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Purpose: Optimal skeletal muscle function occurs when tissue temperature is elevated above resting. This study
examined muscle torque production and maximal velocity responses to passive thigh heating on two occasions to
determine the efficacy and reliability of the intervention.

Methods: Twenty active, young participants (10 female) completed two identical visits whereby one thigh was
wrapped in a water perfused garment circulating 50 °C water for 90 min; with the contralateral limb remaining
unheated. Four maximal isokinetic repetitions were conducted at three speeds (slow, 60°/s; moderate, 180°/s;
fast, 300°/s) followed by an isotonic set (25% MVIC) to assess muscle function on both limbs at baseline and
every 30 min for 90 min. Muscle temperature (vastus lateralis) was assessed every 30 min.

Results: Heating increased muscle temperature from baseline (32.2 £+ 1.1 °C) to 30 min (36.8 £+ 0.7 °C) with
further 0.4 + 1.3 °C increases in the following 30 min periods (p < .05). Heating increased peak torque during
moderate (+10 £ 12 N m) and fast (+10 + 11 N m) contractions from 30 min onwards relative to the unchanged
control leg (p < .05). Peak torque during slow isokinetic and isotonic contractions were unchanged. Rate of force
production and early force production increased in from baseline in the heated leg during the slow contractions
by 14 % and 15 % respectively, whilst the control leg was unchanged throughout. Isokinetic and isotonic force
muscle function was found to have excellent reliability across all contractile speeds (ICC>0.9)

Discussion: Passive heating of skeletal muscle improves peak torque production during moderate and fast iso-
kinetic contractions and increases early force production in slow isokinetic contractions.

in contractile function (Baracos et al., 1984; Ranatunga, 1984; Essig
et al., 1985). Passive heating interventions can be implemented by a
variety of means including hot water baths (Rodrigues et al., 2020b;
Jackman et al., 2023), water perfused garments (Kim et al., 2020b;
Gibson et al., 2023), heated pads (Goto et al., 2011), microwave
diathermy (Draper et al., 1999; Kim et al., 2020a) and environmental

1. Introduction

Optimal muscle function for physical activity occurs at temperatures
above the physiological resting range i.e., 32-35 °C (Bishop, 2003).
Muscle temperature is usually increased prior to exercise requiring high

force or high velocity contractions through an active (exercise)
warm-up, which can increase muscle temperature by > 3 °C (Marshall
et al., 2015). Passive heating of skeletal muscle to increase muscle
temperature prior to undertaking high force or high velocity contrac-
tions is an emerging field of research and has been proposed to be of
benefit as a supplement to an active warm up, or even as a replacement
for those who cannot partake in an active warm up before they engage in
physical activity (McGorm et al., 2018), e.g., the elderly and those un-
dergoing physical therapy. Passive heating induces localised hyper-
thermia, i.e., an elevated temperature of target tissue e.g., skeletal
muscle, by up to 6.5 °C (Mitchell et al., 2008; Koch et al., 2021; Wata-
nabe et al., 2024) with this likely an optimal temperature elevation
given temperatures >42 °C potentiate protein degradation and declines

chambers (Ihsan et al., 2020; Sweet et al., 2024). Whilst all methods
share the same primary outcome i.e., increased temperature of the
skeletal muscle associated with impending contraction; whole body
heating modalities often also increase core temperature. This systemic
(whole body) rather than local hyperthermia decreases central drive to
the muscle impairing force production (Thomas et al., 2006). To avoid
this, local heating increases muscle temperature whilst maintaining core
temperature at normothermic levels (Kim et al., 2020b; Gibson et al.,
2023), with data demonstrating that this local response is ergogenic
(Rodrigues et al., 2021).

Initial research investigating the effect of passive heat on muscle
function primarily focused on cycle ergometry (Bergh and Ekblom,
1979; Sargeant, 1987) or field testing (Oksa et al., 1996) with later work

* Corresponding author. College of Health, Medicine and Life Sciences Brunel University of London, Kingston Lane, Uxbridge, UB8 3PH, UK.

E-mail address: oliver.gibson@brunel.ac.uk (O.R. Gibson).

https://doi.org/10.1016/j.jtherbio.2025.104156

Received 29 January 2025; Received in revised form 7 May 2025; Accepted 25 May 2025

Available online 3 June 2025

0306-4565/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-6777-5562
https://orcid.org/0000-0001-6777-5562
mailto:oliver.gibson@brunel.ac.uk
www.sciencedirect.com/science/journal/03064565
https://www.elsevier.com/locate/jtherbio
https://doi.org/10.1016/j.jtherbio.2025.104156
https://doi.org/10.1016/j.jtherbio.2025.104156
http://creativecommons.org/licenses/by/4.0/

D. Denny et al.

List of abbreviations

ANOVA Analysis of variance

CaZ* Calcium ion

CONT  Control condition

DBP Diastolic blood pressure

EFP Early force production

EVP Early velocity production

HEAT Heated condition

HR Heart rate

ICC Intraclass correlation coefficient
MAP Mean arterial pressure

MDCgs Minimal detectable change

MVIC Maximal voluntary isometric contraction
RFDsy  Rate of force development at 50 ms
SBP Systolic blood pressure

SEM Standard error of measurement
SERCA  Sarcoplasmic reticulum Ca ATPase
Tmu Muscle temperature

Tskin Skin temperature

Teymp Tympanic temperature

investigating team sport simulations (West et al., 2016). Current
research in this domain has primarily focused on isometric contractions
which have demonstrated increased rate of force production and
increased peak force production following hyperthermia (Rodrigues
et al., 2021; Mornas et al., 2022; Chang et al., 2023). Whilst isometric
contractions provide a controlled state to observe modifications in
muscle function, they do not reflect the demands of dynamic daily living
tasks, such as standing from a chair or locomotion, or sport-specific
physical activities. Accordingly, insights into the potential benefits
arising from passive heating interventions on dynamic (iso-
kinetic/isotonic) contractions is required. Dynamic muscle function
testing is often conducted using dynamometry and this technique is
considered the gold standard for knee extensor muscle function assess-
ment, due to its high accuracy and reliability when assessing peak iso-
metric (de Araujo Ribeiro Alvares et al., 2015), isokinetic (Feiring et al.,
1990) and isotonic force production (Timm et al., 1992). Additionally,
dynamometry readily facilitates the assessment of muscle function
across a variety of contractile speeds, often between 30 and 300°/s (Ivy
etal., 1981; Molczyk et al., 1991; Grbic et al., 2017), which may provide
translational and mechanistic insight (Taylor et al., 1991; Tsiros et al.,
2011). Finally, early rate of force production in lower limb muscles, i.e.,
force within 0-300 ms of contraction onset, is associated with effective
sporting performance (Hernandez-Davo and Sabido, 2014) and quality
of life in older adults (Thompson et al., 2014), with changes quantifiable
via dynamometry. Despite emerging data describing the ergogenic
benefit of passive heating during the early stage of evoked isometric
contractions (Rodrigues et al., 2021), at present there is a paucity of data
examining the efficacy of passive heating to increase peak force pro-
duction during dynamic contractions, with only a few papers investi-
gating the topic (Cheung and Sleivert, 2004; Skurvydas et al., 2008;
Ramanauskiene et al., 2008). Although the physiological benefits of
passive heating are being investigated, the perceptual responses have
not yet been adequately studied. It is essential to thoroughly understand
how participants subjectively experience passive heating to develop an
intervention that is not only tolerable but also perceived as beneficial.
Accordingly, there is a need to investigate the influence of local passive
heating on dynamic contractions which represent real world contexts.
The reliability of physiological and functional outcomes during
passive heating have seldom been reported. In the absence of this un-
derstanding, it is challenging to fully understand the true observed effect
and minimal change required to be meaningful. In general, the
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reliability of knee extension exercise during dynamometry is considered
excellent [intraclass correlations (ICC) > 0.9) (Saenz et al., 2010)].
Without assessing the reliability of this protocol only assumptions can be
made regarding natural variation and error associated with the experi-
mental design increasing the chance for type I errors to occur (Webb,
1992). Despite this, to the best of the authors’ knowledge there is yet to
be a comprehensive assessment of the inter-day reliability of knee
extension exercise during prolonged passive heating interventions
relative to an unheated time control.

The first aim of this experiment was to quantify the intra and inter-
day reliability of muscle function and local (to the thigh) and systemic
(whole body) physiological responses before and during 90 min passive
thigh heating or control in a cohort of healthy young adults (Part 1). It
was hypothesised that i) peak isokinetic torque, peak isotonic velocity,
early force production (EFP) and rate of force development (RFD)
measures taken during the heating protocol would display excellent
inter and intraday reliability, ii) physiological measures would also
display excellent inter and intraday reliability. The second aim of this
study was to observe the interaction between skeletal muscle hyper-
thermia and torque production with a view to understanding whether
passive heating can enhance peak force production, utilising the estab-
lished reliability data to explain observations (Part 2). In relation to this
aim, it was hypothesised that muscle hyperthermia would increase peak
isokinetic torque production including EFP and RFD across all contrac-
tile speeds, and that peak isotonic contractile velocity would be
increased.

2. Method
2.1. Participant characteristics

Twenty active participants (ten female, age 23 + 2y, height 1.72 +
0.08 m, mass 68.5 + 73.2 kg, BMI 23.1 4+ 3.3 kg/mz, body fat 17 + 4 %,
peak isometric force, heated limb 238 + 70 N, control limb 201 + 65 N,
all partaking in >60 min week of physical activity) free of known illness
and disease completed the study. All participants were non-smokers,
with no history of heat intolerance or neuromuscular disorders and
provided written informed consent prior to taking part. To examine the
reliability of the intervention, an estimated sample size of 20 partici-
pants was calculated a priori using a formula provided from Walter et al.
(1998) provided in Borg et al. (2022), whereby the expected intraclass
coefficient for isokinetic dynamometry was predicted to be > 0.9
(Maffiuletti et al., 2007); with a precision of 0.1 and a confidence level of
95 % with two retest occasions. Sample size estimation associated with
determining the ergogenic potential of the heating intervention identi-
fied that <20 participants were required. As this was fewer than the
number of participants required for the reliability analysis, twenty
participants were recruited. Female participants were requested to
schedule both visits within the same menstrual cycle phase. The study
was approved by the Brunel University of London Research Ethics
Committee and was carried out in accordance with the Declaration of
Helsinki. Written informed consent was obtained from all participants
prior to commencement of the study.

2.2. Experimental design

Participants attended the laboratory to undertake two identical visits
on two separate days at either at 9:00 or 13:00. Visits were separated by
7 + 2 days and time matched for each participant. The room tempera-
ture was measured to be 19 + 2 °C across all testing days. Participants
abstained from heavy exercise (e.g. resistance or interval training, pro-
longed endurance activity or competitive sport), caffeinated drinks and
supplements, and alcohol for 24 h prior to the experimental visits. The
first visit began with an assessment of anthropometric characteristics.
Unshod standing stature was recorded using a stadiometer (SECA model
213, Hamburg, Germany), with mass was assessed using electronic
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scales (SECA model 875, Hamburg, Germany). Body fat percentage was
determined in accordance with the Durnin and Womersley (1974)
four-site skinfold method. Following anthropometry and body compo-
sition assessments, physiological and perceptual measures were assessed
first, followed by muscle function. These measures were taken at base-
line, then 430, +60, +90 min thereafter on both limbs. Following
instrumentation, the right leg (60 % of participants’ dominant limb) was
selected to have the upper thigh heated for 90 min (HEAT) whist the
contralateral limb served as a control (CONT). The participants wore
leggings with the experimental thigh (HEAT) wrapped in a custom
garment consisting of silicon tubes enclosed in cotton material that
circulated water at an outlet temperature of 50 °C and a survival blanket
for a period of 90 min. Fig. 1 displays the custom heated garment un-
covered by survival blanket. The garment remained on the thigh for the
entire testing protocol, including during muscle function assessment,
whilst the contralateral control thigh (CONT) was left uncovered. The
same limbs served as HEAT and CONT legs on both visits. The partici-
pants remained seated on the dynamometer throughout the testing
protocol. Whilst not engaged in dynamometry exercise the participants
had their feet resting on a chair with their knees bent at a ~90° angle. All

A
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contractions were conducted through a 75°-175° range of motion. See
Fig. 1 for a schematic of the full testing protocol conducted during each
visit.

2.3. Physiological and perceptual measures

A tympanic membrane temperature device (Brawn Thermoscan 7,
Bussigny, Switzerland) was set to the appropriate age setting and then
fully inserted into the right ear canal whereby tympanic temperature
(Tiymp) was recorded as a surrogate for core temperature. Heart rate
(HR) and systolic (SBP) and diastolic blood pressure (DBP) and mean
arterial pressure (MAP) were measured via an automated sphygmoma-
nometer placed over the left brachial artery (Carescape V100 VitalSigns
Monitor, Bolton). Muscle temperature (Tp,) was recorded using a
muscle temperature probe (RS 103-433 K-type thermocouple, England).
The probe was inserted, without local anaesthesia, ~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). Muscle temperature
was manually recorded following temperature stabilisation (typically
~5 s) with the probe and guide needle removed thereafter. Wireless

Anthropometry

Body composition
Blood pressure
Tympanic temperature
Skin temperature
Muscle temperature

Perceptual measures
Muscle function assessment
(Heated thigh; HEAT)

Muscle function assessment
(Control thigh; CONT)
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Fig. 1. Image of the custom-made water perfused heated garment as affixed on the thigh without the covering of the survival blanket (A). Sequence of the

experimental protocols (B).
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iButton (DS1922L Thermochron Data Logger, UK) sensors were placed
on the muscle belly of the vastus lateralis and used to measure thigh skin
temperature (Tgyin) at 1-min intervals. Participants responded to a global
rate of change scale (+7 A very great deal better, +4 Moderately better,
0 About the same, —4 Moderately worse, —7 A very great deal worse)
(Bobos et al., 2020), and thermal sensation scale (0.0 Unbearable Cold,
2.0 Cold, 4.0 Neutral (Comfortable), 6.0 Hot, 8.0 Unbearably Hot)
(Young et al., 1987) prior to assessment of muscle function. A rate of
perceived exertion scale (6 No exertion, 7 Very, very light, 13 Somewhat
hard, 19 Very, very hard, 20 Maximal exertion) (Borg, 1990) was shown
and answered by participants after every set of knee extension at 60°/s.

2.4. Muscle function
Following the assessment of physiological measures, knee extensor
function was assessed using a dynamometer (Biodex Medical Systems,

Shirley, NY, USA). A warmup of 10 submaximal knee extensions (five at

Table 1
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50 % maximum effort, three at 75 % maximum effort, two at 90 of
maximum effort) was conducted on each leg at a self-selected intensity
and an assessment of their maximal voluntary isometric contraction
force (MVIC) made on both limbs. At baseline (0 min), and +30, +60,
-+90 min thereafter participants performed four repetitions of maximal
isokinetic knee extension at 60°/s, 180°/s, and 300°/s, separated by 60 s
passive rest, then performed four isotonic contractions against 25 % of
their MVIC force. Testing was conducted in accordance with previous
work investigating isokinetic (Blazquez et al., 2013) and isotonic muscle
function (Cheng and Rice, 2005). At all timepoints the HEAT limb was
assessed in full first, followed by CONT, therefore CONT testing occurred
~5 min following HEAT. The singular highest recorded torque value of
each set were used independently for torque analysis, unless stated,
across all contraction types at every timepoint. Rate of force develop-
ment at 50 ms (RFDsg) was calculated as the first positive torque data
point subtracted from the torque value at 50 ms after the first recorded
value which was then divided by the time elapsed in seconds (Maffiuletti

The inter-day coefficient of variation (CV), minimal detectable change (MDCys), statistical reliability (ICC) analysis, and intraday MDCys of peak force, EFP and RFDs,
within isokinetic and isotonic contractions and physiological and perceptual responses to 90 min of passive thigh heating (n = 20).

CV% SEM Interday MDCoys
ICC
0 30 60 90 All Inter- Estimation Upper 95 % Lower 95 % Cronbach’s Intraday
min min min min timepoints day confidence Confidence o
60/S HEAT (N.m) 9.6 7.7 8.6 8.0 8.5 3 0.93 0.95 0.88 0.96 9
60/S CONT (N.m) 8.5 6.7 6.0 7.9 7.3 0.94 0.96 0.90 0.97
180/S HEAT (N.m) 11.0 5.9 4.8 5.6 6.9 2 0.95 0.97 0.93 0.98 6
180/S CONT (N.m) 7.5 6.9 6.1 5.2 6.4 0.94 0.96 0.90 0.97
300/S HEAT (N.m) 8.5 6.1 4.7 5.0 6.1 3 0.95 0.97 0.92 0.97 7
300/S CONT (N.m) 9.8 7.3 8.1 6.4 7.9 0.91 0.95 0.85 0.96
25 % MVIC HEAT (°/s) 3.9 3.9 4.5 4.8 4.3 6 0.85 0.87 0.75 0.98 17
25 % MVIC CONT (°/s) 3.9 3.1 3.7 5.5 4.0 0.82 0.85 0.70 0.97
RFD 60/S HEAT (N.m. 25.0 10.3 11.4 11.7 14.6 42 0.84 0.90 0.74 0.92 99
s
RFD 60/S CONT (N.m. 10.7 15.2 8.3 10.1 11.1 0.82 0.90 0.76 0.91 72
s’l)
RFD 180/S HEAT (N. 32.4 18.7 13.5 15.3 20.0 79 0.84 0.91 0.69 0.93 109
m.s!)
RFD 180/S CONT (N. 24.8 20.2 21.9 18.1 21.3 0.81 0.89 0.64 0.91 102
m.s1)
RFD 300/S HEAT (N. 48.9 23.3 27.4 30.0 32.4 34 0.83 0.95 0.83 0.92 97
m.s’l)
RFD 300/S CONT (N. 35.4 26.9 32.7 33.8 32.3 0.89 0.94 0.79 0.95 68
m.s 1)
RFD 25 % MVIC HEAT  32.5 40.1 29.3 34.7 34.1 114 0.39 0.56 0.19 0.56 67
(N.m.s’l)
RFD 25 % MVIC CONT  42.0 35.7 48.6 37.4 41.0 0.04 0.25 0.0 0.08 83
(N.m.s™ 1)
EFP 60/S HEAT (N.m) 13.3 8.8 6.5 8.8 9.3 5 0.94 0.96 0.90 0.97 8
EFP 60/S CONT (N.m) 14.7 13.0 7.9 7.6 10.8 0.89 0.93 0.83 0.94 9
EFP 180/SHEAT (N.m)  10.7 5.3 5.5 5.6 6.8 2 0.96 0.97 0.93 0.98 5
EFP 180/S CONT (N. 7.0 6.0 4.4 5.3 5.7 0.94 0.97 0.93 0.98 4
m)
EFP 300/S HEAT (N.m) 8.6 15.1 5.9 9.1 9.7 3 0.90 0.93 0.85 0.95 5
EFP 300/S CONT (N. 9.8 8.4 10.0 9.9 9.5 0.88 0.92 0.82 0.94 5
m)
EVP 25 % MVIC HEAT 8.4 6.7 9.9 8.4 8.4 13 0.85 0.90 0.78 0.92 17
©/s)
EVP 25 % MVIC CONT 10.2 13.1 8.9 5.7 9.5 0.82 0.88 0.72 0.91 18
©/9)
Tmu HEAT 5.1 2.5 2.1 1.3 2.8 1 0.74 0.86 0.55 0.85 3
Tmu CONT (°C) 2.6 2.7 3.1 3.5 3.0 0.49 0.70 0.19 0.65
Tskin HEAT (°C) 1.8 1.1 1.6 1.8 1.6 1 0.98 0.99 0.96 0.99 3
Tskin CONT (°C) 2.3 2.6 2.5 2.5 2.3 0.79 0.86 0.63 0.88
Teymp (°C) 0.7 0.4 0.6 0.5 0.6 0.2 0.59 0.73 0.42 0.93 1
SBP (mmHg) 6.1 5.8 3.7 6.1 5.4 9 0.57 0.75 0.40 0.92 25
DBP (mmHg) 8.3 5.8 6.8 5.5 6.6 9 0.62 0.79 0.45 0.94 25
MAP (mmHg) 6.8 4.9 4.1 5.2 5.2 5 0.64 0.80 0.48 0.94 14
HR (b.min’l) 10.0 8.8 9.4 8.1 9.1 8 0.46 0.66 0.29 0.88 22
Thermal Sensation 16.0 7.4 7.0 10.2 10.1 1 0.52 0.66 0.34 0.70 3
RPE HEAT 7.2 8.6 6.1 7.5 7.4 1 0.51 0.66 0.33 0.68 3
RPE CONT 6.3 6.9 6.9 6.3 6.6 0.34 0.52 0.13 0.51
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et al., 2016). RFDs5¢ was calculated for repetitions at 60°/s (RFDgjoy),
180°/s (RFDp04), 300°/s (RFDs,g) and for the isotonic contractions at
25 % MVIC force (RFDjsotonic) Early force production (EFP) was calcu-
lated as peak torque produced at 0.18 s (Amaral et al., 2014) during the
4 repetitions at each velocity (i.e. at 60°/s (EFPg), 180°/s (EFP1g),
300°/s (EFP300) and 25 % MVIC force (EVPys5)). The Biodex system 4
software was used to collect data at 100 Hz (Biodex Medical Systems,
Shirley, NY, USA). Torque, position, and velocity data was collected
within software every 10 ms then exported without filtering and im-
ported to Microsoft Excel for analysis.

2.5. Statistical analysis

To confirm reliability of the protocol-intervention interaction, single
measures ICC was chosen as the most appropriate measure of repeat-
ability for the muscle function tests (Koo and Li, 2016), ICC estimates
were calculated using absolute-agreement two-way mixed effects model
(ICC3,1) and was used to identify the intra-day reliability of peak torque,
EFP and RFDs( produced for the heated and control leg during isokinetic
contractions at 60°/s, 180°/s, 300°/s, and during isotonic contractions
at 25 % of MVIC force across four timepoints (0, +30, +60, +90 min).
The inter-day reliability was also calculated between all data collected
on the CONT limb as no change was expected over time. In addition,
Cronbach’s Alpha (Ca) was used to calculate statistical reliability for the
systemic physiological responses and the psychological test answers,
this was more appropriate due to the smaller number of datapoints and
provided an averaged measures consistency result, for full transparency
both statistical analyses for all measures are included in Table 1. Single
measures ICC and Cronbach’s Alpha results were categorised as having
excellent reliability if scores were >0.90, good reliability if scores were
>0.75, moderate reliability >0.50 and poor reliability for any values <
0.50 (Koo and Li, 2016). Coefficient of variance (CV) was calculated as
the ratio between the standard deviation and the mean of each partici-
pant between visit 1 and visit 2 for each velocity, and each timepoint,
independently. The Standard Error of Measurement (SEM) was used to
assess response stability via the estimation of the standard error in a set
of repeated scores. SEM was calculated by dividing the standard devi-
ation of the sample by the square root of the sample size minus the ICC in
accordance with prior research (Weir, 2005). Intra-day SEM was
calculated comparing peak baseline to peak 30 min in the control limb.
Minimum detectable change (MDCys) is a statistical estimation of the
smallest quantifiable change that translates to a noticeable change in
real world performance and was calculated in line with prior work
(Dontje et al., 2018). To assess responses to the thigh heating inter-
vention and control, data were analysed for normality of distribution
using the Shapiro-Wilk test. A three-way repeated-measures Analysis of
Variance (ANOVA) was used to determine main effect differences across
timepoints (0, +30, +60, +90 min), between conditions (HEAT and
CONT) and between visits (visit 1, visit 2) for muscle function Ty, Tskin
and RPE. Two-way ANOVA was used to determine main effect differ-
ences across timepoints (0, +30, +60, +90 min), and between visits
(visit 1, visit 2) for heart rate, blood pressure, thermal sensation and
Tiymp- Bonferroni post-hoc adjusted pairwise comparisons were used
where significant main effects occurred to identify interaction effects
between individual timepoints between conditions and visits. All data
were analysed using SPSS Statistical Software (Version 25, SPSS, Chi-
cago, IL). Statistical significance was set at p < .05, data are reported as
mean + SD unless otherwise stated. Global rate of change scales data
were manually counted and reported as frequency of responses.
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3. Results
3.1. Part 1: confirmation of reliability

3.1.1. Inter and intraday reliability of physiological and perceptual
measures during passive thigh heating

The inter-day CV, ICC and MDCys and intraday MDCgs was calcu-
lated for all physiological and perceptual measures (Table 1). When
averaged across all timepoints all measures displayed low inter-day
variability i.e., CV < 10 %. Skin temperature across timepoints in
HEAT demonstrated excellent intra-day reliability (Cronbach’s a > .90)
highlighting that the intervention delivered a consistent stimulus, with
CONT Tg demonstrating good reliability (Cronbach’s o > .75). Blood
pressure and Ty, also scored excellent reliability using the Cronbach’s
o criteria (>0.9). The Ty, in HEAT, demonstrated good reliability
(Cronbach’s «, >0.75). The Ty, in CONT, thermal sensation score and
RPE scored moderate reliability (Cronbach’s o, >0.05).

3.1.2. Inter and intraday reliability of lower limb force production during
passive thigh heating

The inter-day CV, ICC and MDCgs and intraday MDCgs was calcu-
lated for peak torque production, RFDs5 and EFP at 60°/s, 180°/s and
300°/s contraction speeds, as well as for peak isotonic velocity and EVP
at 25 % MVIC force presented in Table 1. Inter day ICC was >0.9 for all
heated isokinetic peak torque production and >0.8 for peak isotonic
velocity, excellent CV values were displayed in all peak isokinetic torque
and isotonic velocity values as well. Inter day ICC was >0.9 for all
heated EFP and >0.8 for EVP. Excellent CV values were displayed within
heated and control EFPygy and EFP55 o,. Good CV values were observed
in EFPgo and EFP3g. All isokinetic RFDsq displayed good ICC >0.8
scores, whilst the RFDjgotonic displayed poor reliability (ICC <0.5). Poor
CV values were observed for all RFDsq values.

3.2. Part 2: responses to passive thigh heating

3.2.1. Local temperature responses to passive thigh heating

Muscle temperature differed when the main effect of Time (F327) =
79.5, p = <0.001, np> = 0.90), Condition (F(; gy = 44.5, p = <0.001, np>
= 0.83), Visit*Time (F327) = 5.3, p = .005, np2 = 0.37), Condition
*Time (F(3 27y = 51.2, p= <0.001, npz = 0.85) was investigated. The Tpy

42, m HEAT T,
* * ®- CONTT,,
407 . u *  _e HEATT,,
s " * E —— CONTT,,
&0’ 38+ ,; 3 v Tom
- —+—
3 361
hd
8 341
£
2 32
30+ !
28-

0 30 60 90
Time (min)

Fig. 2. Mean + SD Change in muscle temperature (Tp,, circles), thigh skin
temperature (Tgyin, Squares) and tympanic temperature (Tiymp, triangles) during
the passive thigh heating protocol (Tiymp and Tgijn n = 20, Tryy = 10).* denotes
significant difference between HEAT (red) and CONT (blue) at corresponding
timepoint (p < .05).
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in HEAT increased from baseline by 4.6 + 1.2 °C at 30 min, 5.0 + 1.3 °C
by 60 min and 5.3 + 1.2 °C by 90 min, see Fig. 2. The Ty, in CONT
increased from baseline by 1.5 + 1.4 °C at 30 min and maintained this
temperature increase throughout testing. Skin temperature (Fig. 2)
differed when observing main effects within Condition (F(;,7) = 300.4, p
= <0.001, np? = 0.98), Time (F(3,21) = 313.0, p = <0.001, np? = 0.98),
Condition*Time (F(321) = 181.4, p = <0.001, np2 = 0.96). Post hoc
testing revealed that Ty, increased in HEAT by 11 + 1 °C at 30 min
which was sustained throughout the 90 min of heating. The CONT Tiin
increased from baseline by 3 + 1 °C and maintained this temperature
increase throughout testing.

3.2.2. Systemic physiological responses to passive thigh heating

Heart rate differed when the main effects of Time (F357) = 7.7, p =
.003, np? = 0.29) were tested. Post hoc testing revealed that HR
increased by 7 + 10 b min ™! after baseline and remained at this until 60
min, no significant difference was observed at 90 min. Systolic blood
pressure differed only when the main effects of Time (F357) = 6.7, p =
<0.001, np? = 0.26) was examined. SBP reduced by 9 + 11 mmHg from
baseline at 30 min, 7 + 10 mmHg at 60 min and 5 + 11 mmHg at 90
min. Diastolic blood pressure (DBP) differed when the main effects of
Time (F3,57) = 5.1, p = .003, np? = 0.21) and Visit (F,19) = 4.7, p =
.043, np? = 0.20). There was a 3 + 6 mmHg reduction in DBP in visit 2
and a 3 + 6 mmHg reduction from baseline after 30 min that persisted
until the end of testing. Mean arterial pressure (MAP) differed when the
main effects of Time (F357) = 8.7, p = <0.001, npz = 0.32) were tested.
MAP reduced by 5 + 6 mmHg after baseline and remained at this value
thereafter. Tympanic temperature differed upon observing the main
effect of Time only (F(357) = 10.8, p = <0.001, np2 = 1.0) increasing by
0.2 + 0.3 °C at 30 min and maintained thereafter. No difference was
observed between visits.

3.2.3. Torque production following upper thigh muscle hyperthermia
Peak force production at 60°/s only differed where the main effects
of Condition were observed (F(;,19) = 8.1, p = .010, r]p2 = 0.25). Peak
force production at 180°/s differed when the main effects of Condition
(F3,57) = 9.9, p = .005, np2 = 0.34), and Condition*Time (F(3 57) = 4.5,

Table 2

Physiological and perceptual responses to 90 min of passive thigh heating be-
tween two visits and averaged between visits (n = 20). Data are mean + SD;
*p <.05 vs control at corresponding timepoint; #p <.05 vs baseline (0 min); ~ denotes
difference between condition p <.05, 1 denotes difference between visit p<.05. SBP:
Systolic blood pressure; DBP: Diastolic blood pressure; MAP: Mean arterial pressure.

0 min 30 min 60 min 90 min
Visit 1
Heart rate (b.min’l) 75 + 14 81 +£13 81 +£11 81 +13
SBP (mmHg) 125 + 20 116 £ 8 117 £11 120 £ 15
DBP (mmHg) 1 74 £ 10 71 +10 70+ 8 68 +7 #
MAP (mmHg) 91 +12 86 +8 86+ 8 85+ 8
RPE (HEAT) * 13+2 15+1 15+2 16 £ 2
RPE (CONT) 15+1 16+1 16 +2 17 +£2
Thermal sensation 4.0 +£0.7 5.0 + 0.6 52+0.7 5.2+1.0
Visit 2
Heart rate (b.min’l) 74 £ 11 81 +9 80 +£10 79 +£ 10
SBP (mmHg) 123 + 15 115+ 13 118 £ 15 119 + 12
DBP (mmHg) 1 71 £ 10 68 +9 69 + 10 68 + 8
MAP (mmHg) 88 +£11 83 +10 85+9 85+8
RPE (HEAT) * 14+1 15+2 15+2 15+ 2
RPE (CONT) 15+1 16 +2 17 +£2 17 £ 2
Thermal sensation 3.5+0.8 4.7 £ 0.6 51+ 0.5 5.2+ 0.6
Mean
Heart rate (b.min’l) 74 + 11 81 +9# 81 +9# 80 + 10
SBP (mmHg) 125 +17 116 £+ 9 # 118 + 12 # 119 +13
DBP (mmHg) 73+ 6 70 + 4 70+ 5 68 + 4 #
MAP (mmHg) 90 + 10 84 +8# 86 + 8 # 85+ 7 #
RPE (HEAT) * 14+1* 15+ 1 *# 15+ 1 *# 16 £ 1 *#
RPE (CONT) 15+1 16 +1# 16 +1# 17 £ 1 #
Thermal sensation 3.8+ 0.6 4.8+ 0.4 5.2+ 0.4 5.2+ 0.5
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p = .012, an = 0.19) were examined. Post hoc comparisons are in
Table 3 and Fig. 3, whereby heating improved torque production by +10
+ 16 N m vs control from 30 min onwards (p < .05). The MDCys for this
measure was 6 N m, 65 % of the cohort could there be considered
meaningfully changed beyond chance. Peak force production at 300°/s
differed when the main effects of Visit (F(;,19) = 7.6, p = .013, np2 =
0.29), Condition (F357 = 12.0, p = .003, np2 = 0.39), Visit*Time
(F@a57) = 2.9, p = .041, np? = 0.13) and Time* Condition (F3 57y = 7.1, p
= <0.001, np? = 0.27) were examined. Full post hoc comparisons of all
interactions of force production at 300°/s are located in Table 3 and
revealed a +4 + 6 N m increase in visit 2 vs visit 1 (p < .05) and an
increase in force production during 300°/s contractions by +10 +£ 11 N
m in the heated condition vs control from 30 min onwards (p < .05). The
MDCys for this measure was 7 N m, 75 % of the cohort could therefore be
considered as meaningfully increased beyond chance. Peak velocity at
25 % of MVIC force differed when the main effect of Visit (F(1,19) = 4.7,
p =.042, np? = 0.20) was examined. Post hoc testing, located in Table 3
revealed peak velocity at 25 % of MVIC force was 8°/s greater in visit 1
vs visit 2 (p < .05) (see Fig. 4).

3.2.4. Rate of force development and early stage force production following
upper thigh muscle hyperthermia

RFDyjow differed when the main effects of Condition (F(1,19y = 5.7, p
=.027, np? = 0.23), Time (F357) = 4.7, p = .005, p> = 0.20), Con-
dition*Visit (F1 19y = 8.6, p = .009, np? = 0.31), Condition*Time (F(3 57
= 7.4, p = <0.001, np? = 0.28) and Visit*Time (F357) = 8.4, p =
<0.001, np? = 0.31). Post hoc comparisons are in Table 3 whereby only
HEAT showed improved RFDsg from baseline by +122 + 133 N.m.s~!at
30 min, +154 + 168 N.m.s™! at 60 min and +155 + 187 N.m.s". No
significant difference was observed between HEAT and CONT at base-
line, HEAT was improved compared to CONT after 30 min by +143 +
226 N.m.s™', 60 min by +151 + 188 N.m.s* and 90 min + 156 + 313
N.m.s L. RFDp,0q differed when the main effects of Condition (F(1,19) =
7.4, p = .014, np? = 0.28), Visit (Fq,19) = 14.7, p = .001, np* = 0.44),
Time (F(357) = 3.7, p =.035, npz =0.16), Condition*Time (F(3 57) = 3.2,
p = .046, np? = 0.14) and Visit*Time (Fz57) = 4.1, p = .022, np® =
0.18). Post hoc comparisons are in Table 3 whereby only HEAT showed
improved RFDsq from baseline by +142 + 259 N.m.s ! at 30 min, +158
+ 256 N.m.s ! at 60 min and +138 + 224 N.m.s . No significant dif-
ference was observed between HEAT and CONT at baseline or 30 min,
HEAT was improved compared to CONT after 60 min by +133 + 174 N.
m.s ! and 90 min + 129 + 192 N.m.s .. Visit 2 had an increased RFDsq
at baseline +241 + 224 N.m.s-1, 30 min + 142 + 197 N.m.s-1and at 90
min + 120 + 233 N.m.s~'. RFDy, differed when the main effects of Visit
(F1,19) = 13.6, p = .002, np2 = 0.42), no other main or interaction ef-
fects were observed. Post hoc testing revealed that visit 2 displayed
higher RFDs results, visit 1 averaged 533 + 416 N.m.s~ ! whilst visit 2
averaged 634 + 443 N.m.s L. There was no significant main or inter-
action effects when observing RFDjsotonic-

Early force production at 0.18 s (60°/s) (EFPg() differed when the
main effects of Time (F(i357) = 16.9, p = <0.001, np2 = 0.47), Vis-
it*Time (F(357) = 5.6, p = .002, np2 = 0.23) and Condition*Time (F(3 57)
=4.0,p =.012, np2 = 0.23) were examined. EFPgq did not differ over
Time, or for the Visit* Condition interaction. Post hoc comparisons are
in Table 3 and Fig. 3, whereby heating improved EFPgo by +12 + 22 N m
vs control from 60 min, and +18 4+ 15 N m within HEAT from baseline
after 90 min. EFPgy was +4 + 15 N m greater in visit 1 vs visit 2 at the
main effect level. The MDCgs for this measure was 14 N m, 95 % of the
cohort could be considered meaningfully changed beyond chance.
EFP;go only differed when the main effect of Condition (F(1,19) = 9.1, p
=.007, np? = 0.32) was examined. There was no difference in EFP; g for
all other main or interaction effects. EFP1g9 was +8 + 12 N m greater
HEAT vs CONT. EFPg( differed for the main effect of Condition only
(F(3,57) = 5.6, p =.002, npz = 0.23). EFP3p0 was +5 + 10 N m greater in
HEAT vs CONT at the main effect level. EFPo5 o, differed for the main
effect of Visit only (F(1,19) = 4.8, p = .041, npz = 0.20). EFP35 o, was +16



Table 3

Mean =+ SD Peak torque and peak velocity (left) and early force production (torque at 0.18 s), early velocity production (centre) and rate of force development at 50ms (right) generated at 60°/s, 180°/s and 300°/s and vs.
25 % of MVIC force in heated (HEAT) and control (CONT) legs across 90 min of passive thigh heating separated by visit and averaged between visits (n = 20). *p <.05 vs control at corresponding timepoint; #p <.05 vs baseline
(0 min); " denotes main effect difference between condition p<.05, 1 denotes difference between visit p<.05

0 min 30 min 60 min 90 min 0 min 30 min 60 min 90 min 0 min 30 min 60 min 90 min
Visit 1 Isokinetic Contractions - Peak torque (N.m) Isokinetic Contractions - EFP (N.m) Isokinetic Contractions — RFDso (N.m.s~1)
60°/s (HEAT) 186 189 + 71 191 £ 72 187 + 66 60°/s (HEAT) 124 150 + 68 154 + 62 153 + 66 60°/s 988 + 534 1229 + 550 1296 + 502 1255 + 496
+ 62 + 55 (HEAT) t
60°/s (CONT) 175 176 + 63 174 + 63 170 £ 59 60°/s (CONT) 129 139 + 47 143 + 54 142 + 52 60°/s 1280 + 436 1283 + 499 1280 + 420 1323 + 598
+ 56 + 56 (CONT)
180°/s 132 143 + 56 144 + 52 142 + 50 180°/s 123 132 + 53 135 + 52 133 + 49 180°/s 824 + 532 954 + 520 1083 + 577 1053 + 521
(HEAT) + 50 (HEAT) + 50 (HEAT) t
180°/s 133 133 + 43 132 + 42 131 + 48 180°/s 123 122 + 38 125 + 42 121 + 44 180°/s 1106 + 535 1137 + 571 1114 + 506 1135 + 568
(CONT) + 45 (CONT) + 43 (CONT)
300°/s 105 114 + 45 114 + 45 114 + 45 300°/s 94 + 95 + 34 94 + 31 96 + 34 300°/s 460 + 506 600 + 494 614 + 507 601 + 475
(HEAT) + 38 (HEAT) 34 (HEAT)
300°/s 105 105 + 38 103 + 36 103 + 37 300°/s 90 + 92 + 33 91 + 30 87 +£ 30 300°/s 650 + 448 651 + 537 719 + 473 717 + 477
(CONT) + 38 (CONT) 30 (CONT)
Isotonic Contractions - Peak velocity (°/s) Isotonic Contractions - EVP (°/s) Isotonic Contractions - RFD (N.m.s 1)
25 % MVIC 403 398 + 50 400 + 53 400 + 54 25 % MVIC 362 354+ 70 346 + 70 365 + 66 25 % MVIC 290 + 210 301 + 197 319 £ 170 303 + 161
(HEAT) + 47 (HEAT) + 72 (HEAT)
25 % MVIC 393 394 + 49 391 £ 51 392 + 56 25 % MVIC 381 367 + 58 369 + 55 366 + 58 25 % MVIC 295 + 165 356 + 228 301 + 210 272 + 174
(CONT) { + 39 (CONT) { + 57 (CONT)
Visit 2 Isokinetic Contractions - Peak torque (N.m) Isokinetic Contractions - EFP (N.m) Isokinetic Contractions — RFDso (N.m.s ")
60°/s (HEAT) 176 184 +£70 179 +£ 67 182 + 68 60°/s (HEAT) 144 155 + 64 155 + 60 152 + 69 60°/s 1105 + 376 1153 + 394 1158 + 366 1128 + 312
+ 62 + 62 (HEAT)
60°/s (CONT) 164 164 + 59 167 + 57 167 + 60 60°/s (CONT) 141 140 £+ 55 142 + 58 146 + 58 60°/s 1150 + 356 1074 + 362 1115 + 364 1138 + 349
+54 + 57 (CONT)
180°/s 139 140 £ 51 141 £ 51 142 + 52 180°/s 133 135 + 48 136 + 50 135 + 50 180°/s 841 + 523 853 + 423 903 + 422 876 + 427
(HEAT) + 50 (HEAT) + 49 (HEAT)
180°/s 131 130 + 47 127 + 44 131 + 44 180°/s 127 127 + 43 125 + 41 128 + 43 180°/s 1042 + 484 954 + 474 978 + 472 1035 + 508
(CONT) + 45 (CONT) + 42 (CONT)
300°/s 110 110 + 39 112 + 40 111 + 38 300°/s 99 + 90 + 41 93 + 36 90 + 38 300°/s 493 + 435 498 + 353 467 + 409 534 + 401
(HEAT) + 40 (HEAT) 38 (HEAT)
300°/s 107 99 + 41 106 + 36 109 + 38 300°/s 90 + 86 + 31 86 + 29 86 + 32 300°/s 581 + 414 553 + 427 596 + 460 602 + 487
(CONT) + 36 (CONT) 30 (CONT)
Isotonic Contractions - Peak velocity (°/s) Isotonic Contractions - EVP (°/s) Isotonic Contractions - RFD (N.m.s~})
25 % MVIC 410 404 + 44 404 £ 51 399 + 52 25 % MVIC 328 330 + 89 353 + 74 354 + 64 25 % MVIC 324 + 228 313 + 148 339 +178 311 + 179
(HEAT) + 49 (HEAT) + 64 (HEAT)
25 % MVIC 397 396 + 48 394 + 44 404 + 50 25 % MVIC 358 367 + 56 357 + 60 354 + 60 25 % MVIC 267 + 210 306 + 232 233 + 174 272 + 157
(CONT) +41 (CONT) + 44 (CONT)
Mean Isokinetic Contractions - Peak torque (N.m) Isokinetic Contractions - EFP (N.m) Isokinetic Contractions — RFDso (N.m.s ")
60°/s (HEAT) 180 185+ 67* 184+ 66* 185+65* 60°/s (HEAT) 134 153 £ 66 # 154+ 61 *# 153 +£67 # 60°/s 1134 £ 469 1256 + 511%# 1288 + 444*# 1289 + 535*#
- + 60 + 57 (HEAT) "
60°/s (CONT) 170 170 + 57 170 + 56 169 + 57 60°/s (CONT) 135 139 + 49 142 + 55 144 + 54 60°/s 1127 £356 1113 + 356 1137 + 357 1133 + 316
+51 + 54 (CONT)
180°/s 133 140 £51 * 141 £ 50 * 140 £51 * 180°/s 128 134 £ 50 135 + 50 134 + 49 180°/s 965 + 514 1045 + 537* 1098 + 525*# 1094 + 530*#
(HEAT) " + 49 (HEAT) " + 49 (HEAT) "
180°/s 130 130 + 42 130 + 42 129 + 42 180°/s 125 125 + 40 125 + 41 124 + 43 180°/s 942 + 488 904 + 426 940 + 430 956 + 450
(CONT) + 42 (CONT) + 42 (CONT)
300°/s 106 110 £ 41 * 111 + 41 * 111 £ 41 * 300°/s 96 + 93 + 36 93 + 33 93 £ 35 300°/s 555 + 441 625 + 507 667 + 478 659 + 462
(HEAT) " + 38 (HEAT) " 36 (HEAT)
300°/s 104 100 + 35 103 £ 35 105 + 38 300°/s 90 + 89 + 31 88 + 29 87 £+ 30 300°/s 537 + 416 526 + 380 532 + 425 568 + 438
(CONT) + 36 (CONT) 29 (CONT)
Isotonic Contractions - Peak velocity (°/s) Isotonic Contractions - EVP (°/s) Isotonic Contractions - RFD (N.m.s~!)
25 % MVIC 405 400 + 45 399 + 49 399 + 48 25 % MVIC 371 361 + 61 357 + 58 365 + 56 25 % MVIC 292 + 148 328 +£179 310 £ 179 287 + 134
(HEAT) + 47 (HEAT) + 61 (HEAT)
25 % MVIC 393 392 + 46 392 + 45 396 + 49 25 % MVIC 343 349 + 66 355 + 62 354 + 59 25 % MVIC 296 + 152 310 + 148 286 + 125 292 + 125
(CONT) + 39 (CONT) + 51 (CONT)
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Fig. 3. Mean + SE Change in peak force production 60, 180, 300°/s and maximum velocity, over 90 min of passive thigh heating. * denotes significant difference
between HEAT (red circles) and CONT (blue square) at corresponding timepoint (p < .05). " denotes significant difference from baseline (p < .05).

+ 27°/s greater in Visit 2 vs Visit 1 at the main effect level.

3.2.5. Perceptual measures following upper thigh muscle hyperthermia

Rate of perceived exertion differed when the main effects of Condi-
tion (F1,19) = 15.0, p = .001, np? = 0.44) and Time (F(357) = 24.0, p =
<0.001, npz = 0.56) was examined. Thermal sensation differed when
the main effect of Time (F(357) = 48.6, p < .001, = qp2.72), see Table 2.
In response to the global rate of change scale, 80 % of participants self-
reported that heating made them feel at least “a little bit better” in terms
of readiness for exercise, 50 % self-reported that heating made them feel
at least “moderately better” in terms of readiness for exercise and 35 %
self-reported that heating made them feel at least “a great deal better” in
terms of readiness for exercise.

4. Discussion

This is the first study to evaluate the inter and intraday reliability of
knee extensor torque production across a variety of contractile speeds
and physiological responses at multiple timepoints during a passive
thigh heating protocol. The peak isokinetic torque values displayed
excellent intraday reliability for both the heated and control conditions.
Reliability for EFP at all contraction velocities was also excellent while
RFD(s10w), RFD(mod), RFD(fast), and EVP was moderately reliable whilst
RFD(isotonic) displayed low intraday reliability. A poor coefficient of
variation was observed within the RFD values; however, this is likely
due to the exaggerated difference when torque values are divided by the
elapsed time. Although good intraday reliability was observed within
the ICC values of the RFD scores, the findings of significant differences

between visits for RFDgjow, RFDmod, RFDg,gt may indicate poorer reli-
ability; it is worth noting that this too, may also be exaggerated by the
inflating the torque values, and also their differences, by dividing by the
elapsed time in seconds. It does not appear that passive hyperthermia
negatively influences reliability relative to the control limb, indeed in
RFD and EFP measures, reliability was typically superior in the heated vs
control limb. Systemic physiological responses i.e., HR, blood pressure
and Tiymp responses displayed very good reliability with the reliability of
local physiological markers i.e., Ty, and Ty identified as good. The
passive thigh heating intervention increased muscle temperature in the
HEAT condition +4.6 °C at 30 min, +5.0 °C at 60 min and +5.3 °C at 90
min, in contrast CONT saw an increase from baseline of only ~1.5 °C
after 30 min which was sustained throughout testing. The increase in
Tmu occurred in the absence of meaningful changes in systemic physi-
ological markers highlighting the localised action of the intervention.
This study also quantified the change in isokinetic and isotonic muscle
function (peak isokinetic torque, EFP and peak isotonic velocity)
following a bout of passive heating relative to a control. To this end,
from 30 min onwards heating increased peak torque during moderate
contractile speeds by 8 % (+10 N m) and during fast contractile speeds
by 10 % (+10 N m) relative to the control. Heating was also found to
increase RFDsg by 14 % (+155 N m™1) and EFP by 15 % (+20 N m)
during the slow contraction speed (60°/s) when compared to baseline
and the control. To contextualise the magnitudes of change observed in
response to the heating intervention in this study, large effect sizes
(>np2.14) were observed in peak torque during moderate and fast
contractions. Further, the group mean increases in muscle function are
also above our calculated MDC in moderate and fast contractions as well
as for the EFP at 60°/s, with 65 %, 75 % and 95 % of individuals
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exceeding the calculated MDC thresholds respectively. Large effect sizes
(>np2.14) were observed in RFDgjoy; and the group mean change in
RFDg 0w Was also above calculated MDC, 85 % of all individuals excee-
ded the MDC threshold. It was observed that heating improved “readi-
ness for exercise” and reduced perception of exertion while being a
thermally comfortable experience, likely due to the absence of change in
systemic physiological responses. In agreement with our hypothesis and
adding confidence to the reported ergogenic effects of the intervention,
the inter-day repeatability of peak torque during slow, moderate and fast
contractions and peak velocity achieved during leg extension exercise
following passive heating was excellent according to the ICC testing.

Excellent reliability has been documented when testing isokinetic
knee extension (Maffiuletti et al., 2007; Toonstra and Mattacola, 2013),
peak torque (Sole et al., 2007) and isotonic contractions (Van Driessche
et al., 2018) across days. We now extend this understanding by identi-
fying that isokinetic and isotonic dynamometry following passive
heating produces reliable results between days. Our study therefore
finds that the addition of heating does not alter reproducibility of peak
torque outcomes, maintaining similar intraday reliability to unheated
isokinetic dynamometry (Holmback and Lexell, 2007; Kambic et al.,
2020). When examining similar work investigating the reliability of the
RFD during isokinetic exercise (Brown et al., 2005) lower ICC scores
(0.58) than the current study (0.84) were observed. A review on RFD
reliability reports that ICC scores typically range between 0.8 and 0.9
(Davo and Solana, 2014), whilst the current study is in agreement for the
isokinetic trials, the poor reliability of the isotonic trials is unexplained.
Further research into the intraday reliability of isokinetic and isotonic
RFD measurements, including CV are required. In addition to quanti-
fying the reliability of our protocol, and likely that of others using
similar approaches (Rodrigues et al., 2021; Mornas et al., 2022; Chang
et al., 2023), a key finding of this study is that passive heating enhanced
peak isokinetic torque at moderate (180°/s) and fast (300°/s) contrac-
tion velocities. Whilst preliminary research into isometric contractions
following hyperthermia have not identified benefits to peak force pro-
duction (Thornley et al., 2003; Morrison et al., 2004; Rodrigues et al.,
2021), increases in early force development i.e. an increased rate of
force development (+26 %) at 50 ms have been observed (Rodrigues
et al., 2021). Additionally, passive heat exposure has also been reported
to accelerate fascicle shortening velocity and improving the rate of force
development (+48 %) during the first 100 ms of a voluntary explosive
isometric contraction (Mornas et al., 2022). Although there are subtle
differences between rate of force production and EFP these results align
with our EFPg( observations where EFP, an important metric due to its
relationship with dynamic physical activities, was enhanced by 20 N.m.
(+15 %) in the 60°/s heated condition. This improvement occurred after
30 min of heating and remained in this enhanced state throughout the
heated protocol. Increases in EFP likely occurred in the 60°/s contrac-
tions only, as this was the only contractile speed slow enough to elicit
maximal/near maximal voluntary force production with observation of
this phenomenon typically restricted to isometric contractions
(Maffiuletti et al., 2016). From a translational perspective, there does
not appear to be additional benefit in applying passive thigh heating for
60 and 90 min suggesting that a 30 min intervention may be sufficient to
elicit muscle function benefits. Other heating interventions, e.g., whole
body heating, may however require extended protocols to elicit equiv-
alent intramuscular responses.

Increasing or preserving elevated muscle temperature, before phys-
ical activity has been demonstrated to enhance muscle function
(Faulkner et al. 2013a, 2013c). Our findings, which identify that the
benefits of heating on peak torque are most pronounced during mod-
erate and faster isokinetic contractions, align with prior sprint cycling
studies where greater increases in power output were observed during
faster vs slower cadences following lower limb passive heating
(Sargeant, 1987). The mechanisms underpinning an increase in mod-
erate and fast isokinetic force production following passive heating
remain unclear; however, it has been suggested that in addition to
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sodium channel activated increases in nerve conduction velocity
(Todnem et al., 1989; Kiernan et al., 2001), augmented Ca®* handling
occurs (Kobayashi et al., 2005). Increased intramuscular temperature
elevates Ca®* storage reserve in the sarcoplasmic reticulum (Godt and
Lindley, 1982; Ranatunga, 1984; Kobayashi et al., 2005), which then
simulates the SERCA pump to increase Ca> movement into and out of
the working muscle (Davies and Young, 1983). This alteration reduces
half-relaxation time and increases muscle shortening velocity and force
production (Rodrigues et al., 2022). An increase in intramuscular fluid
has also been suggested to be an important element associated with
enhanced muscular function by stiffening the muscle-tendon unit (Eng
et al., 2018). The increased fluid within the epimysium and perimysium
within the fixed area of the muscle increases muscle stiffness allowing
for a more efficient transfer of force (Hughes et al., 2015) . Whilst
heating is known to influence metabolic systems within the muscle
(Girard et al., 2015; Brocherie et al., 2024) this response is unlikely to be
a factor in short periods of maximal exercise as investigated within this
study. While the fastest isokinetic contraction (300°/s) saw the greatest
benefit supporting this mechanism, in contrast isotonic velocity did not
see any improvement; despite being the fastest contractile velocity
assessed within the experiment (415 + 50°/s). The null response in
isotonic contractions may be explained in part by the velocity limiting
factor of ATP disassociation from the myosin head (Nyitrai et al., 2006)
and decreases in passive muscle and active tendon stiffness which result
in unchanged late and global rates of force development (Mornas et al.,
2022).

Systemic physiological responses, particularly Tiymp were unmea-
ningfully changed displayed excellent reliability, suggesting that the
passive thigh heating protocol did not increase core temperature or lead
to cardiovascular strain. In addition to removing the known perfor-
mance impairment associated with whole body hyperthermia (Thomas
et al.,, 2006), minimizing increases in core temperature reduces the
potential for hypotension induced syncope or other negative events
associated with hyperthermia. Muscle temperature in the heated con-
dition demonstrated good reliability with the absolute (37-38 °C) and
relative (+4-6 °C) increase in muscle temperature consistent with other
research using water perfused garments (Ihsan et al., 2020; Koch et al.,
2021; Gibson et al., 2023), and similar to changes observed during ex-
ercise (Kenny et al., 2003; Gibson et al., 2014; Kapnia et al., 2023). Our
observed peak muscle temperature likely signals the attainment of a
physiological plateau in response to this particular intervention, as the
temperature gradient between the muscle and core temperature di-
minishes, and the heating impulse decreases concurrently with
increased intramuscular blood flow (Heinonen et al., 2011; Koch et al.,
2021). Only when core temperature increases above this apparent
plateau does muscle temperature appear to increase further during
passive hyperthermia (Watanabe et al., 2024). To achieve higher tem-
peratures, alternative heating interventions such as diathermy are likely
necessary, although at the current time it remains unknown whether
increasing skeletal muscle temperature above the magnitudes observed
in this study would elicit greater increases in muscle function. From a
perceptual perspective, when asked how the heated leg felt compared to
the control leg in terms of “readiness for exercise” most respondents
reported that heating improved their perceived readiness for exercise by
at least “a little bit”. The heated condition saw increases in force pro-
duction but a decrease in a rating for perceived exertion, this may be
linked to the analgesic effect of heating (Malanga et al., 2015). The re-
ported enhancement in “readiness for exercise" underscores the poten-
tial of localised heating as a preparatory strategy for physical activity
that does not undesirably perturb systemic physiology.

The findings from this study have practical implications across
various fields, particularly in sports performance, physical therapy, and
geriatrics. Traditional active warmups have been demonstrated to not
improve isokinetic force at 60°/s, 180°/s or 300°/s (Park et al., 2018;
Rodrigues et al., 2020a) and may have reduced intramuscular pressure
and stiffness as measured by an increase in mechanomyographic signals
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(Altamirano et al., 2012). The demonstrated reliability of muscle func-
tion and physiological responses following passive heating suggests that
this method could be integrated into warm-up routines for athletes to
enhance performance and used in conjunction with in-competition heat
maintenance strategies (Faulkner et al., 2013b; Raccuglia et al., 2015).
The increase in peak torque and EFP, especially at moderate and fast
contraction speeds, highlights that passive heating an effective strategy
for improving muscle force production before activities requiring
high/maximal exertion e.g., athletic competition. The increases in
muscular force presented in this study (+10 N m, 8 %) provides similar
benefits to widely used performance aids such as caffeine (+5 N m, 3 %)
(Grgic et al., 2022) and L-arginine (+4.2 %) (Zart et al., 2023) and may
therefore be considered a surrogate or complement to other in-
terventions that are designed to improve muscle function. Additionally,
the protocol could benefit individuals in physical therapy settings,
where the combination of increased muscle function and reduced
perceived exertion could accelerate recovery while minimizing pain.
The use of this approach as a non-invasive, thermally comfortable, and
ergogenic intervention strategy adds significant value to pre-exercise
and therapeutic protocols, including as a part of late-stage rehabilita-
tion protocols as a means to accelerate training adaptations via opti-
mised molecular responses. Finally, passive preheating may be useful for
older adults who are unable to conduct a traditional warm-up prior to
physical activity such as climbing stairs or walking.

This research provides further foundations to continue research into
the effects of passive heating on muscle function in other cohorts e.g.,
older adults, and contexts e.g., physical therapy and rehabilitation. As
previously discussed, the mechanisms that underpin the augmentation
of muscle function following heating are largely unknown specifically
pathways associated with early vs peak force production require delin-
eation. This study may therefore guide future work investigating the
underlying mechanisms of passive heating’s ergogenic potential by
providing insights across different contractile types and speeds, tested at
the same muscle temperature across multiple timepoints. Heated resis-
tance exercise is also an emerging field of study (Casadio et al., 2017;
Pryor et al., 2024), accordingly the heating methodology used in this
study may be implemented within a resistance based exercise regime to
optimise adaptation. Some potential limitations of this experimental
design include a lack of familiarisation to the protocol as well as a po-
tential inconsistent motivation between sets and days influencing effort.
However, this may not be a relevant concern relating to our serial
measurements as evidenced by maintained performance and equal or
lowering CV values throughout the protocol. This study is limited in its
analysis of RFDsy due to the 100HZ export rate from the Biodex
restricting the precision of the calculation. The serial muscle function
measures within this study also modestly increased muscle temperature
in the control leg from baseline every 30 min, thus did not simulate how
heating may attenuate the decline in muscle function that may be
incurred following long periods of true sedentary behaviour. Previous
research on prolonged passive heating observed decreases in muscle
temperature in the control condition over time, likely due to the absence
of physical activity (Gibson et al., 2023). It could therefore be postulated
that passive heating would have an even greater effect when assessed
against inactive and normothermic musculature. This study also only
focused on a young healthy population, and did not measure the
retention/decay of increased muscle function post cessation of heating.
Future research should investigate the mechanisms underpinning the
observed changes following heating and explore different how heating
modalities, timings and conditions affect muscle function across a va-
riety of populations. Finally research exploring how heating may
counteract longer acute sedentary muscle function deterioration could
provide useful as the general population spends multiple hours
sedentary.
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5. Conclusion

In summary, peak isokinetic and isotonic muscle function, isokinetic
EFP and RFD, local thigh temperature and systemic physiological re-
sponses following passive upper thigh heating produce highly reliable
outcomes between days. Passive heating of the thigh for 30 min
increased muscle temperature by 4.6 °C which enhanced peak isokinetic
force during moderate and fast contractile velocities by ~10 %. Whilst
the unheated (control) leg remained unchanged from baseline, a 14 %
increase in the rate of force development was observed in the heated leg,
with heating facilitating a 15 % increase in early force production, both
during the slow isokinetic contractions only.
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