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Abstract
Study design Experimental study.
Objective Individuals with spinal cord injuries (SCI) may present with impaired sympathetic control over thermoregulatory
responses to environmental and exercise stressors, which can impact regional core temperature (Tcore) measurement. The purpose
of this study was to investigate whether regional differences in Tcore responses exist during exercise in individuals with SCI.
Setting Rehabilitation centre in Wakayama, Japan.
Methods We recruited 12 men with motor-complete SCI (7 tetraplegia, 5 paraplegia) and 5 able-bodied controls to complete
a 30-min bout of arm-cycling exercise at 50% V̇O2 peak reserve. Tcore was estimated using telemetric pills (intestinal
temperature; Tint) and esophageal probes (Teso). Heat storage was calculated from baseline to 15 and 30 min of exercise.
Results At 15 min of exercise, elevations in Teso (Δ0.39 ± 0.22 °C; P < 0.05), but not Tint (Δ0.04 ± 0.18 °C; P= 0.09), were
observed in able-bodied men. At 30 min of exercise, men with paraplegia and able-bodied men both exhibited increases in
Teso (paraplegia: Δ0.56 ± 0.30 °C, P < 0.05; able-bodied men: Δ0.60 ± 0.31 °C, P < 0.05) and Tint (paraplegia: Δ0.38 ±
0.33 °C, P < 0.05; able-bodied men: Δ0.30 ± 0.30 °C, P < 0.05). Teso began rising 7.2 min earlier than Tint (pooled, P < 0.01).
Heat storage estimated by Teso was greater than heat storage estimated by Tint at 15 min (P= 0.02) and 30 min (P= 0.03) in
men with paraplegia. No elevations in Teso, Tint, or heat storage were observed in men with tetraplegia.
Conclusions While not interchangeable, both Teso and Tint are sensitive to elevations in Tcore during arm-cycling exercise in
men with paraplegia, although Teso may have superior sensitivity to capture temperature information earlier during exercise.

Introduction

Exercise-induced elevations in core body temperature (Tcore)
are regulated within an acceptable range by the sweating
and skin blood flow responses, mediated in part by the
sympathetic nervous system in a negative feedback loop [1,

2]. While this is an adaptive process in able-bodied indi-
viduals, individuals with spinal cord injuries (SCI) may
present with varying degrees of autonomic dysfunction as a
result of damage to the spinal cord. Altered autonomic
function has been shown to impair sympathetically-
mediated regulatory processes below the lesion level, such
as the thermoregulatory response to heat and exercise [3, 4].

Autonomic function in SCI may differentially affect the
validity and sensitivity of different temperature measure-
ment tools through alterations in regional thermoregulatory
control. Rectal and esophageal temperatures (Teso) provide
close estimates of Tcore during exercise, but are restricted to
“lab-based” assessments that are not feasible to measure in
the field [5, 6]. Ingestible telemetric pills can provide a
wireless measurement of intestinal temperature (Tint), an
estimate of Tcore, and have been shown to be sensitive to
heat- and exercise-related thermoregulatory challenges in
both able-bodied men and individuals with SCI [7–9].
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However, given the known differences in both gut motility
[10] and abdominal skin temperature with higher level SCI
[11, 12], it is unknown whether the telemetric pill provides
equally sensitive assessment of Tcore in all individuals with
SCI. Furthermore, much of the SCI thermoregulation
research has been conducted in athletes with SCI [7, 11, 13–
16], with relatively little knowledge on the generalizability
of methods to untrained adults with SCI who may have
altered thermoregulatory sensitivity to exercise [17] and
lower levels of heat production related to reduced aerobic
capacity [18]. The ability to rely on non-invasive methods
to estimate exercise- or environment-induced Tcore eleva-
tions is particularly important to untrained adults with SCI
who are not habitually exposed to temperature stressors, and
therefore may be at elevated risk for heat stress exposure.

The purpose of this study was to investigate whether Tint
and Teso provide comparable information about the ther-
moregulatory response to upper-limb exercise in untrained
men with paraplegia and tetraplegia. To simulate realistic
exercise conditions in this population, Tcore sensitivity was
tested during arm cycling at 50% of V̇O2 peak reserve,
corresponding to moderate-to-vigorous intensity exercise
recommended by the latest physical activity guidelines for
adults with SCI [19]. Based on previous work in able-
bodied individuals [9], we hypothesized that Tint and Teso
would both reflect exercise-related elevations in Tcore in
individuals with paraplegia and tetraplegia.

Methods

Experimental design

Seventeen men were recruited for this study: seven indivi-
duals with tetraplegia, five individuals with paraplegia, and
five able-bodied controls (Table 1 for participant char-
acteristics). Participants were asked to come to the labora-
tory for two separate visits for a baseline testing session, as
well as an acute exercise trial. During the first visit, degree
of autonomic dysfunction was assessed by sympathetic skin
responses (SSR) and the sit-up test to identify orthostatic
hypotension (OH), followed by a graded arm exercise test to
exhaustion. At the second visit, participants performed 30
min of arm cycling exercise at 50% V̇O2 peak, during which
Tcore and skin temperature (Tsk) were recorded throughout.
The testing environment was maintained at 25 °C at a
relative humidity of 50%.

Sympathetic skin responses

SSR testing was completed as previously described [20,
21], with modification. In the supine position, electrodes
were placed on the dorsal and ventral sides of the left hand

and foot, and were attached to a commercial data acquisi-
tion unit (PowerLab 26T (LTS), AD Instruments, Colorado
Springs, CO, USA). In 30–40 s intervals, electrical stimu-
lation was applied to the left median nerve, the left posterior
tibial nerve, and the left supra-orbital nerve, in series. Five
stimuli were applied at each nerve, with the pulse amplitude
set to a threshold where a motor response could be elicited
(12–20 mA, 0.2 ms, single pulse). The presence or absence
of a response was noted for each stimulation, which were
summated at each site for SSR scoring.

Sit-up test

Participants were instrumented with an oscillometric blood
pressure cuff (STBP-780, Colin, Komaki, Japan), and
electrocardiogram for impedance estimation (PhysioFlow®,
NeuMeDx, Bristol, PA, USA). Participants were instructed
to maintain a breathing rate of 15 breaths/min, timed to a
metronome, to account for respiratory sinus arrhythmia.
After 5 min of supine measurement, participants were pas-
sively sat up in a reclinable chair to a seated position for 15
min. Automated oscillometric blood pressure was recorded
every minute, or until participant demonstrated signs of
syncope. OH was defined as a drop in systolic blood
pressure (SBP) of ≥20 mmHg, or a drop in diastolic blood
pressure (DBP) of ≥10 mmHg [22].

V̇O2 peak testing

Peak oxygen consumption (V̇O2 peak) was assessed with a
graded arm cycling test to volitional exhaustion. After
10 min of rest, participants were instructed to cycle at 50 rpm
on a manually-braked arm ergometer (Monark Rehab
Trainer 881E; Monark Exercise AB, Varberg, Sweden) at 0,
5, and 10W for 3-min intervals, thereafter increasing the
power output by 5W/min for individuals with tetraplegia or
10W/min for both individuals with paraplegia and able-
bodied controls until test termination (cycling rate < 40 rpm).
Ventilatory data were collected with a portable metabolic
unit (MetaMax 3B, Cortex, Leipzig, Germany).

Skin temperatures

Skin temperatures were measured at 10 different sites with
iButton sensors (DS1922T, Maxim Integrated Products,
Inc., Sunnyvale, CA, USA): on the forehead and on the left
side of the body at the chest, upper back, upper arm, fore-
arm, dorsal hand, lower abdomen, anterior thigh, lateral
calf, and dorsal foot. Data were sampled every 10 s, which
were then averaged every minute for analysis. Tsk was
averaged between the arm, forearm, and hand for upper-
limb temperature, and averaged between the thigh, leg, and
foot for lower-limb temperature. In the absence of
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SCI-specific Tsk standards, mean Tsk was calculated as per
Ramanathan [23] by the following equation:

Mean skin temperature ¼ 0:3� Tchestð Þ þ 0:3� Tarmð Þ
þ 0:2� Tthigh
� �þ 0:2� Tcalfð Þ

Core temperature

Core temperature was measured using both an ingestible
telemetric capsule (Tint), as well as an esophageal probe
(Teso). The telemetric capsule was factory-calibrated and
swallowed 8–10 h prior to arrival for the acute exercise trial
(e-Celsius™; BodyCap, Paris, France). Data were
sampled every 30 s by a portable receiver (e-Performance;
BodyCap), which were then averaged every minute for
analysis. Teso was assessed by thermocouples in a poly-
ethylene tube (PE90; Nippon Becton Dickinson Company,
Tokyo, Japan), which was inserted through the right nostril
and extended to the esophagus at the level of the right atria
(0.25*supine length), the placement of which was con-
firmed via a cold-water swallow. Immediately after each
exercise trial, the esophageal probe was immersed in both
room temperature and 40 °C water for calibration. The delay
in temperature elevation was identified between the initia-
tion of the test and the first sustained elevation in both Teso
and Tint.

Heat storage

Heat storage during exercise was calculated as per [24] by
the following equation:

Heat storage ¼ 0:8� ΔTeso or ΔTint½ �ð Þ þ 0:2� ΔTskð Þð Þ � cb

where cb is the specific heat capacity of body tissue
(3.49 J g−1 °C−1) and Tsk is the mean skin temperature as
calculated from above. Heat storage was calculated from
rest to each bout of exercise (ending at 15 and 30 min)
for both Teso and Tint.

Exercise trial

Exercise was performed in a temperature and humidity-
controlled room at 25 °C and 50% humidity. Exercise
intensity was chosen to reflect the most recent physical
activity guidelines for individuals with SCI [19]. After
instrumentation, participants were instructed to sit quietly
for 10 min of rest, followed by two 15-min bouts of exercise
at 50% V̇O2 reserve [25], separated by 2 min of rest.
Throughout exercise, heart rate was monitored by single-
lead ECG.

Statistics

Statistical analyses were performed using IBM SPSS Sta-
tistics (version 20.0.0; IBM Corp., Armonk, NY, USA).
Data were visually assessed for normality using histograms
and statistically using the Kolmogorov–Smirnov test.
Resting characteristics and cardiopulmonary responses to
exercise were compared between groups with one-way
independent ANOVAs. One-way repeated measures
ANOVAs were used to assess the change in Tcore and Tsk at
discrete intervals over the exercise bout within each group

Table 1 Participant
characteristics

Outcome Tetraplegia (n= 7) Paraplegia (n= 5) Able-bodied (n= 5)

Age (years) 38 ± 12 53 ± 7 37 ± 13

Height (m) 1.72 ± 0.07 1.67 ± 0.04 1.69 ± 0.05

Body mass (kg) 57 ± 14 55 ± 7 64 ± 14

Injury level range C4–C7 T4–T11

AIS

A 4 5

B 3 0

SSR

Radial stimulation (hand/foot) 1/0 4/0 5/5

Tibial stimulation (hand/foot) 0/0 0/0 5/5

Supra-orbital stimulation (hand/foot) 0/0 3/0 5/5

Cases of OH from SUT (/total) 6/7 0/5 1/5

SSR are group averages, out of a maximum of five stimulations per limb. Values are mean ± SD unless
otherwise noted

AIS American Spinal Injury Association Impairment Scale, OH orthostatic hypotension, RER respiratory
exchange ratio, RPE ratings of perceived exertion, SSR sympathetic skin response, SUT sit-up test, VE

ventilatory rate
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(i.e., timepoints: rest, 15 min, recovery, 30 min), where
significant effects were followed by Tukey’s HSD post-hoc
test. Paired t-tests were used to examine the difference in
heat storage between measurement types. Bland–Altman
analysis was used to examine the difference between Tint
and Teso sensitivity during exercise, reporting the mean bias
and 95% limits of agreement. Values are reported as mean
± SD unless otherwise noted. In all analyses, the level of
significance was set at α= 0.05.

Results

Participant characteristics and baseline autonomic function
are described in Table 1. Autonomic testing revealed that
men with tetraplegia had autonomic dysfunction as they
presented with the absence of SSR and presence of OH,
while men with paraplegia had generally preserved upper-
limb SSR responses and no OH. As a methodological
control, autonomic testing was also performed on able-
bodied men, indicating intact SSR responses and only one
case of diastolic OH.

Peak and sub-maximal exercise responses are described in
Table 2. There was a graded effect of lesion level on fitness,
where men with SCI had a lower V̇O2 peak than able-bodied
men (P < 0.05). During the acute exercise bout, men with SCI
worked at lower power output (P < 0.05) compared to able-
bodied men, while men with tetraplegia had lower heart rate
responses at both 15 and 30min of exercise (both P < 0.01),
with no differences between men with paraplegia and able-
bodied controls (both P > 0.90).

At rest, there were no differences between tetraplegia,
paraplegia, or able-bodied men in core temperature as
measured by either Tint (P= 0.14) or Teso (P= 0.35),
although Teso was lower than Tint by 0.63 °C for all indivi-
duals (36.14 ± 0.36 °C vs. 36.76 ± 0.40 °C, P < 0.01). Tint
and Teso demonstrated similar response patterns to exercise
in men with paraplegia and able-bodied men, with both
methods increasing by the end of the exercise bout (P <
0.05; Fig. 1). Teso in able-bodied men demonstrated addi-
tional sensitivity to temperature changes at the 15-min and
resting timepoints, without concurrent changes in Tint. There
were no elevations in either Teso (P= 0.24) or Tint (P=
0.71), in men with tetraplegia. When all groups were
pooled, we observed a delay in temperature elevations,
where Teso began rising 7.2 min earlier than Tint (5.2 ± 1.9
vs. 12.4 ± 6.6 min; P < 0.01). To assess the overall differ-
ence between temperature assessment sensitivity during
exercise, a Bland–Altman analysis was conducted using the
pooled data between the 15- and 30-min timepoints, sepa-
rated by group (Fig. 2). An average bias of a 0.17 °C greater
Teso response was observed, with the 95% limits of agree-
ment ranging from −0.25 to 0.59 °C.

Average upper limb skin temperature did not sig-
nificantly change from rest in any group (P > 0.05; Fig. 3),
although forearm temperature exhibited a time × group
interaction (P < 0.01), where temperature decreased in men
with tetraplegia throughout the entire exercise bout (Δ
−1.80 °C from rest to 30 min; all P < 0.05). In contrast,
lower limb skin temperature demonstrated a main effect for
time (P < 0.01) where temperatures were lower during
the exercise bout than during baseline rest for all partici-
pants (Δ −0.49 °C from rest to 30 min; all P < 0.05; Fig. 3).

Heat storage was increased when estimated from Teso
compared to Tint after the first 15 min of exercise in both
men with paraplegia and able-bodied controls (P < 0.05;
Fig. 4). After the second bout of exercise, heat storage
estimated by Teso was only greater in men with paraplegia
(P= 0.03). Heat storage increased from the first bout to the
second bout only in men with paraplegia (Teso estimate P=
0.03; Tint estimate P < 0.01). There were no differences
between heat storage method estimates or heat storage over
time in men with tetraplegia (P > 0.05).

Discussion

We investigated whether two regional indicators of Tcore
demonstrate similar responses during normothermic

Table 2 Cardiorespiratory outcomes during graded exercise test and
exercise bout (mean ± SD)

Outcome Tetraplegia Paraplegia Able-bodied

Graded exercise test

Resting V̇O2 (Lmin−1) 0.19 ± 0.03† 0.21 ± 0.02 0.25 ± 0.04

Peak power output
(W)

17 ± 11*† 56 ± 20 77 ± 11

V̇O2 peak (L min−1) 0.56 ± 0.10*† 1.11 ± 0.31† 1.64 ± 0.28

Peak heart rate (bpm) 97 ± 11*† 161 ± 19 168 ± 22

Peak VE (L min−1) 26.8 ± 5.2*† 49.4 ± 13.0† 80.0 ± 18.8

Peak RER 1.05 ± 0.05† 1.22 ± 0.20 1.39 ± 0.22

Exercise responses at 50% V̇O2 peak

Power output (W) 7 ± 2*† 25 ± 11† 43 ± 7

Power output (%Wpeak) 47 ± 17 43 ± 7 55 ± 3

@15 min Heart rate
(bpm)

75 ± 12*† 131 ± 14 127 ± 18

@15 min RPE 13 ± 2 15 ± 1 15 ± 1

@30 min Heart rate
(bpm)

77 ± 6*† 139 ± 19 138 ± 21

@30 min RPE 14 ± 2 16 ± 1 16 ± 1

RPE ratings of perceived exertion, VE ventilatory rate, RER respiratory
exchange ratio

*P < 0.05 vs. paraplegia
†P < 0.05 vs. able-bodied
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exercise in individuals with different levels of SCI. The
primary findings were: (1) amongst able-bodied men and
men with paraplegia, both Teso and Tint were sensitive to
Tcore elevations during exercise in normothermia, with fur-
ther Teso sensitivity in able-bodied men earlier during
exercise; and (2) individuals with tetraplegia demonstrated

Fig. 1 Changes in core temperature (Tcore) during the exercise bout
measured by esophageal (open circles; Teso) and intestinal (closed
circles; Tint) probes. Shaded areas indicate rest periods. Plotted points
are mean+ SEM. *P < 0.05 different from resting temperature

Fig. 2 Bland–Altman analysis indicating systematically larger changes
in Teso compared to Tint during exercise in men with tetraplegia, men
with paraplegia, and able-bodied men. The difference between changes
in temperature (Teso− Tint) is plotted against the range of average
temperature changes, with the mean bias (0.17 °C) and 95% limits of
agreement (−0.25 to 0.59 °C) indicated by dashed lines

Fig. 3 Changes in upper (top) and lower (bottom) skin temperature
(Tsk) during the exercise bout in individuals with tetraplegia (open
triangles), paraplegia (open circles), and able-bodied men (closed
circles). Shaded areas indicate rest periods. Plotted points are mean+
SEM. †P < 0.05 all groups different from resting temperature
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signs of autonomic dysfunction at rest, and had no eleva-
tions in Teso or Tint during 30 min of cycling at an intensity
reflecting recommended workloads for healthy habitual
physical activity. Our results indicate that Tint and Teso can
provide similar estimates of Tcore elevation during moderate-
intensity arm-cycling exercise in men with paraplegia,
although our able-bodied data indicates Teso likely has
superior sensitivity to capture temperature information
earlier during exercise.

The use of telemetric pills provides a non-invasive esti-
mate of Tcore which can be used for field assessments of
thermoregulation during exercise in able-bodied individuals
[9, 26, 27]. Ambulatory temperature monitoring is particu-
larly important for individuals with SCI who may have
temperature dysregulation secondary to autonomic dys-
function and are therefore at elevated risk for heat-related
illness. Here, we report similar sensitivity in simultaneously
measured Teso and Tint during upper limb exercise in indi-
viduals with paraplegia and able-bodied men. Teso demon-
strated an earlier rise during exercise, indicating rapid
sensitivity to brief elevations in Tcore. These findings agree
with previous reports in able-bodied men that longer exer-
cise durations are required to achieve a 0.1 °C change in Tint
compared to Teso [28]. Circulating blood from the active
limbs likely contributes to the robust temperature sensitiv-
ity, as warmed venous return from the working limbs
directly impacts temperature conduction through the pul-
monary artery to the level of the esophageal probe. Upper-
limb exercise also results in greater heat production due to
poor work efficiency (compared to the lower limbs), as well
as less afferent input to the central nervous system resulting
in greater heat storage [18]. It has been previously sug-
gested that Tint might be impacted by the location of the pill
in the intestinal tract, and as such, there have been recom-
mendations to standardize pill ingestion 6 h prior to mea-
surement time for optimal intestinal transit time [9]. It is,
however, unknown whether these assumptions hold true for

individuals with SCI who have slower colon transit time
(previously reported as SCI: 0.63 ± 0.33 cm/h, controls:
2.58 ± 1.20 cm/h) [29] and autonomically-mediated peri-
staltic dysfunction [30]. Previous studies in able-bodied
men and athletes with SCI have demonstrated minimal
differences between Tcore estimations using esophageal,
intestinal, or rectal probes during high-intensity exercise
[27, 31]. Our findings are likely specific to individuals with
SCI with poor aerobic fitness performing moderate-intensity
exercise, which represents the fitness and activity of the
majority of untrained adults with SCI [32]. It is unknown
whether exercise in heat or longer duration exercise would
diminish observed differences between methods in men
with paraplegia, although an exercise duration of 30 min is a
realistic and relevant physiological challenge for most
individuals with SCI.

While the thermoregulatory responses to prolonged
exercise have previously been documented in athletes with
SCI [7, 8, 11, 13–16, 31, 33, 34], relatively little is known
about the exercise response in untrained adults with SCI, in
particular, individuals with tetraplegia. Using a moderate-
intensity exercise protocol recommended by national SCI
physical activity guidelines [19], we observed increases in
Tcore in men with paraplegia and able-bodied controls, but
not in individuals with tetraplegia, likely due to lower
exercise power output amongst men with tetraplegia. The
exercise intensity levels in individuals with tetraplegia were
likely below a threshold required to generate sufficient heat
stress as evidenced by a lack of elevations in upper-limb Tsk
or heat storage during exercise in a normothermic envir-
onment. Low cardiorespiratory loads at a similar relative
exercise intensity were evident by both the lower exercise
heart rate as well as moderate RPE scores during the final
minute of exercise, likely as a result of autonomic dys-
function (i.e., lack of SSR, symptoms of OH) and low
cardiorespiratory fitness. Previously, Webborn et al. [33]
demonstrated robust increases in Tint in athletes with

Fig. 4 Differences in heat storage estimated from esophageal (Teso)
and intestinal (Tint) temperatures after the first and second bouts of
exercise in a men with tetraplegia, b men with paraplegia, and c

able-bodied men. Mean ± SE. *P < 0.05 different vs. Teso;
†P < 0.05

different vs. 15 min
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tetraplegia in response to an intermittent sprint exercise
protocol on an arm ergometer, albeit at four times the power
output of our untrained participants. Although our data do
not indicate heat stress in men with tetraplegia and poor
cardiorespiratory fitness, it remains unknown whether
environmental heat stress would impact the effect of exer-
cise on regional elevations in Tcore in this population.

Telemetric measurement of Tcore in individuals with SCI
is important for the dynamic assessment of thermoregula-
tion, a key homeostatic process that may be impaired by
autonomic dysfunction following SCI. In our study, we
observed similar increases in Teso and Tint during 30 min of
upper-limb exercise in men with paraplegia as well as able-
bodied controls. The absence of exercise-induced heat stress
in men with tetraplegia, as reflected by a lack of increases in
Tcore or Tsk, was likely due to limitations to aerobic capacity
and low power outputs during the acute exercise. Our
results indicate that Tint and Teso can provide similar esti-
mates of Tcore elevation during moderate-intensity arm-
cycling exercise in men with paraplegia.

Data availability

The datasets generated during the current study are avail-
able from the corresponding author on reasonable request.
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