch. 
Phys. Med. Rehabil. 88, 703–709. doi: 10.1016/j.apmr.2007.03.023

Rupp, R., Biering-Sørensen, F., Burns, S. P., Graves, D. E., Guest, J., Jones, L., et al. 
(2021). International standards for neurological classification of spinal cord injury: 
revised 2019. Top. Spinal Cord Inj. Rehabil. 27, 1–22. doi: 10.46292/sci2702-1

Sachdeva, R., Nightingale, T. E., Pawar, K., Kalimullina, T., Mesa, A., Marwaha, A., 
et al. (2021). Noninvasive Neuroprosthesis promotes cardiovascular recovery after 
spinal cord injury. Neurotherapeutics 18, 1244–1256. doi: 10.1007/
s13311-021-01034-5

Samejima, S., Shackleton, C., Malik, R. N., Cao, K., Bohorquez, A., 
Nightingale, T. E., et al. (2023). Spinal cord stimulation prevents autonomic 
Dysreflexia in individuals with spinal cord injury: a case series. J. Clin. Med. Res. 
12:2897. doi: 10.3390/jcm12082897

Samejima, S., Shackleton, C., Miller, T., Moritz, C. T., Kessler, T. M., Krogh, K., 
et al. (2024). Mapping the iceberg of autonomic recovery: mechanistic underpinnings 
of neuromodulation following spinal cord injury. Neuroscientist 30, 378–389. doi: 
10.1177/10738584221145570

Schmid, A., Huonker, M., Barturen, J. M., Stahl, F., Schmidt-Trucksäss, A., 
König, D., et al. (1998). Catecholamines, heart rate, and oxygen uptake during 
exercise in persons with spinal cord injury. J. Appl. Physiol. 85, 635–641. doi: 10.1152/
jappl.1998.85.2.635

Schmid, A., Schmidt-Trucksäss, A., Huonker, M., König, D., Eisenbarth, I., 
Sauerwein, H., et al. (2001). Catecholamines response of high performance 
wheelchair athletes at rest and during exercise with autonomic dysreflexia. Int. J. 
Sports Med. 22, 2–7. doi: 10.1055/s-2001-11330

Shipley, J., and North, R. B. (2018). “A review of spinal cord stimulation cost 
studies” in Neuromodulation-comprehensive textbook of principles, technologies, 
and therapies. eds. E. Krames, P. H. Peckham and A. R. Rezai, vol. 2. 2nd ed 
(Cambridge, MA, USA: Academic Press), 701–719.

Simmons, O. L., Kressler, J., and Nash, M. S. (2014). Reference fitness values in the 
untrained spinal cord injury population. Arch. Phys. Med. Rehabil. 95, 2272–2278. 
doi: 10.1016/j.apmr.2014.06.015

Solinsky, R., Burns, K., Tuthill, C., Hamner, J. W., and Taylor, J. A. (2024). 
Transcutaneous spinal cord stimulation and its impact on cardiovascular autonomic 
regulation after spinal cord injury. Am. J. Physiol. Heart Circ. Physiol. 326, H116–
H122. doi: 10.1152/ajpheart.00588.2023

Squair, J. W., Gautier, M., Mahe, L., Soriano, J. E., Rowald, A., Bichat, A., et al. 
(2021). Neuroprosthetic baroreflex controls haemodynamics after spinal cord injury. 
Nature 590, 308–314. doi: 10.1038/s41586-020-03180-w

Stanley, D. M., Williams, S., and Cumming, J. (2009). Preliminary validation of a 
single-item measure of exercise enjoyment: the exercise enjoyment scale. J. Sport 
Exerc. Psychol. 31, S138–S139.

Taccola, G., Barber, S., Horner, P. J., Bazo, H. A. C., and Sayenko, D. (2020). 
Complications of epidural spinal stimulation: lessons from the past and alternatives 
for the future. Spinal Cord 58, 1049–1059. doi: 10.1038/s41393-020-0505-8

Thorogood, N. P., Waheed, Z., Chernesky, J., Burkhart, I., Smith, J., Sweeney, S., 
et al. (2023). Spinal cord injury community personal opinions and perspectives on 
spinal cord stimulation. Top. Spinal Cord Inj. Rehabil. 29, 1–11. doi: 10.46292/
sci22-00057

van den Berg-Emons, R. J., Bussmann, J. B., and Stam, H. J. (2010). Accelerometry-
based activity spectrum in persons with chronic physical conditions. Arch. Phys. Med. 
Rehabil. 91, 1856–1861. doi: 10.1016/j.apmr.2010.08.018

Waldron, M., David Patterson, S., and Jeffries, O. (2018). Inter-day reliability of 
Finapres® cardiovascular measurements during rest and exercise. Sports Med. Int. 
Open 2, E9–E15. doi: 10.1055/s-0043-122081

Wan, D., and Krassioukov, A. V. (2014). Life-threatening outcomes associated with 
autonomic dysreflexia: a clinical review. J. Spinal Cord Med. 37, 2–10. doi: 
10.1179/2045772313Y.0000000098

West, C. R., Campbell, I. G., Goosey-Tolfrey, V. L., Mason, B. S., and Romer, L. M. 
(2014). Effects of abdominal binding on field-based exercise responses in Paralympic 
athletes with cervical spinal cord injury. J. Sci. Med. Sport 17, 351–355. doi: 10.1016/j.
jsams.2013.06.001

https://doi.org/10.3389/fnins.2024.1435716
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1001/jamaneurol.2018.2617
https://doi.org/10.1038/sj.sc.3101263
https://doi.org/10.1371/journal.pmed.1004082
https://doi.org/10.1371/journal.pone.0192013
https://doi.org/10.1038/s41393-021-00733-2
https://doi.org/10.1038/s41393-021-00733-2
https://doi.org/10.1152/physrev.00035.2013
https://doi.org/10.1007/s40279-021-01581-z
https://doi.org/10.1249/00005768-199506000-00018
https://doi.org/10.3389/fnhum.2021.660583
https://doi.org/10.1038/s41393-019-0262-8
https://doi.org/10.1038/s41393-019-0262-8
https://doi.org/10.1109/TNSRE.2010.2054112
https://doi.org/10.1016/j.neurom.2023.07.010
https://doi.org/10.1111/j.1540-8167.2011.02230.x
https://doi.org/10.1177/1545968319893298
https://doi.org/10.1186/1550-2783-11-2
https://doi.org/10.1080/10790268.2004.11753752
https://doi.org/10.1080/10790268.2020.1871253
https://doi.org/10.1212/WNL.0000000000006923
https://doi.org/10.1186/s12966-017-0590-z
https://doi.org/10.1186/s12966-017-0590-z
https://pva.org/wp-content/uploads/2021/09/cpg_autonomic-dysreflexia.pdf
https://doi.org/10.4103/1673-5374.177707
https://doi.org/10.1089/neu.2017.5082
https://doi.org/10.1038/s41393-022-00822-w
https://doi.org/10.1249/00005768-199404000-00011
https://doi.org/10.1016/j.apmr.2007.03.023
https://doi.org/10.46292/sci2702-1
https://doi.org/10.1007/s13311-021-01034-5
https://doi.org/10.1007/s13311-021-01034-5
https://doi.org/10.3390/jcm12082897
https://doi.org/10.1177/10738584221145570
https://doi.org/10.1152/jappl.1998.85.2.635
https://doi.org/10.1152/jappl.1998.85.2.635
https://doi.org/10.1055/s-2001-11330
https://doi.org/10.1016/j.apmr.2014.06.015
https://doi.org/10.1152/ajpheart.00588.2023
https://doi.org/10.1038/s41586-020-03180-w
https://doi.org/10.1038/s41393-020-0505-8
https://doi.org/10.46292/sci22-00057
https://doi.org/10.46292/sci22-00057
https://doi.org/10.1016/j.apmr.2010.08.018
https://doi.org/10.1055/s-0043-122081
https://doi.org/10.1179/2045772313Y.0000000098
https://doi.org/10.1016/j.jsams.2013.06.001
https://doi.org/10.1016/j.jsams.2013.06.001


Hodgkiss et al. 10.3389/fnins.2024.1435716

Frontiers in Neuroscience 12 frontiersin.org

West, C. R., Gee, C. M., Voss, C., Hubli, M., Currie, K. D., Schmid, J., et al. (2015). 
Cardiovascular control, autonomic function, and elite endurance performance in 
spinal cord injury. Scand. J. Med. Sci. Sports 25, 476–485. doi: 10.1111/sms.12308

West, C. R., Mills, P., and Krassioukov, A. V. (2012). Influence of the neurological 
level of spinal cord injury on cardiovascular outcomes in humans: a meta-analysis. 
Spinal Cord 50, 484–492. doi: 10.1038/sc.2012.17

West, C. R., Phillips, A. A., Squair, J. W., Williams, A. M., Walter, M., Lam, T., et al. 
(2018). Association of Epidural Stimulation with Cardiovascular Function in an 
individual with spinal cord injury. JAMA Neurol. 75, 630–632. doi: 10.1001/
jamaneurol.2017.5055

Williams, A. M. M., Chisholm, A. E., Lynn, A., Malik, R. N., Eginyan, G., and 
Lam, T. (2020). Arm crank ergometer “spin” training improves seated balance and 
aerobic capacity in people with spinal cord injury. Scand. J. Med. Sci. Sports 30, 
361–369. doi: 10.1111/sms.13580

Wu, J. C., Chen, Y. C., Liu, L., Chen, T. J., Huang, W. C., Cheng, H., et al. (2012). 
Increased risk of stroke after spinal cord injury: a nationwide 4-year follow-up cohort 
study. Neurology 78, 1051–1057. doi: 10.1212/WNL.0b013e31824e8eaa

Yanagiya, Y., Sato, T., Kawada, T., Inagaki, M., Tatewaki, T., Zheng, C., et al. (2004). 
Bionic epidural stimulation restores arterial pressure regulation during orthostasis. J. 
Appl. Physiol. 97, 984–990. doi: 10.1152/japplphysiol.00162.2004

https://doi.org/10.3389/fnins.2024.1435716
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/sms.12308
https://doi.org/10.1038/sc.2012.17
https://doi.org/10.1001/jamaneurol.2017.5055
https://doi.org/10.1001/jamaneurol.2017.5055
https://doi.org/10.1111/sms.13580
https://doi.org/10.1212/WNL.0b013e31824e8eaa

	Ergogenic effects of spinal cord stimulation on exercise performance following spinal cord injury
	Introduction
	Materials and methods
	Study design and assessments
	Exercise trials
	Data analysis

	Results
	Discussion
	Conclusion

	References

