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Abstract
Aging is associated with declines in muscle function, leading to increased 
functional fatigability. Passive heating has demonstrated positive effects on 
muscle function during brief exercise in older adults, but the impact of heating 
on repeated contractions remains unknown. This study examined the effects 
of passive thigh heating on torque production during repeated and prolonged 
maximal dynamic isokinetic exercise. Fifteen healthy older adults (68 ± 8 years) 
completed a protocol involving 90 min of unilateral thigh heating (50°C) via a 
custom garment (HEAT), while the contralateral limb served as an unheated 
control (CONT). Participants performed 30 maximal isokinetic knee extensions at 
180°/s before and after heating to assess peak torque during a single contraction, 
and average torque and total work done. Peak torque increased by 6 ± 7 N.m in 
HEAT (from 74 ± 33 N.m to 81 ± 33 N.m, +9%, p < 0.05), whereas CONT saw a 
no significant change (73 ± 31 N.m to 76 ± 28 N.m). Average torque declined 
significantly (p < 0.05), with decreases from the first third (68 ± 30 N.m) to the 
middle (57 ± 26 N.m) and final third of the fatigue task (51 ± 22 N.m). There was 
no difference in averaged torque thirds between HEAT and CONT highlighting 
that fatigue resistance was unaltered by the intervention. Total work done 
showed a non-significant 7% increase in HEAT (from 1619 ± 1100 J to 1751 ± 976 J, 
p = 0.273), a non-significant decrease of −4% was noted in CONT (from 1589 ± 790 J 
to 1528 ± 784 J p = 0.284). Passive heating enhanced peak torque production, but 
not fatigue resistance or work done during repetitive dynamic contractions in 
older adults indicating that the acute benefits of passive heating, may not extend 
to sustained or repetitive tasks.
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1   |   INTRODUCTION

Muscular fatigue is often defined as an exercise-induced 
decline in the ability of the muscle to generate force 
or power (Enoka & Duchateau,  2008). Fatigue can be 
quantified in a research setting as the reduction in total 
work done and/or a reduction in torque produced during 
a continuous or repeated maximal exercise task. Muscular 
fatigue can also be observed through a reduction in 
athletic performance (Enoka & Duchateau,  2008), and 
the inability to sustain the force required to perform daily 
living tasks (Ma et al., 2011).

Exercise induced muscular fatigue has been observed 
in a variety of contraction types (Gomes et  al.,  2021; 
Kroll,  1973; Westerblad et  al.,  1998) and is a complex 
phenomenon, which is influenced by multiple factors 
that may be peripheral or central in origin (Enoka & 
Duchateau, 2008). Peripheral fatigue results from changes 
within the muscle itself, including metabolic distur-
bances and impaired excitation-contraction coupling 
(Gandevia, 2001). Central fatigue arises from impairments 
in the central nervous system, such as reduced motor neu-
ron output or affected by the motivation of the individual 
(Gandevia et al., 1995).

It is well-established that aging negatively impacts 
neuromuscular physiology, leading to declines in mus-
cle function (Lexell et al., 1988; Wu et al., 2020), such as 
susceptibility of a muscle to experience a decline in the 
ability to generate force over time, particularly during sus-
tained or repetitive activity (Hunter, 2018). It is believed 
older adults experience reductions in muscular power 
due to impaired contractile function within the muscle 
rather than inadequate voluntary activation (Wrucke 
et  al.,  2024). Additionally, older adults are likely more 
susceptible to muscular fatigue due to age-related factors 
such as reduced muscle mass, diminished nerve function, 
and decreased cardiovascular efficiency, leading to im-
paired muscle performance and endurance (Santanasto 
et al., 2015). These musculoskeletal changes often result 
in reduced performance of daily tasks and consequently 
impaired quality of life (Brach & VanSwearingen,  2002) 
manifesting as declines in walking endurance, balance, 
and physical activity in healthy older adults (Senefeld 
et al., 2017). The aged muscle also demonstrates a greater 
reliance on type I muscle fibers and a reduced reserve of 
type II fibers, which may limit rapid force generation and 
power output during high-intensity tasks (Miljkovic et al., 
2015). Older adults typically exhibit slower muscle con-
tractile properties, reduced calcium handling efficiency, 
diminished motor unit firing rates, and impaired mi-
crovascular function, all of which contribute to reduced 
muscle power and increased fatigability during dynamic 
tasks (Avin & Law, 2011; Reid & Fielding, 2012). These 

age-related changes suggest both the acute force and 
power production and the ability to sustain force output 
are affected by age and that older muscle may be partic-
ularly responsive to interventions that acutely enhance 
contractile speed and local perfusion.

It has long been known that skeletal muscle force 
production is highly sensitive to temperature changes 
(Bennett, 1984; Elmubarak & Ranatunga, 1984; Kössler & 
Küchler,  1987; Ranatunga,  1977, 1982, 1994; Ranatunga 
et  al.,  1987; Roots & Ranatunga,  2008) with evidence 
pointing towards a role of temperature in muscular fa-
tigue (Roots et  al.,  2009). Skeletal muscle hyperthermia 
above resting temperatures has been shown to enhance 
cross-bridge cycling kinetics, accelerate calcium release 
and reuptake within the sarcoplasmic reticulum, and 
increase motor nerve conduction velocity, collectively 
resulting in improved contractile speed and peak force 
production (Rodrigues et al., 2022; Sargeant, 1987). These 
temperature-dependent mechanisms are particularly rel-
evant during dynamic contractions, where force produc-
tion relies on rapid excitation–contraction coupling and 
efficient cross-bridge cycling. Beyond these intramuscu-
lar effects, elevated muscle temperature enhances local 
blood flow and microvascular perfusion (Koch Esteves 
et al., 2021), which may attenuate the development of pe-
ripheral fatigue by improving oxygen delivery and metab-
olite clearance, physiological processes that are commonly 
compromised with aging (Adelnia et al., 2019; Salvatore 
et  al.,  2022). Furthermore, enhanced perfusion has the 
potential to improve oxygen delivery and facilitate the 
removal of fatigue-related metabolic by-products such as 
inorganic phosphate and hydrogen ions, which are impli-
cated in the reduction in force production during repeated 
maximal contractions (Kent-Braun,  2009). As such, pas-
sive heating represents a plausible intervention through 
which fatigue-related declines in force production may 
be positively altered (McGorm et  al.,  2018; Rodrigues 
et  al.,  2020, 2022). By increasing muscle temperature, 
acute passive heating interventions may therefore tempo-
rarily offset age-related slowing of contractile kinetics and 
improve neuromuscular contractile function.

Passive heating of skeletal muscle has emerged as 
a potential ergogenic aid, with increased peak torque 
(Denny et  al.,  2025a, 2025b), maximal power output 
(Sargeant,  1987), and increased distance within a 6 min 
walk test (Pellinger et  al.,  2019), and early-stage muscle 
force production (Denny et  al.,  2025a, 2025b; Mornas 
et  al.,  2022; Rodrigues et  al.,  2021) evidenced to date. 
However, only one study has investigated the effects of 
passive increases in muscle temperature and fatigue re-
sistance in younger healthy adults (Ramanauskiene 
et  al.,  2008), finding no significant impact on dynamic 
fatigue resistance. Whilst these data (Ramanauskiene 
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et al., 2008) appear unsupportive of the ergogenic benefits 
of passive heating to attenuate declines in force production 
during repeated contractions, it has been known for some 
time that heating interventions designed to improve local 
muscle function is problematic when core body tempera-
ture also increases given this is known to reduce muscu-
lar performance through a reduced central drive (Thomas 
et al., 2006; Thornley et al., 2003). Therefore, in the study 
by Ramanauskiene et  al.  (2008) any peripheral benefits 
local to the exercising limb may have been masked by neg-
ative central perturbations. Localized passive heating is 
a desirable form of thermal therapy as it offers a means 
of selectively increasing muscle temperature while min-
imizing systemic thermal strain and negative effects on 
central motor drive, providing a more targeted approach 
to examining temperature-dependent changes in skeletal 
muscle (Gibson et al., 2023). Furthermore, older popula-
tions are characterized by impairments in skeletal muscle 
perfusion, excitation–contraction coupling, and contrac-
tile efficiency (Adelnia et al., 2019; Delbono, 2011; Power 
et al., 2013; Salvatore et al., 2022), all of which contribute 
to an increased susceptibility to peripheral fatigue during 
repeated contractions. As many of these physiological pro-
cesses are temperature-dependent, selectively increasing 
local muscle temperature may provide a strategy to offset 
age-related impairments in contractile function. However, 
the effects of localized passive muscle heating on fatigue 
resistance in older adults remain largely unexplored. 
Given the functional importance of maintaining force out-
put during repeated efforts are important for daily living 
tasks and fall prevention, understanding whether passive 
heating can attenuate fatigue-related declines in force 
production or total work performed has clear relevance 
for aging populations. Addressing this gap is necessary 
to determine whether passive heating represents a viable 
ergogenic aid for improving repeated high force muscle 
performance in older adults.

The aim of this study was therefore to investigate the 
effects of 90 min of passive thigh heating on fatigue resis-
tance and to assess the impact of passive heating on single 
contraction peak torque. It was hypothesized that the pro-
tocol will result in decreases in torque production across 
30 repetitions, although passive heating would attenuate 
the decline in torque production and total work capacity. 
It was further hypothesized that single contraction peak 
torque would be increased by the heating intervention. In 
this study, fatigue resistance was quantified using repeated 
maximal voluntary contractions of the quadriceps during 
an isokinetic task, with peak torque recorded for each con-
traction and average torque calculated across each series 
of ten repetitions to assess both acute force output and the 
decline in performance over time. Total work performed 
was derived from the sum of torque across all repetitions, 

providing an integrated measure of muscular endurance 
and fatigue resistance.

2   |   METHODS

2.1  |  Participants

Fifteen older adults (eight female, age 68 ± 8, stature 
1.65 ± 0.10 m, body mass 67.7 ± 13.1 kg, BMI 24.8 ± 4.4 kg/
m2, body fat 27% ± 4%), free of known illness and 
disease, completed the study. All participants were non-
smokers, with no known history of heat intolerance or 
neuromuscular disorders, and provided written informed 
consent prior to taking part. The study was approved by the 
Brunel University of London Research Ethics Committee 
(44577-MHR-Oct/2023-47671-3) and was conducted 
in accordance with the Declaration of Helsinki. The 
participants in this study are a subset of the older adults 
from previously published work recruited from local older 
adult exercise and research groups (Denny et al., 2025a).

2.2  |  Experimental design

Participants visited the laboratory once at either 9:00 or 
13:00 having abstained from heavy exercise (e.g. resistance 
or interval training, prolonged endurance activity or 
competitive sport), caffeinated drinks and supplements, 
and alcohol for 24 h prior to the experimental visit. The 
right leg (60% of participants' dominant limb) was selected 
to have the thigh heated for 90 min (HEAT) whilst the 
contralateral limb served as a control (CONT); for a picture 
of device implementation see Denny et  al.,  2025b. The 
participants wore nylon leggings with the experimental 
thigh (HEAT) wrapped in a custom garment that circulated 
water at an outlet temperature of 50°C and a survival 
blanket for a period of 90 min whilst the contralateral 
control thigh (CONT) was left uncovered. Physiological 
and functional measurements were assessed at baseline 
and at 90 min of heating. This data was collected alongside 
a parallel study (Denny et al., 2025a), whereby four sets 
of isokinetic leg extensions were performed every 30 min. 
The implemented water temperature and duration were 
utilized based upon pilot and experimental work that had 
examined safety, efficacy and tolerability in younger and 
older adults.

2.3  |  Physiological measures

The visit began with an assessment of anthropometric and 
body composition characteristics. Unshod standing stature 
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was recorded using a stadiometer (SECA model 213, 
Hamburg, Germany), with mass assessed using electronic 
scales (SECA model 875, Hamburg, Germany) and body 
fat percentage via bioelectrical impedance (Bodystat 
1500 touch, Isle of Man, UK). A handheld temperature 
device (Brawn Thermoscan 7, Bussigny, Switzerland) was 
fully inserted into the right ear canal whereby tympanic 
temperature (Ttymp) was recorded as a surrogate measure 
for core body temperature. Heart rate (HR) and mean 
arterial pressure (MAP) were measured via an automated 
sphygmomanometer placed over the left brachial artery 
(Carescape V100 VitalSigns Monitor, Bolton). Superficial 
muscle temperature (Tmu) was recorded using a muscle 
temperature probe (RS 103–433 K-type thermocouple, 
England). The probe was inserted, without local 
anesthesia, ~30 mm below the skin surface at a 45° to 
the horizontal into the vastus lateralis via an 18-gauge 
hypodermic needle (Microlance 3, Ireland). Tmu was 
manually recorded following temperature stabilization 
(typically ~5 s) with the probe and guide needle removed 
thereafter. Wireless iButton (DS1922L Thermochron Data 
Logger, UK) sensors were placed over the muscle belly 
of the vastus lateralis and used to measure thigh skin 
temperature (Tskin) at 60 s intervals. Muscle temperature 
measurements were an optional measure that all 
participants were asked if they were happy to complete; 
only three participants agreed to the measure.

2.4  |  Muscle function assessment

The 30-repetition isokinetic fatigue test (McLeland 
et al., 2016) occurred twice using a dynamometer (Biodex 
Medical Systems, Shirley, NY, USA), once at baseline and 
then after the 90 min local passive-heating intervention. 
Participants completed one set of 30 maximal effort 
repetitions at 180°/s at baseline for both the heated limb 
(HEAT) and control limb (CONT), participants were 
instructed to “kick as hard and as fast as possible for all 30 
repetitions”. As this research was only investigating knee 
extension participants were instructed to passively allow 
the knee to flex and return to the starting position. All 
contractions were conducted through a 75°–175° range 
of motion. At both timepoints HEAT limb was assessed 
first, followed by the CONT limb. The test occurred 3 min 
following the isokinetic leg extension tasks in the parallel 
study (Denny et  al.,  2025a). Peak torque values were 
assessed as the single highest recorded value from the 30 
repetitions; the average peak torque was also calculated 
for the first, middle and final thirds of the protocol i.e., 
across repetitions 1–10, 11–20 and 21–30 respectively. 
Total work (torque × angular displacement) was assessed 
as the total work done, measured in joules (J), conducted 

in the knee extension phase of the kicking exercise across 
the 30 repetitions. The Biodex system 4 (Biodex Medical 
Systems, Shirley, NY, USA) software was used to collect 
data at 100 Hz.

Surface electromyography (EMG) was measured using 
wireless bipolar EMG sensors (Delsys Trigno, Boston, 
MA USA) “placed at 2/3 on the line from the anterior 
spina iliaca superior to the lateral side of the patella” in 
accordance with Seniam recommendations (Stegeman & 
Hermens, 2007) for the vastus lateralis. EMG acquisition 
software (Delsys Discover, Boston, MA USA) was used to 
collect the raw EMG data from the EMG sensors. Once ex-
ported, the data were processed within a custom MATLAB 
code. Raw EMG signals were bandpass filtered with a 
6–450 Hz cut-off frequency (Gordon et  al. 2023), before 
subtracting the mean of the signal to correct baseline off-
sets. The filtered signal then underwent full-wave rectifi-
cation and low-pass filtering to produce a linear envelope 
using a dual-pass 2nd order Butterworth filter, after which 
peak amplitude within each set was reported. EMG sig-
nals were standardized by expressing repetitions 2–30 as 
the percentage decrease relative to repetition 1, enabling 
comparisons across participants and experimental condi-
tions, these percentage decreases (%Δ) were then grouped 
into the same repetition blocks (2–10, 11–20 and 21–30) 
to compare torque production and neural drive activation. 
EMG data were collected from 10 of the 15 participants. 
Data collection for the remaining five participants was not 
possible due to technical malfunction of the EMG equip-
ment. Therefore, the EMG analysis was based on the 10 
participants with successfully recorded data only.

2.5  |  Statistical analysis

Statistical significance was set at p < 0.05, data are re-
ported Mean ± SD. All data were analyzed using SPSS 
Statistical Software (Version 25, SPSS, Chicago, IL). 
Analysis of peak torque and peak EMG used a three-way 
repeated-measures Analysis of Variance (ANOVA) to de-
termine main effect differences across timepoints (Two; 
0, 90 min), between conditions (Two; HEAT and CONT) 
and between repetitions (Three torque blocks; First third, 
Middle third, Final third). A two-way ANOVA was used to 
determine main effect differences across timepoints (Two; 
0, 90 min), between conditions (Two; HEAT and CONT) 
in Tskin average torque and total work done. A paired sam-
ple t-test was used to compare differences between time-
points (Two; 0, 90 min) for Ttymp, heart rate, and MAP. As 
only three participants volunteered to have Tmu measured, 
these data were not subject to statistical analysis. Effect 
sizes were reported as partial eta squared (ηp2), with val-
ues of 0.01, 0.06, and 0.14 interpreted as small, medium, 
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and large effects, respectively (Cohen, 2013). Although 
averaged data were analyzed and are reported in Tables 1 
and 2, averaged and individual data points are presented 
in Figures 1 and 2.

3   |   RESULTS

3.1  |  Physiological responses

Ttymp and HR demonstrated no significant change 
(p > 0.05) from pre- to post heating (see Table  1). 
MAP decreased from baseline by 9 ± 13 mmHg when 

measured after 90 min of passive heating (t(15) = 2.7, 
p = 0.015). Tskin differed when observing main effects 
within Condition (F(1,13) = 246.8, p < 0.001, ηp2 = 0.95), 
Timepoint (F(1,13) = 202.2, p < 0.001, ηp2 = 0.94), 
Condition*Timepoint (F(1,13) = 102.0, p < 0.001, ηp2 = 0.89). 
A significant interaction effect demonstrated that there 
was no difference in Tskin between conditions at baseline 
(p = 0.724); however, that after 90 min of heating significant 
differences were observed between conditions (p < 0.001) 
(HEAT = 39.3°C ± 1.3°C, CONT = 33.2°C ± 1.2°C). In  
HEAT, Tmu was 32.2°C ± 0.8°C at 0 min, increas-
ing to 37.2°C ± 0.7°C at 90 min. The CONT Tmu was 
32.2°C ± 1.0°C at 0 min, and 33.8°C ± 0.6°C at 90 min. The 
Tmu was therefore comparable between CONT and HEAT 
at baseline, with Tmu increasing by ~5.0°C in HEAT and 
by ~1.6°C in CONT; for additional information and a 
graphical representation of these data please see Denny 
et al. (2025b).

3.2  |  Peak torque production following 
thigh passive heating

When observing the effect of heating on peak torque pro-
duction, a main effect of time was revealed (F(1,14) = 13.5, 
p = 0.003, ηp2 = 0.49) whereby a + 6 ± 7 N.m improve-
ment was observed at the post intervention timepoint. 
A significant interaction effect of Timepoint*Condition 
(F(1,14) = 3.1, p = 0.008, ηp2 = 0.38) revealed a signifi-
cantly higher (p = 0.008) post HEAT measurement 
(81 ± 33 N.m) when compared to pre-intervention meas-
urement timepoint (74 ± 33 N.m), whereas CONT saw no 
increase (p = 0.171) from baseline (73 ± 31 N.m) to post 
intervention (76 ± 28 N.m). At baseline no difference was 
observed in peak torque production between conditions 

T A B L E  1   Systemic physiological and muscular functional 
responses at baseline and following the 90 min passive thigh 
heating intervention.

Pre-
intervention

Post-
intervention

Ttymp (°C) 36.2 ± 0.4 36.4 ± 0.3

Heart rate (b.min−1) 69 ± 12 69 ± 10

MAP (mmHg) 102 ± 10 93 ± 12*

Tskin (HEAT) (°C)^ 30.5 ± 1.7 39.3 ± 1.2*

Tskin (CONT) (°C) 30.6 ± 1.5 33.2 ± 1.1*

Tmu (HEAT) (°C) 32.2 ± 0.8 37.2 ± 0.7

Tmu (CONT) (°C) 32.2 ± 1.0 33.8 ± 0.6

Peak Torque HEAT (N.m) 79 ± 39 86 ± 37*

Peak Torque CONT (N.m) 73 ± 31 76 ± 28

Average total work HEAT (J) 1619 ± 1064 1751 ± 943

Average total work CONT (J) 1589 ± 790 1528 ± 784

Note: Values are Mean ± SD (N = 15) except Tmu (n = 3), * denotes 
significantly different PRE and POST (p < 0.05), ^ denotes between condition 
difference (p < 0.05).

T A B L E  2   Torque production and surface EMG during a 30-repetition fatigue task, separated into blocks of ten contractions, at baseline 
and following 90 mins of passive thigh heating.

First third 
contractions

Middle third 
contractions

Final third 
contractions

Pre-intervention

Averaged Torque CONT (N.m) 63 ± 29 52 ± 25 49 ± 22

Averaged Torque HEAT (N.m) 66 ± 31 56 ± 27 50 ± 24

EMG amplitude CONT (%Δ) −0.05 ± 0.07 −1.29 ± 1.06 −1.98 ± 1.85

EMG amplitude HEAT (%Δ) −0.78 ± 0.90 −3.32 ± 4.48 −4.27 ± 7.60

Post-intervention

Averaged Torque CONT (N.m) 66 ± 29 56 ± 25* 50 ± 20*

Averaged Torque HEAT (N.m) 77 ± 33 63 ± 28* 55 ± 24*

EMG amplitude CONT (%Δ) −0.60 ± 1.32 −3.58 ± 4.96 −8.34 ± 17.81

EMG amplitude HEAT (%Δ) −1.09 ± 1.67 −1.85% ± 1.72 −1.19 ± 0.25

Note: Values are Mean ± SD (n = 15) except EMG (n = 10), * denotes significantly different PRE and POST (p < 0.05).
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(p = 0.379), however, a significant (p = 0.027) 10 N.m in-
crease was observed in HEAT compared to CONT post 
intervention. No other significant main (e.g. repetition 
block) or interaction effects were observed.

3.3  |  Averaged torque, total work 
done and vastus lateralis EMG following 
upper thigh muscle hyperthermia

A main effect of Timepoint was observed (F(1,14) = 8.8, 
p = 0.010, ηp2 = 0.39), whereby the post testing averaged 
61 N.m as opposed to the pre testing averaged 56 N.m, A 

main effect was observed (F(2,28) = 26.9, p < 0.001, ηp2 = 0.66) 
whereby the isokinetic fatigue test elicited expected de-
creases in averaged peak torque production throughout 
the thirty isokinetic repetitions. Mean torque within the 
first third of the fatigue test (68 ± 30 N.m) was significantly 
higher (p < 0.001) than the middle third (57 ± 26 N.m) 
which was significantly higher (p < 0.001) than the final 
third (51 ± 22). An interaction effect was not observed be-
tween Timepoint*Condition*Thirds (p = 0.250) (Figure 1). 
No differences were observed for mean torque or averaged 
torque between HEAT and CONT.

The effect of heating on average total work done 
during the fatigue task was not significantly differ-
ent (p = 0.62) between pre (1604 ± 953 J) and post 
(1640 ± 875 J) intervention timepoints. Furthermore, 
no significant differences (p = 0.27) were observed 
in total work done in HEAT (pre = 1619 ± 1100 J, 
post = 1751 ± 976 J; change = +133 ± 449 J (+7%)) vs. 
CONT (p = 0.28) (pre = 1589 ± 817 J, post = 1528 ± 813 J, 
change = −61 ± 213 J (−4%)); p = 12, ηp2 = 0.16, (Figure 2).

When observing the peak EMG of the vastus lateralis 
during the fatigue test no significant differences (p > 0.05) 
were observed between the two conditions or timepoints 
or across blocks of contractions (Table 2). As such, EMG 
magnitudes were statistically unchanged (first third, 
−1.99 ± 2.81%Δ; middle third, −3.34 ± 7.35%Δ; final third, 
−3.38 ± 8.53%Δ; p = 0.075). Furthermore, there were no 
interaction effects.

4   |   DISCUSSION

This study investigated the effects of passive thigh heating 
on the fatigue resistance of knee extensor muscles during 
isokinetic exercise in healthy older adults. The protocol 
employed within this study demonstrated a fatiguing effect 
on the working muscle, as was hypothesized and observed 
in similar studies (Gomes et al., 2021; Rawson, 2010). The 
results indicated that 90 min of passive thigh heating in-
creased the skin temperature of the heated limb to levels 
congruent with studies demonstrating ergogenic benefits 
(Denny et al., 2025a, 2025b; Rodrigues et al., 2023), how-
ever, fatigue resistance and the attenuation of force decline 
were not observed. A non-significant +7% increase in total 
work done was observed in HEAT whilst a −4% change 
was observed in CONT following the 90 min protocol. In 
keeping with previous experimental findings, a significant 
+8% increase in peak muscle force (torque produced dur-
ing isokinetic contractions at 180°/s) was observed.

The absence of statistically significant improvements 
in fatigue resistance following localized passive heating 
aligns with the findings of Ramanauskiene et  al.  (2008) 
where whole-body heating, which increased superficial 

F I G U R E  2   Total work done (J) during the thirty-repetition 
isokinetic fatigue task. Bars represent pre HEAT (light red), post 
HEAT (dark red), pre CONT (light blue) and post CONT (dark 
blue) assessments with open circles corresponding to individual 
data points (n = 15). Data are presented as mean ± SD.

F I G U R E  1   Torque production during the thirty-repetition 
isokinetic fatigue task separated into the three ten repetition blocks 
in the pre HEAT (light red bars), post HEAT (dark red bars), pre 
CONT (light blue bars) and post CONT (dark blue bars), individual 
data points are open circles. Data are presented as mean ± SD 
averaged torque (N.m).
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muscle temperature to 39.5°C ± 0.2°C, did not affect dy-
namic fatigue resistance in younger adults, but did result 
in higher peak force output that was similar in magnitude 
to that observed in the current study. Since both modal-
ities demonstrated no change in fatigue resistance, this 
suggests that heating, whether local or whole body, does 
not impact fatiguing exercise in both younger, or older 
adults.

Whilst fatigue resistance was unchanged statistically, 
an increase in peak torque was observed in both the 
HEAT and CONT condition after 90 min of heating aligns 
with previous work demonstrating the benefits of pas-
sive limb heating on neuromuscular function from our 
group (Denny et  al.,  2025a, 2025b), and others (Mornas 
et  al.,  2021, 2022; Rodrigues et  al.,  2022, 2023). Passive 
heating has been previously observed to benefit maxi-
mal 6 min walking performance in clinical populations 
(O'Connor et al., 2025; Pellinger et al., 2019) the lack of 
observed improvement in the present study may be task 
dependent or attributed to passive heating being more ef-
fective in clinical populations than in healthy older adults. 
Clinical groups often present with lower baseline function 
or specific pathologies, such as peripheral artery disease, 
that are more directly influenced by the physiological ef-
fects of passive heating, particularly the increase in local 
blood flow. Differences in outcomes may stem from the 
nature of the task, as walking involves repeated submaxi-
mal contractions over a limited range of motion, whereas 
the present study employed maximal, large-range isoki-
netic knee extensions.

Surface EMG values did not change between the HEAT 
or the CONT group suggesting that this passive heating 
protocol did not reduce or increase neural drive to the 
working muscle. This null finding was to be expected as 
the negative alterations in neural drive have previously 
been attributed to whole body heating whereby core tem-
perature is increased (Thomas et  al.,  2006), rather than 
localized passive heating. Whilst a statistically significant 
difference was not observed between the thirds, a decreas-
ing trend in peak EMG was observable. Based on the work 
of others (Hsu et al., 2023) this implies that central fatigue 
is a contributing factor to the observed reduction in force 
production as the task progressed; however, passive thigh 
heating did not modulate this outcome. Whole body heat-
ing which results in increases in core temperature has 
demonstrated decreases in neural drive through decreased 
peak EMG amplitude during maximal isokinetic and iso-
metric exercise (Racinais,  2013; Thomas et  al.,  2006). 
Prior work investigating localized passive heating has not 
demonstrated any reductions in EMG amplitude simi-
lar to that observable in whole body heating protocols; 
therefore, our data align with that of others (Rodrigues 
et al., 2021).

Localized heating of skeletal muscle has been specu-
lated to facilitate calcium handling within the muscle fiber 
and at the sarcoplasmic reticulum (Rodrigues et al., 2022), 
which may enhance muscle contractile properties 
(Kobayashi et al., 2005; Rodrigues et al., 2022). However, 
the lack of observed improvements in fatigue resistance 
during this experiment suggests that if this mechanism 
is present following an acute exposure to passive heating, 
it does not provide benefit to this type of exercise test or 
was not of a sufficient magnitude to offset the progressive 
onset of fatigue within this 30 repetition task. Metabolic 
accumulation of hydrogen ions and inorganic phosphate 
generated form anaerobic respiration within the muscle 
fiber have been suggested to be a driver of fatigue within 
older adults during an isokinetic 30 repetition knee ex-
tension task (Kent-Braun, 2009). It was theorized that an 
increased local blood flow, as seen in prior passive heat-
ing work (Koch Esteves et al., 2021; Pearson et al., 2011), 
would aid in the removal of metabolic byproducts as seen 
in low intensity active recovery (Zhang et al., 2025) and 
improve fatigue resistance. However, the benefits of in-
creased blood flow may occur over a longer time period 
than during maximal exercise, where blood flow may be 
occluded during peak contraction. The findings of this 
study underscore the complexity and nuances of applying 
passive thigh heating as an ergogenic aid in older adults 
(Rodrigues et al., 2020, 2022). While prior work has high-
lighted improvements in acute muscle function such as 
early force production in young and older adults (Denny 
et  al.,  2025a) and peak torque in young cohorts (Denny 
et al., 2025b), the present study indicates that these ben-
efits may not translate to tasks requiring sustained or re-
petitive contractions in older adults of <60 s in the way 
that aerobic endurance activity of ~5–10 min in duration 
is following limb heating in clinical cohorts (Pellinger 
et al., 2019). As such, passive heating may more selectively 
enhance the tolerance of submaximal rather than maxi-
mal exercise tasks.

4.1  |  Limitations and future directions

This study had several limitations that may have influ-
enced the outcomes. This current study included addi-
tional exercise between the two fatigue testing sets, this 
altered the muscle temperature (and likely the metabolic 
state), especially in the CONT limb, which prevents a di-
rect comparison between a truly rested heated limb and a 
truly rested thermoneutral limb. Additionally, there is a 
need for consideration of cumulative and contralateral fa-
tigue, this study had multiple fatigue tests within a single 
session, and the testing order could have provided some 
contralateral fatigue in the CONT limb as it always was 
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performed after HEAT, although long rest periods were 
provided it is possible that participants were not fully 
recovered between exercise sets. Superficial muscle tem-
perature was only conducted on 3 participants and was 
not ultrasound guided, this makes it impossible to know 
the depth of temperature measurement, and we were un-
able to say definitively that the probe was settled precisely 
within the same muscle tissue location. The scope of the 
surface EMG analysis within this study was not designed 
to assesses or differentiate central or peripheral fatigue 
across all active muscles during knee extensor activity 
with analysis of frequency and amplitude absent, it was 
designed to provide a simple view of muscle activation be-
tween a heated and thermoneutral control limb. Future 
work should therefore seek to investigate the mechanisms 
of fatigue during maximal exercise prior to and following 
local but not systemic hyperthermia. Future work should 
also aim to expand insights into the influence of exercise 
task on ergogenic outcomes arising from passive heating, 
including a variety of muscular contraction types, espe-
cially those that more closely relate to daily living tasks. 
The lack of synchronicity between the EMG and dy-
namometry restricted the scope of analysis, additionally 
the absence of an evoked twitch precludes confirmation 
of a true maximal reference against which voluntary con-
tractions can be compared. The current study investigated 
only healthy older adults who all were able to indepen-
dently commute to the laboratory for testing, those who 
struggle with independent living were not tested within 
this study, further research may wish to include older 
adults who are less physically active or have trouble liv-
ing unassisted, as they stand to benefit from an ergogenic 
tool to reach optimum muscle function before conduct-
ing daily living tasks. Future research should also expand 
on the clinical applications in the possibility of passive 
heating to improve total work done in sustained efforts 
(Pellinger et al., 2019). A mechanistic study that improves 
knowledge around known and unknown mechanisms in-
fluencing muscle function following heating would add 
greatly to the field. This might include analysis of blood 
flow, calcium concentrations or muscle-tendon mechan-
ics following localized exposure to passive heating.

5   |   CONCLUSION

In conclusion, 90 min of passive thigh heating using 
a custom garment circulating 50°C water did not 
significantly improve isokinetic fatigue resistance during 
repeated maximal isokinetic knee extensor exercise in 
healthy older adults. Overall, these findings indicate that 
while passive thigh heating may improve some aspects 

of acute muscle function, the ergogenic effects of the 
intervention appear to be task specific and may not extend 
to high intensity isokinetic fatiguing exercise in healthy 
older adults. Further research is needed to clarify the 
mechanisms involved and to replicate this effect.
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