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eLife Assessment

This study proposes that fitness level influences exercise-induced hypoalgesia in women.
However, the evidence to support this claim is incomplete: the conclusions rely on a small
interaction that emerges only under specific conditions and are incongruent with the title,
the findings are inconsistent across pain modalities and stimulus intensities, the analysis
approach does not fully exploit the continuous pain ratings collected, and the absence of
a baseline condition limits the interpretability of results as reflecting true hypoalgesia.
Additionally, the methods by which fitness level was categorized across cohorts can be
questioned, and the results and figures do not clearly illustrate how between-group
comparisons were conducted. With a proper revision, it could be useful for sports
medicine practitioners to consider how they administer exercise protocols to help those
experiencing pain.

https://doi.org/10.7554/eLife.109061.1.sa2

Abstract

In a previous study by our group (Nold et al., 2025), we investigated exercise-induced pain
modulation after high-intensity compared to low-intensity exercise in a heterogeneous sample of
diverse fitness levels. Exploratory analyses suggested an interaction of sex, fitness level, and drug
treatment, indicating that males showed increasing hypoalgesia after high-compared to low-
intensity exercise with increasing fitness levels, which was diminished when naloxone was
administered. In contrast, these effects were not evident in females. These exploratory findings
warranted further investigation to determine if and to what extent exercise-induced hypoalgesia
depends on fitness level and/or sex. In this current study, we investigated an all-female sample (N
=21) of high fitness levels using a similar paradigm as in the previous study, comparing heat and
pressure pain ratings after high-intensity and low-intensity exercise. Our data show an interaction
of exercise intensity and stimulus intensity in heat pain, with greater pain relief following high-
intensity exercise, especially at the highest stimulus intensity. Despite results for pressure pain not
reaching significance, a similar trend was evident. These results suggest that females at a high
fitness level also show exercise-induced hypoalgesia for high-intensity compared to low-intensity
exercise. Together with our previous findings, this suggests that exercise-induced hypoalgesia
depends on fitness level but not on sex.

Introduction

In a previous study (Nold et al., 2025 ), we investigated the effect of high-(HI) and low-intensity
(LI) aerobic exercise on pain perception in a heterogeneous sample of both sexes and diverse
fitness levels (IV = 39, 21 females), where exploratory analyses revealed a three-way interaction of
sex, fitness level, and drug treatment. Males showed greater hypoalgesia after HI compared to LI
exercise with increasing fitness levels. This effect was reduced when the p-opioid antagonist
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naloxone was administered. These effects were not evident in females. Taken together, these
results point to the nuanced interplay of individual factors such as fitness level and sex underlying
exercise-induced hypoalgesia.

Correspondingly, previous research in humans (Geva and Defrin, 2013 & ; Schmitt et al., 2020 3;
Sluka et al., 2018 ) suggests that fitness level plays a crucial role in exercise-induced pain
modulation, where subjects with higher fitness levels showed increased hypoalgesia following
exercise compared to subjects with lower fitness levels (Schmitt et al., 2020@). Furthermore,
higher self-reported fitness levels were shown to be associated with reduced pain ratings (Geva
and Defrin, 2013 @), reduced temporal summation (Naugle and Riley, 2014 %), and greater opioid
release in the orbitofrontal cortex and insula (Saanijoki et al., 2022 %). Crucially, most of these
studies (Saanijoki et al., 2022 (@ ; Schmitt et al., 2020 %) have been conducted in healthy all-male
samples, limiting the translation to females, where the association of physical fitness and pain

perception after exercise remains less clear (de Bruijn et al., 2011 ).

Despite the majority of chronic pain patients being female (Fillingim et al., 20092 ; Mogil, 2012 ;
Rice et al., 2019@), evidence on potential sex differences in exercise-induced pain modulation is
surprisingly limited (Koltyn et al., 2014 7). Of those studies that have considered potential sex
differences in exercise-induced pain modulation, some (Brellenthin et al., 2017 3 ; Koltyn et al.,
2014Z; Niwa et al., 2022 4 ; Smith, 2004 (2) could show that there are no sex differences, whereas
others (Koltyn, 20002 ; Sternberg et al., 2001 (2 ; Vaegter et al., 2014 %) suggest that hypoalgesia
following exercise is more robust in females, but overall results remain inconclusive (Rice et al.,
2019@).

This current behavioural study aims to build on our previous findings (Nold et al., 2025 ) by
investigating exercise-induced pain modulation in an independent all-female sample (N = 21) with
a high fitness level using the same paradigm as in the previous study, without a pharmacological
intervention. Importantly, fitness levels (quantified by the weight-corrected functional threshold
power (FTP)) in the previous study (Nold et al., 2025 (?) differed significantly (P = 0.003) between
females (M = 1.58, SD = 0.44) and males (M = 2.03, SD = 0.40), thus, warranting further investigation
into whether exercise-induced hypoalgesia after HI compared to LI aerobic exercise can also be
observed in females with a higher fitness. Disentangling if and to what extent exercise-induced
hypoalgesia depends on fitness level and sex is a crucial step to determine exercise-based
interventions for (chronic) pain populations.

Results

The final sample included N = 21 healthy female participants with high fitness (weight-corrected
report and divided into three phases: follicular, ovulatory, and luteal as well as hormonal
contraceptives) was equal across (x2(3) = 1.66, P = 0.65) as well as within days (Day 1: x2(3) = 2.26, P
=0.52; Day 2: x2(3) = 0.40, P = 0.94; Supplemental Fig. STA®). Furthermore, the expectation of how
acute exercise affects different pain domains was assessed (Lindheimer et al., 2020 %) and yielded
no significant effects overall (joint pain: £(20) = -1.78, P = 0.09, muscle pain: t(20) = 0.15, P = 0.88).
However, participants indicated that they expect acute aerobic exercise to reduce whole-body pain
(t(20) = -2.83, P = 0.01; Supplemental Fig. S1B (@). Finally, mood ratings were assessed using the
Profile of Mood States (POMS) questionnaire (Curran et al., 1995 %) before the experiment
commenced (pre) and after it was completed (post). There were no significant differences in pre-
and post-levels of fatigue (t(20) = -0.50, P = 0.62), discontent (¢(20) = 1.84, P = 0.08), and drive (t(20)
=0.58, P = 0.57). However, participants rated significantly reduced dejection post compared to pre
experimental testing (t(20) = 3.61, P = 0.002; Supplemental Fig. S1C®).

Comparison with the previous study sample

We compared the weight-corrected FTP values of the current sample with those of the previous
sample (Nold et al., 20253) (N = 39, 21 females) for males and females separately using two-
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Figure 1. Comparing participant characteristics of the females of the current study (N = 21; dark blue) with
the females (N = 21; light blue) and the males (N = 18; red) of the previous study (Nold et al., 2025 ).

(A) Weight-corrected Functional Threshold Power (FTP) differed significantly between the females in the current study and
the females in the previous study (P = 1.23x1 07) but not between the females in the current study and males in the previous
study (P =0.11). (B) Training volume (hours per week) differed significantly between the females in the current study and the
females (P = 0.003) and males (P = 0.009) of the previous study. n.s. = not significant, * P < 0.05, ** P < 0.01, *** P <0.001.

Nold et al., 2026 eLife 15:RP109061. https://doi.org/10.7554/eLife.109061.1 30f 16


https://doi.org/10.7554/eLife.109061.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/neuroscience
https://elifesciences.org/subjects/physiology

Y o Neuroscience | Physiology
wweLife

higher FTP compared to the females of the previous study (light blue) (¢(40) = -5.00, P = 1.23x107>;
Fig. 1A®). There was no significant difference in the FTP between the females in this study (dark

training volume was significantly higher in the females of the current study (dark blue) compared
to the females (light blue) (¢(22) = 3.45, P = 0.003, Fig. 1B(%) and males (red) (t(24) = 2.82, P = 0.009;

and the females of the current study concerning height, weight, and BMI revealed no significant
differences but a significant age difference (t(32.98) = 3.27, P = 0.003) (Supplemental Fig. S2@).
Overall, this suggests that this current study included females of overall higher fitness levels
compared to the previous study.

Successful pain calibration and exercise intervention

We calibrated pain intensity levels corresponding to 30, 50, and 70 on a Visual Analog Scale (VAS),
where VAS 0 marks the pain threshold (Supplemental Fig. S3A-B ). On the experimental day, we
introduced an online rating scale where the pain threshold corresponded to VAS 50 (Supplemental

ratings and incorporate non-painful sensation. Participants perceived the stimulus intensities as
significantly different for pressure (8 = 1.13, SE = 0.07, t(553.13) = 16.84, P < 2x10"16; Supplemental

. The anticipated intensities of VAS 50 and VAS 70 were rated above the pain threshold on the
online scale, indicating that they were perceived as painful (Supplemental Fig. S4(%), despite the

ratings being lower than the anticipated intensities, potentially due to habituation effects between
days (Ellerbrock et al., 2015 @ ; May et al., 2012 (%). We achieved a significant difference between HI

implementation of the exercise intervention at the anticipated intensities (55% FTP at LI exercise
and 100% at HI exercise).

Greater pain relief after high-intensity exercise at higher stimulus
intensities

In the current study, participants provided online ratings throughout the stimulus duration. We
calculated the maximum pain ratings (in the following referred to as pain ratings) across the
whole stimulus duration (0 —17 seconds), which closely correspond to the pain ratings provided in
the previous study (Nold et al., 2025 @), where participants were asked to rate the most painful
sensation after the stimulus concluded. To statistically test the effect of exercise intensity (HI and
LD on pain ratings, we calculated separate Linear Mixed Effect models (LMER) with the dependent
variables overall pain ratings, pressure pain ratings, and heat pain ratings, respectively. All models
included exercise intensity or the interaction of exercise intensity and stimulus intensity as a fixed
effect, as well as subject, trial, and block as random effects.

There was no main effect of exercise intensity on overall pain ratings (f = -3.07, SE = 2.14,
t(1119.79) = -1.43, P = 0.15) as well as no main effect of exercise intensity on pressure pain ratings
(B =-2.96, SE = 2.15, t(556.23) = -1.37, P = 0.17; Fig. 3A(®) or heat pain ratings (8 = -3.99, SE = 2.92,

intensity on overall pain ratings was evident (f = -0.22, SE = 0.10, t(1114.27) = -2.21, P = 0.03). This
interaction was driven by the interaction of exercise intensity and stimulus intensity during heat

pressure pain, this interaction of exercise intensity and stimulus intensity was not significant (8 =
-0.10, SE = 0.09, t(548.88) = -1.05, P = 0.29; Fig. 3B-C @) but a similar trend was evident when

greater at the highest stimulus intensity (P = 0.07). The full model outputs and post-hoc t-tests can
be found in Supplemental Tables S1-S92.
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Figure 2. Implementation of high-intensity (HI) and low-intensity (LI) exercise.

(A) Absolute power (Watts), (B) Relative power (%FTP), (C) heart rate in beats per minute (bpm), and (D) rating of perceived
exertion (RPE; BORG scale) during LI (green) and HI (purple) cycling were all significantly different. P-values were calculated
using paired t-tests (two-tailed, (absolute/relative) power: N = 21, heart rate: N = 14, BORG rating: N = 21). n.s. = not
significant, * P <0.05, ** P < 0.01, *** P < 0.001.
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Figure 3. The effect of exercise intensity and stimulus intensity on pain ratings.

(A) Pressure (top; P =0.17) and heat pain ratings (bottom; P = 0.17) for LI (green) and HI (purple) exercise. (B) A significant
interaction between exercise intensity and stimulus intensity was observed in heat (P = 0.002) but not pressure pain (P = 0.29).
Post-hoc t-tests revealed that this interaction in heat pain was driven by the highest stimulus intensity (VAS 70; P = 0.004). (C)
Differences between HI and LI exercise (LI - HI) for pressure (top) and heat (bottom) pain ratings visualised at each stimulus
intensity. Dots depict subject-specific pain ratings averaged across trials. P-values were calculated using post-hoc t-tests for
the respective LMER models. Error bars depict the SEM (pressure: N = 21, heat: N = 20).
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Discussion

In this study, we investigated exercise-induced pain modulation between high-intensity (HI) and
low-intensity (LI) exercise in a sample of fit females (V = 21). In a previous study by our group
(Nold et al., 2025 @), exploratory analyses suggested a three-way interaction of fitness levels, sex,
and drug treatment, where males showed hypoalgesia after HI compared to LI exercise with
increasing fitness levels, which was diminished when naloxone was administered. These effects
were not evident in females. In this current study, we could show that, for heat pain, fit females
showed a similar pain relief after HI compared to LI exercise, especially for highly painful stimuli.
A similar trend was observed for pressure pain. These results suggest that fit females show a
hypoalgesic response to HI compared to LI exercise. Together with our previous findings (Nold et

but not on sex.

Comparison with the previous study (Nold et al., 2025)

We confirmed that the females of the current sample showed significantly higher fitness level (as
measured in weight-corrected FTP) than the females of the previous study (Nold et al., 2025 (2).
Furthermore, the absolute training volume was significantly higher compared to the males and
females of the previous study, suggesting overall higher fitness levels of the females of the current
study. Interestingly, although the training volume of the females of the current study was
significantly higher compared to the males of the previous study, the FTP did not significantly
differ. Furthermore, as pain is a dynamic experience, we utilised real-time pain ratings in the
current study as opposed to static post-stimulus pain ratings (Nold et al., 2025 @) to better capture
the temporal dynamics of pain. Previous research (Koyama et al., 2004 2) has shown that, in heat
pain, real-time ratings account for R? = 0.89 of the variability of post-stimulus rating, where much
of the variability for the post-stimulus intensity pain rating is accounted for by the peak response
during the online ratings (adj. R%2=0.3-0.4), suggesting good comparability of both pain measures.

Effect of exercise and stimulus intensity on pain

Corresponding to our previous study (Nold et al., 2025 (2), there was no overall effect of exercise
intensity on heat or pressure pain. However, we identified an interaction of stimulus intensity and
exercise intensity that was driven by heat pain, with greater pain relief after HI compared to LI
exercise at high stimulus intensity (VAS 70). A similar trend was evident in pressure pain, but it
did not reach significance. These findings align with the results of our previous study (Nold et al.,

prominent in heat than pressure pain.

A multitude of findings on exercise-induced hypoalgesia have been derived from earlier studies
with male-dominated samples with higher fitness levels (Geisler et al., 20192 ; Haier et al., 1981 %;
Janal et al., 1984 (3 ; Scheef et al., 2012 (%), and results on sex dependent effects in exercise-induced
hypoalgesia are still equivocal (Rice et al., 2019®). Of those studies that have included both sexes
in their samples (Naugle et al., 20142 ; Niwa et al., 2022 (@), a dose-response relationship of
aerobic exercise intensity and the analgesic response could be shown in the overall sample, where
high-intensity (70% heart rate reserve (HRR)) aerobic exercise produced larger hypoalgesic effects
compared to moderate-intensity (50% HRR) exercise (Naugle et al., 2014 ; Niwa et al., 2022 %)
and low-intensity (30% HRR) exercise (Niwa et al., 2022 (%). Importantly, despite including both
sexes, these studies did not include sex as a factor in their analyses, potentially confounding the
observed effects (Tesarz et al., 2012 (@). Of those studies that have explicitly accounted for sex as a
moderating variable in exercise-induced hypoalgesia, some studies could show a hypoalgesic

2017%; Lemley et al., 2016 @) found a stronger hypoalgesic response in females. When
administering an aerobic exercise protocol, one study found the hypoalgesic response following
exercise to be more pronounced in females compared to males (Vaegter et al., 2014 ).
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Despite some studies showing comparable or greater hypoalgesic effects in females, these studies
rarely account for fitness levels or athletic status (Tesarz et al., 2012 @). Generally, it has been
shown that athletes exhibit increased pain tolerance and decreased pain intensity compared to
non-athletic controls (Geva and Defrin, 2013 (%; Tesarz et al., 2012 (%). Among the few studies that
have explicitly considered both fitness levels and sex in the hypoalgesic response to exercise, one
study (Sternberg et al., 2001 @) found that treadmill running induced hypoalgesia in the cold
pressor test in females, regardless of athletic status, but not in males. Notably, both male and
female athletes showed a significant decrease in forearm withdrawal latency from a radiant heat
device after treadmill exercise (Sternberg et al., 2001 ). Further corroborating this, female
athletes experienced more pronounced hypoalgesia following aerobic exercise, especially during
cold pressor and thermal pain tests (Smith, 2004 @). For isometric exercise, one study (Black et al.,

levels, which is in contrast to our previous findings (Nold et al., 2025 @), where females did not
show an analgesic response after aerobic exercise. Thus, the extent of sex differences might also
vary depending on the type of exercise, the pain stimulus administered, and the measurement
method employed (Tesarz et al., 2012 @), emphasising the complexity of sex-specific pain
modulation mechanisms. Overall, female athletes tend to report pain similarly to their male
counterparts (Tesarz et al., 2012 @), suggesting that athletic training may mitigate typical sex
differences in the hypoalgesic response after exercise and potentially reduce disparities observed
in the general population. Our results advance this by showing that fitter females show a
hypoalgesic response, and even after cycling for 10 minutes at HI compared to LI in response to
heat pain.

Limitations

On the experimental day, heat stimuli with a target rating of VAS 30 were rated below the pain
threshold. The anticipated intensities of VAS 50 and VAS 70 were rated above the pain threshold,
suggesting that they were perceived as painful. However, the lower pain ratings on the
experimental day as opposed to the calibration day are likely due to habituation effects between
days (Ellerbrock et al., 2015 %; May et al., 2012 (%). Moreover, as we compared HI and LI exercise
but no sedentary rest condition, we cannot draw conclusions on the overall effect of exercise as
opposed to no exercise on pain. Thus, it could be possible that even LI exercise suffices to evoke a
hypoalgesic response (Niwa et al., 2022 (%) or that individuals with higher fitness levels can show a
distinction in the analgesic response based on the exercise intensity. However, previous research
has suggested that HI exercise produces greater hypoalgesia compared to LI exercise (Jones L.,
2019(7; Naugle et al., 20142 ; Niwa et al., 2022 @ ; Smith, 2004 (2 ; Vaegter et al., 20142, p. .
Therefore, we chose the LI exercise as the control condition instead of rest to contribute to the
understanding of the dose-response relationship between exercise intensities and hypoalgesic
effects. Future research should investigate whether LI exercise suffices to induce an analgesic
response.

Conclusion

In this study, we could show that fit females experience pain relief following high-intensity
compared to low-intensity exercise, especially at high pain intensities. Together with our previous
findings, this indicates that fitness level, rather than sex, plays a central role in modulating
exercise-induced hypoalgesia.

Methods

Participants

Overall, N = 22 female participants were recruited for this study from local cycling clubs and by
(online) advertisements. Participants were required to be aged between 18 - 50 years and have a
body mass index (BMI) ranging from 18 — 30, and to be physically active. One participant was
excluded due to a technical failure on the experimental day, resulting in incomplete data. For one
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participant, heat pain calibration failed, resulting in N = 20 participants for heat pain data and N =
21 participants for pressure pain data (for participant characteristics, see Table 1%). It is crucial to

note that the N = 21 females included in the current study did not participate in the previous study
(Nold et al., 20252).

Experimental Paradigm

The experimental paradigm was similar to that of the original study (Nold et al., 2025®), using the
same study setup and equipment (CPAR and TSA 2 and Wahoo KICKR hike). Furthermore, the same
calibration procedures were used to calibrate heat and pressure pain as well as the functional
threshold power using the FTP, test (Allen and Coggan, 2012, 2006 () as implemented and
validated in previous studies (Borszcz et al., 2018 (%; McGrath et al., 2019(%; Nold et al., 2025 ®).
However, participants in the current study did not receive a pharmacological intervention and did
not undergo fMRI scans; therefore, they received the painful stimuli outside the MR scanner whilst
lying in a supine position. To monitor the painful stimuli more closely, participants provided
online ratings whilst the pain stimulus was ongoing on a VAS scale ranging from “no sensation” (0)
to “almost unbearably painful” (150), with VAS 50 marking “minimally painful” (pain threshold).
Furthermore, we administered the same questionnaires as described in the previous study. For a
detailed description of the study procedures and experimental paradigm, please refer to Nold et al.

day (Day 2).

Behavioural Data Acquisition

During cycling, heart rate (HR), maintained power (in watts), and cadence (in revolutions per
minute (RPM)) were acquired continuously. In N = 7 participants, HR data were not recorded due
to a technical failure, but were monitored throughout the cycling. The rating of perceived exertion
(RPE) on the BORG scale, ranging from “no exertion” (6) to “maximal exertion” (20), was provided
after each cycling block. Furthermore, the elapsed time between each cycling and pain within
each block was five minutes to correspond with the mean time required in the previous study.
Following the cycling, participants received a total of 18 pain stimuli, with 9 heat and 9 pressure
stimuli applied in an alternating fashion and with their respective intensities (30, 50, 70 VAS)
applied in a randomised order. Whilst the pain was ongoing, participants were asked to rate their
currently perceived pain/non-painful sensation using the left and right buttons of a button box
(Logitech). When their perception did not change, the cursor should remain at the same position.
The online rating time exceeded the stimulus length by 2 seconds to capture changes in perception
when the stimulus ramped down. The online ratings were sampled at 70 — 75 samples per second
and interpolated at 0.9 seconds.

Statistical Analyses

The behavioural statistical analyses were performed in MATLAB and RStudio (Version 2021.09.1).
We used the Imer and emmeans functions from the Ime4 package (Version 1.1-35.1) to conduct
linear mixed effect (LMER) (Bates et al., 20142 ; Hox et al., 2010 (%) and post-hoc t-tests in R,
respectively. Furthermore, the rstatix package (Kassambara, 2019 ) was used to conduct one and
two-sample t-tests.

To investigate whether the distribution of menstrual cycle phases as well as hormonal
contraceptives differed within and between days, x2-tests were calculated. Furthermore, we
evaluated whether there was a significant effect of expectation about acute aerobic exercise on
different pain dimensions and calculated one-sample t-tests (two-tailed). Furthermore, we
conducted paired samples t-tests comparing pre- and post-mood ratings on the dimensions of
dejection, fatigue, discontent, and drive. To compare the FTP, self-reported fitness levels, training
volume, age, weight, height, and BMI between the previous sample (males and females) and the
current sample, we calculated two-sample t-tests. To evaluate the exercise parameters within the
current study, watts and HR were averaged across time and blocks for each participant and for

Nold et al., 2026 eLife 15:RP109061. https://doi.org/10.7554/eLife.109061.1 8 of 16


https://doi.org/10.7554/eLife.109061.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/neuroscience
https://elifesciences.org/subjects/physiology

:;‘/.:‘ eLife Neuroscience | Physiology
Previous Study (Nold et al., 2025) Current Study
Overall Females Males Females
(M£SD) (M£SD) (M=SD) (M=SD)
N 39 21 18 21
Age (years) 26.03 (4.83) 25.33 (5.10) 26.83 (4.35) 32.29 (7.64)
Weight (kg) 70.95 (12.14) 63.33 (7.53) 79.83 (10.38) 63.6 (8.09)
Height (cm) 177.10 (9.08) 170.52 (6.35) 184.78 (4.58) 170 (5.95)
BMI 22.51 (2.64) 21.80 (2.59) 23.33 (2.53) 21 (1.93)
FTP (Watts/kg) 1.79 (0.48) 1.58 (0.44) 2.03 (0.40) 2.25(0.41)
Training Volume (h/w) 444 (3.24) 3.88 (2.63) 5.08 (3.81) 13.10 (12.28)
M = Mean; SD = Standard deviation; kg = kilogram; cm = centimetre; FTP = Functional Threshold Power.
h/w = hours per week.
Table 1. Participant characteristics from the previous (Nold et al., 20252 ) and current study.
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both exercise intensities. The RPE was also averaged across blocks for participants and exercise
intensity. We calculated one-sample t-tests comparing the respective measures between HI and LI
exercise.

For visualisation purposes, we displayed the online ratings (averaged across subjects, blocks, trials,
and stimulus intensities) and the SEM following HI and LI exercise for heat and pressure pain
separately (Supplemental Fig. S4 ). For a more comprehensive understanding, the averaged
online ratings at each stimulus intensity were visualised in the Supplemental Fig. S5. To
statistically evaluate the online pain ratings and improve consistency with the post-stimulus pain
ratings reported in the previous study (Nold et al., 2025 (@), we calculated the maximum rating by
averaging the online rating across the whole stimulus duration (0 — 17 seconds) and extracting the
peak rating. The peak pain ratings across the whole stimulus duration would most closely
correspond to the post-stimulus pain ratings provided in the previous study, where participants
were asked to rate the most painful sensation throughout the stimulus duration. We calculated
separate LMER models with the dependent variables overall pain ratings, heat pain ratings, and
pressure pain ratings, respectively. All LMER models included subject, trial, and block as random
effects. In a first LMER model, we included exercise intensity as a fixed effect; in a second LMER
model, the stimulus intensity and exercise intensity, as well as their interaction, served as fixed
effects. Finally, we conducted post-hoc t-tests and applied a Tukey adjustment to correct for
multiple comparisons.

Data availability

The dataset for the raw behavioural data generated in the current study is available from the
corresponding author on reasonable request and after publication. All necessary data to evaluate
the results of the study are included in the manuscript and supplementary materials.
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Peer reviews
Reviewer #1 (Public review):
Summary:

The current study is a follow-up to a previously published study by the same research group
(Nold et al. 2025). In the previous study, the authors had included a set of exploratory
analyses which assessed the effects of fitness level (denominated by a relative FTP), sex, and
drug treatment (Naxolone versus placebo). In this previous study, the authors state that
"exploratory analysis showed a significant main effect of fitness level on differences in pain
ratings in the [saline] condition... suggesting increased hypoalgesia with increasing fitness
levels, pooled across all stimulus intensities".

In the current study, the authors have recruited an additional 22 female participants (21
included in analysis) from local cycling clubs to assess if fitness level does indeed impact
exercise-induced hypoalgesia responses to experimental thermal and pressure pain models.

Strengths:

The current study has the potential to present a convincing argument about the effect of
fitness level and potentially other factors (e.g., sex) on exercise-induced hypoalgesia
responses. Combining data across two of their primary studies would be highly fruitful to the
research community interested in this area. Specifically, it has the potential to inform sports
medicine practitioners and how they administer exercise protocols to help those
experiencing pain with a further consideration for the fitness level (and maybe sex) of their
patients.

Weaknesses:
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However, the current study makes several bold claims about the role of fitness level and sex
on exercise-induced hypoalgesia, which I do not believe that this study on its own - or in
conjunction with the previously published study by the same authors - can make at present.
Namely, the current study does not appear to conduct any specific analyses between the
cohorts from either study (current and present). The results mention a difference in the
group mean values in "fitness level" between cohorts, but the analysis itself on pain
responses/exercise-induced hypoalgesia is limited only to the cohort from the current study.
If the authors wanted to provide a convincing argument that fitness level has an effect on
exercise-induced hypoalgesia, then the analysis of this study would have to include an
analysis between the groups considered to be of "high" and "low" fitness level. I do not think
the current study does this. Instead, it makes an assumption from the previous study (Nold et
al. 2025) which only states that "exploratory analysis showed a significant main effect of
fitness level on differences in pain ratings in the [saline] condition... suggesting increased
hypoalgesia with increasing fitness levels, pooled across all stimulus intensities". The analysis
of this study would have to include fitness level "high fitness" versus "low fitness" of
participants across both studies in its statistical model to properly discern if fitness level has
an impact on exercise-induced hypoalgesia.

A similar comment can be made with respect to sex differences, as these have not been
assessed in the analysis of this study either.

Another area of weakness in this study is how "fitness level" has been demarcated across
participants. One issue is how authors have assumed that the current cohort is 'fit', whereas
the previous cohort was 'less fit', meaning that the authors could be coming to false
conclusions about fitness level. In detail, figures within the current study show a large
overlap between the 'fit' and 'less fit' cohorts, where some participants have a higher relative
functional threshold power (FTP) in the 'less fit' cohort than the 'fit' cohort and vice versa.
Therefore, I believe the authors should better demarcate between those that are in the 'more
fit' and 'less fit' groups according to a validated and well-established criterion from the
kinesiology and sport science literature. That being said, I think this may be problematic in
some ways as FTP is considered a relatively poor measure to denote fitness levels, a
limitation highlighted in the previous study's review.

Altogether, whilst I commend the researchers on their body of work across the two studies,
the current methods and analysis provide an incomplete assessment of their primary
research question, and therefore, I would urge the authors to reconsider some of their
methods/analysis and the framing of their results to better reflect the main research question
they have attempted to answer. Likewise, I would recommend that readers ensure they
consider the current results with caution until the authors have addressed some areas of
concern which currently limit their main conclusions.

https://doi.org/10.7554/eLife.109061.1.sa1

Reviewer #2 (Public review):

This study addresses an important question regarding exercise-induced modulation of pain
in women, but the conclusions appear to be based on relatively limited and selective
evidence. The authors report an interaction between exercise intensity and stimulus
intensity, which they interpret as evidence for exercise-induced hypoalgesia and conclude
that fitness, but not sex, modulates this effect. However, this main result relies on a relatively
small interaction that emerges only under specific conditions, with inconsistent findings
across pain modalities and stimulus intensities, and an analysis approach that does not fully
exploit the continuous pain ratings collected. The lack of a baseline condition further limits
the interpretability of the findings as reflecting hypoalgesia, and overall, the data provide a
rather constrained basis for drawing broader conclusions.
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Strengths:

(1) The focus on women is important and timely, particularly given the ambiguity in prior
findings and the historical bias toward male-dominated samples.

(2) The attempt to revisit previous findings in a new cohort is valuable in principle.
Weaknesses:
(1) The core interpretation may not be fully supported by the data

The central claim-that the results demonstrate exercise-induced hypoalgesia and its
dependence on fitness but not sex-does not appear to be fully supported by the evidence
presented.

1.1 Lack of baseline condition

The absence of a no-exercise baseline substantially limits interpretation. The study compares
high- and low-intensity exercise, but without a baseline, it is not possible to determine
whether either condition produces hypoalgesia or hyperalgesia relative to calibration. The
observed HI-LI difference, therefore, reflects only a relative contrast between exercise
intensities, not an absolute reduction in pain. As a result, attributing the findings to
"hypoalgesia" may be difficult to justify fully.

1.2 Lack of internal replication across conditions

The reported effect is highly specific and does not clearly generalise across the experimental
design. It emerges significantly only for heat pain at the highest stimulus intensity, with no
clear effects for other intensities and for pressure pain. Moreover, the main statistical result
is a relatively small interaction effect with a modest p value, which translates into a
difference of approximately 6-8 VAS units on a 150 scale. This combination-a small effect size,
limited statistical strength, and restriction to a single condition-substantially weakens the
evidence for a robust or generalisable effect.

1.3 Deviations from the original study and selective use of data

Although framed as a follow-up to previous work, the current study introduces substantial
methodological changes, particularly in the acquisition and scaling of pain ratings
(continuous vs post-hoc ratings, modified VAS with sub-threshold range). Despite collecting
rich continuous data, the analysis focuses on peak responses to approximate the previous
study. While this may aid comparability, it results in a strong emphasis on a single data point
(highest intensity), rather than leveraging the full dataset. This limits both interpretability
and comparability.

1.4 Over-reliance on null results regarding sex differences

The conclusion that fitness, but not sex, modulates exercise-induced pain may not be directly
supported by the data presented. The current study includes only highly fit women, and
comparisons with men or less-fit women rely on non-significant differences in a previous
cohort. The absence of a significant difference does not provide evidence for equivalence,
and no formal statistical support for a null effect is provided. As such, conclusions about the
absence of sex differences would unfortunately benefit from more cautious interpretation.

(2) Limited sample and lack of diversity

The dataset is narrow in scope, comprising a small sample (N = 21) of healthy, highly fit
women. Key demographic characteristics (e.g. age range, BMI distribution) are not fully
presented, explored or discussed. This limits generalisability and makes it difficult to draw
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broader conclusions about exercise-induced pain modulation in women, as the main focus of
the study.

(3) Methodological choices limit the interpretability of the data
Several methodological decisions would benefit from stronger justification:

3.1 The use of a non-standard VAS scale (0-150 with a fixed pain threshold at 50) is
unconventional and may influence how participants report pain, while limiting
comparability with related literature.

3.2 Participants explicitly reported expecting exercise to reduce pain, introducing a potential
confound that is not presently addressed.

3.3 A more comprehensive use of the full time series of pain ratings would provide a stronger
and more transparent basis for interpretation of the present findings.

https://doi.org/10.7554/eLife.109061.1.sa0
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