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ARTICLE INFO ABSTRACT

Keywords: Bouts of exercise have a substantial affective influence, which can impact performance and adherence through
Effort training programs. Yet, both the level of effort exertion and affective state during exercise are hard to monitor

Resistance exercise without the use of questionnaires, which suffer from certain limitations. Here, we examined whether prosodic

I?ff)esf)tdic features features, prominent characteristics of human expression, reflect the effort level and its related affect during bouts
Pitch of exercise. We extracted prosodic features from verbal affective valence ratings recorded in a previously pub-

lished study (n = 20; 10 women; ngps = 2428) of resistance exercises performed by trained participants until task
failure. We found that the mean and SD of the pitch predicted effort-related affective valence and proximity to
task failure in the two subsets of the data, and in three separate bouts of exercise. These results imply that mean
pitch elevation and the decrease of the SD of the pitch during effort exertion may serve as a signal of distress as
task difficulty increases. The consistency of the findings across different exercises suggests that the mean and the
SD of the pitch may be used to monitor physical effort and affect in various settings and help uncover the nature

of physical effort in its different manifestations.

1. Introduction

Physical effort exertion has a substantial affective influence (Ekke-
kakis et al., 2011; Haines et al., 2020). Such an impact, in turn, can affect
well-being and long-term behaviors of both athletes and the general
public. For example, affective states during workouts were found to
predict burnout (Lemyre et al., 2006) and adherence to exercise pro-
grams (Williams et al., 2008). As exercise adherence plays a key role in
people’s health and well-being (Chen & Wu, 2022; Mandolesi et al.,
2018), effectively monitoring exercise related affective responses is
crucial.

Effort-related affective response, however, is commonly measured by
self-reports via questionnaires, which are difficult to employ during
intense exercise (Adams, 2005; Brenner & DeLamater, 2016). Moreover,
to date, different questionnaires are used to assess how people feel
during bouts of exercise. In some cases, effort perception questionnaires

also measure the affective states during bouts of exercise, and in other
cases, questionnaires for specific emotions are employed. Relatedly, one
of the reasons that there are competing models of effort perception may
be the usage of different questionnaires which relate to different be-
haviors and subsequently lead to different outcomes (Emanuel et al.,
20205 Steele et al., 2016, 2023). An objective and unbiased measure to
estimate people’s effort level during bouts of exercise and its corre-
sponding affective response is therefore of need, and may serve various
scientific and applied fields (De Jong & Elfring, 2010; Dickinson &
Villeval, 2008; Yokomizo et al., 2004).

We suggest that prosodic features (i.e., pitch, intensity and speech
rate) may serve as a proxy measure for physical effort exertion, as well as
its corresponding affective response. Prosodic features are prominent in
a wide scope of human-related contexts, and are highly related to how
people express themselves (Symons et al., 2016). People use prosodic
features to communicate across long distances and are among the most

* Corresponding author. School of Psychological Sciences, School of Public Health and Sylvan Adams Sports Institute, Tel Aviv University, Tel-Aviv, Israel.
** Corresponding author. Department of Brain Sciences and the Azrieli National Institute for Human Brain Imaging and Research, Rehovot, Israel.
E-mail addresses: aviv.emanuel@gmail.com (A. Emanuel), inbalra5991 @gmail.com (I. Ravreby).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.mhpa.2023.100559

Received 29 March 2023; Received in revised form 10 October 2023; Accepted 20 October 2023

Available online 21 October 2023
1755-2966/© 2023 Published by Elsevier Ltd.


mailto:aviv.emanuel@gmail.com
mailto:inbalra5991@gmail.com
www.sciencedirect.com/science/journal/17552966
https://www.elsevier.com/locate/menpa
https://doi.org/10.1016/j.mhpa.2023.100559
https://doi.org/10.1016/j.mhpa.2023.100559
https://doi.org/10.1016/j.mhpa.2023.100559
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mhpa.2023.100559&domain=pdf

A. Emanuel and I. Ravreby

prominent characteristics of human expression, reflecting a wide scope
of emotional content (Anikin & Lima, 2017; Anikin & Persson, 2017,
Anikin & Reby, 2022; Cao et al., 2014; Filippa et al., 2022). For example,
prosodic features reflect the evaluations of personality traits (Guidi
etal., 2019; Stern et al., 2021) and also emotions such as anger, disgust,
fear, happiness and sadness (Cao et al., 2014). In light of the above, the
present work suggests that physical effort exertion and its related affect
may be reflected in prosodic features. This, in turn, may establish a new
framework for studying effort across different contexts.

Here we present an exploratory study in which we examine whether
that prosodic features reflect the level of effort exerted and its associated
affective valence in various exercises. In order to efficiently monitor
effort throughout a task, it is crucial to scale the current performance
relative to the maximal ability of each individual. For this purpose, we
chose to reanalyze data from a study that included physically effortful
tasks (i.e., weight lifting exercises; Emanuel et al., 2020), in which
resistance trained participants were asked to reach task failure several
times in each session. Participants vocally rated how they felt after each
repetition of each exercise, and using their recordings we tested how
prosodic features were related to both their affective valence ratings and
their proximity to task failure. We chose to focus on the voice intensity,
pitch and speech rate, as these were found to be related to emotional
expression and impression formation (Cao et al., 2014; De Waele et al.,
2019; Gharavian et al., 2010; Koolagudi & Krothapalli, 2011). More
specifically, based on the findings that high pitch usually reflects intense
emotional experience (Bailen et al., 2019; Cowen & Keltner, 2017;
Dietrich et al., 2019), we examined whether the higher the pitch, the
closer to task failure people will be and the more negative affect they
will express. To the best of our knowledge, this is the first study to
examine the relationship between affective state, proximity to task
failure and prosodic features in a resistance training setting.

2. Methods
2.1. Materials and procedure

The experimental protocol and participants’ demographics are fully
described in Emanuel et al. (2020). Briefly, 20 resistance trained par-
ticipants (10 females; Mgg = 30.05, SDggee = 6.51) performed four
experimental sessions after signing an informed consent form approved
by the Institutional Review Board. In the first session, the maximal
weight they could lift once was determined (i.e., one
repetition-maximum; 1RM) in the bench-press and squat exercises. In
the following three sessions, participants completed three sets to task
failure with either 70% 1RM bench-press (bench condition), 70% 1RM
squat (squat-70% condition), or 80% 1RM squat (squat-80% condition)
in a randomized, counterbalanced order. Before and after each set, and
after every repetition within the sets, participants verbally reported how
they felt on a scale ranging from +5 (“very good”) to —5 (“very bad;
Hardy & Rejeski, 1989), with their ratings recorded via a clip-on
microphone (Boya, BY-M3-OP) attached to the upper side of their
shirts. After excluding 87 observations that could not be analyzed due to
sound artifacts (e.g., door slam or the experimenter talking in parallel to
a participant rating), the sample consisted of 2814 verbal ratings overall
for subsequent analyses, of which 2428 observations were within the
sets.

2.2. Data pre-processing

For the current analysis, we calculated new prosodic features vari-
ables which were not included in the original dataset. To this end, all
recordings were exported as mono WAV files and were edited via Au-
dacity (version 2.4.2), to reduce possible noise such as heavy breathing,
while keeping the original length of each file intact. This was done
manually by setting noise reduction to maximum for each part of the file
that did not include an affective valence rating by the participants. Thus,
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the resulting recordings included only the affective valence ratings. We
then exported the files to PRAAT (Boersma & Weenink, 2021), where the
silence threshold was —25 dB, the minimum dip between peaks was 2 dB
and the minimum pause duration was 10 ms. We used an in-house script
based on de Jong & Wempe (2009) to automatically extract the
following aspects of prosodic features: (i) the duration of each affective
valence rating; (ii) average, maximum and minimum pitch (i.e., the
frequency of the sound), within the boundaries of the expected pitch of
75-500 Hz for men and 120-600 Hz for women (Boersma & Weenink,
2021; Henton, 1995; Manson et al., 2013; Re et al., 2012); (iii) average,
maximum and minimum intensity (i.e. how loud the sound was), within
the boundaries of the expected human conversation intensity of 55-66
dB (Olsen., 1998); (iv) SD of the pitch and intensity, calculated from
windows of 10 ms, was used to estimate voice changes during the
speech, for each affective valence rating; (v) the speech rate, estimated
by the syllable duration, calculated by the number of syllables in each
spoken word, divided by the duration of the affective valence rating. The
data and R syntax for the main analyses are available at https://bit.
ly/3jlJtGN.

2.3. Statistical analysis

First, to test whether prosodic features can further contribute to the
prediction of proximity to task failure on top of affective ratings alone,
we compared a mixed regression model which predicts proximity to task
failure from affective valence ratings during exercise, with a model
which included the prosodic features on top of the latter predictors. Both
models included a random intercept and a random slope for affective
valence nested within participants. Importantly, we consider proximity
to task failure as a measure of effort rather than fatigue. Effort can be
defined as the mobilization of resources in order to carry out instru-
mental behavior (Sander & Scherer, 2009). Therefore, the level of effort
in resistance exercise can be operationalized as the number of repeti-
tions performed in a given time out of the maximal repetition capacity of
an individual. In contrast, fatigue can be defined as the decrease in one’s
maximal capacity to perform a task (Micklewright et al., 2017), and can
be operationalized as the reduction in the number of repetitions one is
able to perform in a given set when performing it again and again.
Therefore, here we assess the link between prosodic features and the
level of effort in resistance exercises, rather than the level of fatigue.

Next, to test the robustness and generalizability of our findings, we
sought to examine whether any significant effect we find is replicated
across two datasets (Fafchamps & Labonne, 2017). To do this, in the
main analyses, we divided the original dataset into two subsets of 10
randomly assigned participants. We tested mixed regression models on
each subset with all nine prosodic features as predictors and either af-
fective valence ratings or proximity to task failure as outcomes. We
added random slopes to the first subset based on the deviance
goodness-of-fit index according to the recommendations of Bliese and
Ployhart (2002). When adding random slopes significantly improved the
model fit in the first subset, we used the same random slopes in the
second subset to avoid overfitting. Accordingly, we included a random
intercept and random slopes for mean pitch, mean intensity, and syllable
duration.

To test replicability across different modalities, we also performed
the same analyses described above, after dividing the data of the 20
participants into three exercises — bench-press, squat-70% and squat-
80%. In other words, we divided the original dataset into three subsets,
one for each exercise, and tested mixed regression models with the nine
prosodic features as predictors and either affective valence ratings or
proximity to task failure as outcomes. Also in these analyses we included
a random intercept and random slopes for mean pitch, mean intensity,
and syllable duration.
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3. Results

When testing whether adding prosodic features to affective valence
ratings can improve the prediction of proximity to task failure, we found
that the inclusion of the prosodic features significantly improved the
model fit y%(9) = 97.29, p < 0.001. This suggests that prosodic features
add relevant information about the proximity to task failure that is not
transmitted via affective ratings alone. Next, we tested which prosodic
features can successfully predict affective valence and proximity to task
failure. The results of the mixed regression model predicting affective
valence from prosodic features for the two main subsets and for each
exercise with standardized (i.e., scaled) predictors are presented in
Figs. 1 and 2, respectively. Note that these analyses were for ratings
provided within the sets rather than before or after the performance of
the sets. The results of the mixed regression model that predicts prox-
imity to task failure from prosodic features for the two main subsets and
for each exercise with standardized predictors are presented in Figs. 3
and 4, respectively. We provide tables of the specific statistics for each of
the models with unscaled predictors, as well as the prediction of affec-
tive valence from prosodic features before and after set completion, in
the Supplemental Material section at https://bit.ly/3jlJtGN (see Sup-
plemental Tables 1-6; an effect size of pseudo R% for each fixed effect
was calculated based on the recommendations of Jaeger et al., 2017).
Below we describe the main findings for each dependent variable.

Affective valence. We found that all the pitch characteristics examined
- mean, minimum, maximum and SD - predicted affective valence rat-
ings during exercise performance across the two datasets (see Fig. 1 and
Table 1). Specifically, we found a negative relationship between the
affective state and mean pitch (p < 0.001 and p = 0.009 in the first and
second subset, respectively) as well as between the affective state and
maximum pitch (p < 0.001 in both subsets). In contrast, we found a
positive relationship between the affective state and the pitch minimum
(p < 0.001 and p = 0.001 in the first and second subset, respectively), as

Pitch mean

Pitch min

Pitch max

Pitch SD
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well as between the affective state and the pitch SD (p < 0.001 in both
subsets). This suggests that pitch characteristics are deeply manifested in
affective ratings related to effort exertion. In addition, three intensity
characteristics predicted affective valence ratings across the two data-
sets (see Fig. 1 and Table 1). There was a negative relationship between
the affective state and the maximum intensity (p < 0.001 in both sub-
sets) and a positive relationship between the affective state and the
minimum intensity (p = 0.023 and p = 0.009 in the first and second
subset, respectively). In addition, there was a positive association be-
tween the affective state and the intensity SD (p < 0.001 and p = 0.002
in the first and second subset, respectively). This suggests that intensity
characteristics are also manifested in affective ratings related to effort
exertion. Last, there was a positive relationship between the speech rate
(i.e., syllable duration) and the affective valence ratings in the first
dataset (p = 0.009) and a trend in the same direction in the second
dataset (p = 0.054) (see Fig. 1 and Supplemental Table 1). This indicated
that the speech rate also expresses affective states during exercise to a
certain degree.

When merging the two subsets and testing mixed regression models
on each of the three exercises separately, in all three exercises we found
that three pitch characteristics predicted affective valence (see Fig. 2
and Table 2). There was a negative relationship between affective
valence and the mean pitch (p = 0.005, p < 0.001 and p < 0.001 in the
bench press, squat 70% and squat 80% exercises, respectively) and a
negative relationship between the affective valence and maximum pitch
(p = 0.005, p < 0.001 and p < 0.001 in the bench press, squat 70% and
squat 80% exercises, respectively). Additionally, we found a positive
relationship between affective valence and the pitch SD (p = 0.035, p <
0.001 and p < 0.001 in the bench press, squat 70% and squat 80% ex-
ercises, respectively). This indicates that these pitch characteristics —
mean, min and SD - generalize across different exercises in predicting
affective valence during physical effort exertion. Regarding intensity
characteristics, for each of the three exercises we found a negative

Subset
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Fig. 1. Mixed model results for the prediction of affective valence by prosodic features as fixed effects for the first subset and the second subset (n = 10 each; ngps =
1086 and nyps = 1202, respectively). All analyses included a random intercept and random slopes for mean pitch, mean intensity, and syllable duration. The circles
and squares represent the regression coefficients of the analyses of the first and second subsets, respectively. The error bars represent 95% confidence intervals.
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Fig. 2. Mixed model results for the prediction of affective valence by prosodic features as fixed effects for bench press, squat with 70% 1RM and squat with 80% 1RM
exercises (bench-press: n = 19, nobs = 710; squat 70%: n = 20, nobs = 971; squat 80%: n = 20, nobs = 607). All analyses included a random intercept and random
slopes for mean pitch, mean intensity, and syllable duration. The circles and squares represent the regression coefficients of the analyses of the first and second
subsets, respectively. The error bars represent 95% confidence intervals.
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Fig. 3. Mixed model results for the prediction of failure proximity by prosodic features as fixed effects for the first subset and the second subset (n = 10 each; ngps =

1086 and ngps = 1202, respectively). All analyses included a random intercept and random slopes for mean pitch, mean intensity, and syllable duration. The circles
and squares represent the regression coefficients of the analyses of the first and second subsets, respectively. The error bars represent 95% confidence intervals.
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Fig. 4. Mixed model results for the prediction of failure proximity by prosodic features as fixed effects for bench press, squat with 70% 1RM and squat with 80% 1RM
exercises (bench press: n = 19, nobs = 710; squat 70%: n = 20, nobs = 971; squat 80%: n = 20, nobs = 607). All analyses included a random intercept and random
slopes for mean pitch, mean intensity, and syllable duration. The circles and squares represent the regression coefficients of the analyses of the first and second

subsets, respectively. The error bars represent 95% confidence intervals.

Table 1

Mixed model results for scaled predictors. Prediction of affective valence by speech features as fixed effects, during exercise performance for each of the two subsets (n
= 10 each; nobs = 1086 and nobs = 1202, respectively). All analyses included a random intercept and random slopes for mean pitch, mean intensity, and syllable

duration.
Speech feature b 95% CI SE t-value df p-value R/’;
First subset
Intercept 1.926%* [1.009, 2.829] 0.469 4.111 9.089 0.003 -
Pitch mean (Hz) [-1.384, —0.497] 0.218 —4.251 19.668 <0.001 0.456
Pitch min (Hz) [0.351, 0.887] 0.132 4.692 1057.652 <0.001 0.02
Pitch max (Hz) [-0.994, —0.397] 0.157 —4.484 1045.102 <0.001 0.019
Pitch SD (Hz) [0.778, 1.454] 0.178 6.296 922.729 <0.001 0.041
Intensity mean (dB) [-0.957, 0.254] 0.315 —1.189 12.988 0.256 0.091
Intensity min (dB) 0.162* [-0.014, 0.302] 0.071 2.283 1057.744 0.023 0.005
Intensity max (dB) —0.589%** [-0.902, —0.264] 0.162 -3.637 1063.568 <0.001 0.012
Intensity SD (dB) 0.412%** [0.265, 0.569] 0.076 5.384 1064.769 <0.001 0.026
Syllable duration (s) 0.574** [0.243, 0.924] 0.172 3.346 8.779 0.009 0.503
Second subset
Intercept 2.416** [1.275, 3.466] 0.577 4.191 8.756 0.002 -
Pitch mean (Hz) —1.114** [-1.809, —0.456] 0.356 -3.126 11.981 0.009 0.415
Pitch min (Hz) 0.374** [0.163, 0.616] 0.113 3.300 1161.664 0.001 0.009
Pitch max (Hz) —0.917%** [-1.271, —0.603] 0.169 —5.425 1162.982 <0.001 0.025
Pitch SD (Hz) 1.279%** [0.924, 1.661] 0.180 7.118 1148.703 <0.001 0.042
Intensity mean (dB) 0.142 [-0.230, 0.478] 0.180 0.789 36.735 0.435 0.016
Intensity min (dB) 0.152%* [0.037, 0.272] 0.058 2.612 1128.383 0.009 0.006
Intensity max (dB) —0.473** [-0.768, —0.147] 0.155 —3.055 1167.949 0.002 0.008
Intensity SD (dB) 0.240** [0.065, 0.388] 0.079 3.039 1159.771 0.002 0.008
Syllable duration (s) 0.306 [0.040, 0.559] 0.137 2.234 8.730 0.053 0.326

Note: CI = confidence interval, SE = standard error, *p < 0.05, **p < 0.01, ***p < 0.001.

relationship between affective valence and the maximum intensity (p =
0.005, p < 0.001 and p = 0.049 in the bench press, squat 70%, and squat
80% exercises, respectively) (see Fig. 2 and Table 2). Last, the faster the
speech rate was in the squat 70% and squat 80% exercises, the higher the
affective valence ratings (p < 0.001 in both exercises). The same trend
was found in the bench-press exercise (p = 0.063). This indicates that the
affective state is also expressed in the speech rate in different exercises,

at least to some degree (see Fig. 2 and Table 2).

Proximity to task failure. There was an association between proximity
to task failure and two of the pitch characteristics (see Fig. 3 and
Table 3). In the two subsets, we found a positive relationship between
proximity to task failure and pitch mean (p = 0.037 and p < 0.001 in the
first and second subset, respectively) as well as between proximity to
task failure and the maximum pitch (p = 0.005 and p = 0.001 in the first
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Table 2

Mixed model results for scaled predictors. Prediction of affective valence by speech features as fixed effects, during each exercise performance (bench-press: n = 19,
Nops = 710; squat 70%: n = 20, nyps = 971; squat 80%: n = 20, nyps = 607). All analyses included a random intercept and random slopes for mean pitch, mean intensity,
and syllable duration.

Speech feature b 95% CI SE t-value df p-value R;
Bench-press

Intercept 2.643%** [1.456, 3.474] 0.425 17.91 6.221 <0.001 -
Pitch mean (Hz) —1.043** [-1.671, —0.435] 0.342 23.309 —3.048 0.006 0.273
Pitch min (Hz) 0.187 [-0.080, 0.447] 0.133 621.461 1.41 0.159 0.003
Pitch max (Hz) —0.383* [-0.844, —0.007] 0.185 679.333 —-2.073 0.039 0.006
Pitch SD (Hz) 0.726** [0.268, 1.177] 0.213 683.682 3.414 0.001 0.017
Intensity mean (dB) 0.108 [-0.523, 0.534] 0.262 28.02 0.412 0.683 0.006
Intensity min (dB) 0.194* [0.037, 0.340] 0.069 663.718 2.833 0.005 0.012
Intensity max (dB) —0.423** [-0.684, —0.059] 0.16 624.414 —2.652 0.008 0.011
Intensity SD (dB) 0.169 [0.015, 0.304] 0.086 591.349 1.966 0.050 0.006
Syllable duration (s) 0.098 [-0.106, 0.313] 0.086 19.635 1.139 0.269 0.059
Squat 70%

Intercept 2.006*** [1.352, 2.859] 0.436 18.28 4.602 <0.001 -
Pitch mean (Hz) —1.168%** [-1.646, —0.650] 0.243 43.606 —4.81 <0.001 0.339
Pitch min (Hz) 0.609%** [0.264, 0.852] 0.141 912.264 4.328 <0.001 0.02
Pitch max (Hz) * [-1.249, —0.564] 0.183 858.943 —4.792 <0.001 0.026
Pitch SD (Hz) [0.998, 1.804] 0.202 695.555 6.719 <0.001 0.061
Intensity mean (dB) [-0.502, 0.484] 0.251 38.664 —0.156 0.877 0.001
Intensity min (dB) [0.129, 0.403] 0.074 874.415 3.453 0.001 0.013
Intensity max (dB) —0.63** [-1.014, —0.199] 0.188 895.845 —3.355 0.001 0.012
Intensity SD (dB) 0.416%** [0.212, 0.638] 0.093 878.462 4.462 <0.001 0.022
Syllable duration (s) 0.539%* [0.170, 0.821] 0.155 18.421 3.49 0.003 0.378
Squat 80%

Intercept [1.028, 2.738] 0.425 16.295 4.32 0.001 -
Pitch mean (Hz) [-1.599, —0.414] 0.265 42.714 —3.891 <0.001 0.256
Pitch min (Hz) [0.142, 0.857] 0.161 558.157 3.058 0.002 0.016
Pitch max (Hz) [-1.129, —0.179] 0.208 560.986 —3.063 0.002 0.016
Pitch SD (Hz) 0.991%** [0.342, 1.500] 0.241 526.974 4.103 <0.001 0.031
Intensity mean (dB) 0.003 [-0.503, 0.547] 0.271 82.251 0.01 0.992 <0.001
Intensity min (dB) 0.071 [-0.121, 0.269] 0.091 572.593 0.789 0.43 0.001
Intensity max (dB) —0.46* [-0.866, —0.079] 0.215 550.562 -2.134 0.033 0.008
Intensity SD (dB) 0.159 [-0.058, 0.341] 0.091 567.704 1.739 0.083 0.005
Syllable duration (s) 0.598** [0.260, 0.972] 0.176 20.463 3.403 0.003 0.345

Note: CI = confidence interval, SE = standard error, *p < 0.05, **p < 0.01, ***p < 0.001.

Table 3

Mixed model results for scaled predictors. Prediction of proximity to task failure by speech features as fixed effects, during exercise performance for each of the two
subsets (n = 10 each; nops = 1086 and n,ps = 1202, respectively). All analyses included a random intercept and random slopes for mean pitch, mean intensity, and
syllable duration.

Speech feature b 95% CI SE t-value df p-value Rﬁ
First subset

Intercept 52.520%** [46.193, 58.586] 3.123 16.817 6.674 <0.001 -
Pitch mean (Hz) 7.914* [0.877, 15.254] 3.531 2.241 18.009 0.037 0.207
Pitch min (Hz) -3.871 [-8.525, 0.988] 2.256 -1.716 974.556 0.086 0.003
Pitch max (Hz) 7.448** [2.531, 12.885] 2.689 2.770 1020.655 0.005 0.007
Pitch SD (Hz) —9.397%* [-15.466, —3.263] 3.003 -3.130 689.462 0.001 0.014
Intensity mean (dB) 10.651% [1.880, 18.888] 4.187 2.544 16.289 0.021 0.268
Intensity min (dB) —4.229%%* [-6.749, —1.808] 1.210 —3.496 1026.944 <0.001 0.012
Intensity max (dB) 3.436 [-1.885, 8.990] 2.758 1.246 1000.864 0.212 0.002
Intensity SD (dB) —5.254%** [-7.908, —2.709] 1.301 —4.039 974.609 <0.001 0.016
Syllable duration (s) —1.441 [-7.083, 3.908] 2.850 —0.506 8.843 0.625 0.025
Second subset

Intercept 52.460%** [42.732, 60.919] 4.734 11.082 7.875 <0.001 -
Pitch mean (Hz) 18.499%** [12.279, 24.992] 3.044 6.078 18.995 <0.001 0.627

Pitch min (Hz) [-7.444, —0.057] 1.789 —2.140 1084.460 0.033 0.004
Pitch max (Hz) [3.920, 14.353] 2.661 3.434 1118.960 0.001 0.01
Pitch SD (Hz) —16.414%** [-22.250, —11.058] 2.816 —5.828 1021.610 <0.001 0.032
Intensity mean (dB) —3.733 [-9.913, —2.699] 3.314 -1.127 22.721 0.272 0.051
Intensity min (dB) —3.819%** [-5.630, —2.115] 0.929 —4.109 1155.250 <0.001 0.014
Intensity max (dB) 5.769* [0.690, 10.432] 2.467 2.339 1179.060 0.020 0.005
Intensity SD (dB) —0.109 [-2.570, 2.380] 1.259 —0.087 1180.170 0.931 <0.001
Syllable duration (s) 0.004 [-5.069, 5.049] 2.535 0.002 9.716 0.999 <0.001

Note: CI = confidence interval, SE = standard error, *p < 0.05, **p < 0.01, ***p < 0.001.

and second subset, respectively). Furthermore, we found a negative and the pitch SD (p = 0.001 and p < 0.001 in the first and second subset,

relationship between proximity to task failure and pitch maximum in the respectively). In addition, one intensity characteristic predicted prox-
second subset (p = 0.033) and the same trend in the first subset (p = imity to task failure. We found a negative relationship between prox-
0.086), as well as a similar relationship between proximity to task failure imity to task failure and minimum intensity (p < 0.001 in both subsets)
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(see Fig. 3 and Table 3). These findings suggest that prosodic features,
and mainly pitch characteristics, can consistently predict the level of
effort — the proximity to task failure during resistance exercises.

Analyses of each exercise separately, when merging the two subsets,
revealed that pitch mean and SD predicted proximity to task failure in all
three exercises (see Fig. 4 and Table 4). We found a positive relationship
between proximity to task failure and the mean pitch (p = 0.006, p <
0.001 and p = 0.001 in the bench press, squat 70% and squat 80% ex-
ercises, respectively). We also found a negative relationship between
proximity to task failure and pitch SD (p = 0.014, p < 0.001 and p =
0.007 in the bench press, squat 70%, and squat 80% exercises, respec-
tively), as well as the minimum intensity (p = 0.035, p = 0.016 and p =
0.039 in the bench press, squat 70%, and squat 80% exercises, respec-
tively). These findings suggest that certain prosodic features can predict
effort level across different exercises.

4. Discussion

We examined data from a previously conducted experiment (Ema-
nuel et al., 2020) in which participants had to perform three sets of
resistance exercises to task failure in three different sessions. After each
repetition, participants vocally rated how they felt (i.e., affective
valence rating), and their answers were recorded using a tap-on
microphone. We extracted the participants’ prosodic features from
each of the recordings and tested whether they could predict affective
valence ratings and proximity to task failure in two separate subsets of
the data, and for each exercise separately. This work, to the best of our
knowledge, provides the first evidence for the link between prosodic
features, affective state and effort level during bouts of exercise.

We found that participants’ pitch was deeply manifested in affective

Table 4
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ratings related to effort exertion. In the two subsets of the data and in all
the three exercises, the mean and maximum pitch, as well as the SD of
the pitch, predicted the affective valence, showing the robustness of
these pitch characteristics. Moreover, the results in both subsets and all
three exercises also suggest that the louder the maximal intensity of the
speech during affective ratings, the worse a person feels.

Notably, pitch characteristics predicted both affective valence and
task failure during bouts of exercise across the two datasets. This sug-
gests that pitch characteristics are robustly manifested in physical effort-
related tasks. This generalization from the affective domain to the
physical domain implies that pitch characteristics may predict effort-
related phenomena in a wide range of contexts. Remarkably, the mean
pitch was negatively related to affective valence and positively related
to task failure in both subsets and across all three exercises and in each
exercise separately. In addition, the SD of the pitch showed an opposite
relationship where it was positively related to affective valence and
negatively related to task failure in both subsets and in each exercise
separately. Thus, prosodic features and especially the mean and SD of
the pitch enable an indirect estimation of effort and effort-related af-
fective valence in various physical endeavors. Specifically, when the
mean and SD of the pitch are higher and lower, respectively, more effort
is exerted, and accordingly the affective valence decreases. It is possible
that the decrease in the SD of the pitch closer to task failure stems from a
ceiling effect — the mean pitch increases during the set closer to the
highest possible pitch a person can produce. The distribution of pitch
values, therefore, cannot be as wide as it was at the beginning of the set.

The findings regarding the mean pitch align with previous findings
showing that pitch is the most perceptually salient acoustic property of
the voice (Aung & Puts, 2020). The pitch can convey implied psycho-
logical and emotional information (Bailen et al., 2019; Cowen & Keltner,

Mixed model of results for scaled predictors. Prediction of proximity to task failure by speech features as fixed effects, during each exercise performance (bench-press:
n =19, nyps = 710; squat 70%: n = 20, nyps = 971; squat 80%: n = 20, nyps = 607). All analyses included a random intercept and random slopes for mean pitch, mean

intensity, and syllable duration.

Speech feature b 95% CI SE t-value df p-value R;
Bench-press

Intercept 58.563%** [52.482, 65.801] 3.067 9.607 19.094 <0.001 -
Pitch mean (Hz) 14.538%* [6.740, 22.879] 4.112 34.965 3.535 0.001 0.256
Pitch min (Hz) —4.778 [-10.091, 1.092] 2.778 584.845 -1.72 0.086 0.005
Pitch max (Hz) 3.666 [-3.934, 11.905] 3.893 674.93 0.942 0.347 0.001
Pitch SD (Hz) —9.41* [-20.240, —1.637] 4.228 503.196 —2.226 0.026 0.01
Intensity mean (dB) 7.492 [-0.401, 15.998] 4.637 27.365 1.616 0.118 0.084
Intensity min (dB) —3.228* [-6.248, —0.240] 1.472 671.188 -2.194 0.029 0.007
Intensity max (dB) 3.033 [-2.770, 8.313] 3.438 634.25 0.882 0.378 0.001
Intensity SD (dB) —4.141* [-7.283, —0.801] 1.837 653.757 —2.254 0.024 0.008
Syllable duration (s) 4.398* [1.313, 8.988] 1.828 20.673 2.406 0.026 0.209
Squat 70%

Intercept 49.851 [41.729, 57.758] 4.217 16.549 11.821 <0.001 -
Pitch mean (Hz) 13.504%** [7.160, 19.989] 3.414 34.463 3.956 <0.001 0.303
Pitch min (Hz) -3.599 [-7.732, 1.052] 2.127 865.619 -1.692 0.091 0.003
Pitch max (Hz) 6.791* [1.321, 11.319] 2.749 812.554 2.47 0.014 0.007
Pitch SD (Hz) —11.656%** [-18.153, —5.299] 2.995 493.504 —3.892 <0.001 0.03
Intensity mean (dB) 2.239 [-7.498, 14.482] 4.677 28.785 0.479 0.636 0.008
Intensity min (dB) —2.831* [-4.904, —0.954] 1.12 881.772 —2.528 0.012 0.007
Intensity max (dB) 8.282%** [1.363, 16.407] 2.861 934.594 2.895 0.004 0.009
Intensity SD (dB) —4.43%* [-7.972, —1.809] 1.411 864.456 -3.141 0.002 0.011
Syllable duration (s) —0.984 [-7.311, —5.141] 2.618 18.941 —0.376 0.711 0.007
Squat 80%

Intercept 52.084*** [45.485, 59.066] 3.635 11.724 14.329 <0.001 -
Pitch mean (Hz) 11.176** [6.314, 17.567] 3.256 154.539 3.433 0.001 0.07
Pitch min (Hz) —5.67* [-11.329, —0.439] 2.675 555.729 -2.12 0.034 0.008
Pitch max (Hz) 8.143* [0.183, 15.281] 3.411 555.945 2.387 0.017 0.01
Pitch SD (Hz) —10.94%* [-20.773, —1.368] 3.906 555.127 —2.801 0.005 0.014
Intensity mean (dB) -3.798 [-14.283, 7.370] 4.949 51.17 -0.767 0.446 0.011
Intensity min (dB) -2.85 [-6.342, 0.690] 1.495 574.821 —1.906 0.057 0.006
Intensity max (dB) 10.567** [3.962, 17.874] 3.62 561.933 2919 0.004 0.015
Intensity SD (dB) —2.458 [-5.795, 0.361] 1.522 560.368 -1.614 0.107 0.005
Syllable duration (s) —5.453 [-12.779, 0.271] 3.08 19.378 -1.77 0.092 0.132

Note: CI = confidence interval, SE = standard error, *p < 0.05, **p < 0.01, ***p < 0.001.
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2017; Dietrich et al., 2019; Morningstar et al., 2017; Stern et al., 2021)
and is crucial for the interpretation of emotional intent (Morningstar
et al., 2017; Pell et al., 2009), such as the expression of anger, fear,
happiness, sadness and disgust (Cao et al., 2014). Interestingly, during
most of the aforementioned emotions, the vocal emotional expression is
associated with increased mean pitch. This may be explained by sym-
pathetic arousal, such as when experiencing a wide array of emotions
and during effort exertion, which leads to an increase in the mean pitch
during vocal expression (Banse & Scherer, 1996; Rodero, 2022).

We would like to emphasize that during physical effort, as in all the
three tasks in this study (lifting weights), the more effort invested during
bouts of exercise, the higher the cardiovascular strain. Thus, the degree
of breathlessness expresses the effort level one experiences by influ-
encing the prosody and, more specifically, the pitch. The production of
speech requires energy, and physical effort may be reflected in the pitch
as the energy in the exhalation influences the pitch (Primov-Fever et al.,
2014). Pitch also plays a role in the perceptions of characteristics related
to social power, such as dominance and leadership (Aung & Puts, 2020).
Higher pitch reflects low competence (Klofstad et al., 2012) and greater
stressfulness (Quinto et al., 2013). This may imply that an elevation in
pitch during effort exertion reflects stress — the attempt to keep per-
forming a task though in the face of hardship. In addition, this
hard-to-prevent expression of physical effort may be an important social
signal that may help others to be mentally and physically prepared for
an effortful situation. It is possible that similar to the high pitch when
crying (Hepburn, 2004; Hepburn & Potter, 2007), high pitch during
effort exertion may serve as a cue of distress to the environment, which
may aid people to support their recovery later on.

Our findings suggest that by recording people speaking, it may be
possible to overcome certain inaccuracies stemming from individual
variability in reporting. For example, certain people may find it hard to
admit difficulty more than others, which may lead to unreliable self-
reports regarding effort-exertion. More broadly, any deficit in the abil-
ity to articulate oneself may lead to inaccurate effort estimation. This
may be even more prominent in a case of relevant psychopathology such
as autism (Chan et al., 2005).

Predicting effort levels by prosodic features enables an ecological
measurement of effort in a wide array of contexts of everyday settings
and expands the scope in which effort can be examined. Pitch charac-
teristics and specifically the mean pitch and the SD of the pitch can be
used both in the field and in research contexts in order to estimate the
effort level of participants during a strenuous task (Hackett et al., 2012,
2017; Zourdos et al., 2016). For example, people working out at the gym
may estimate how close they are to their maximal capacity simply by
recording themselves saying a word via a designated app. More broadly,
affective responses to exercises were found to predict adherence to
training programs in untrained populations (Lee et al., 2016; Williams
et al., 2008, 2016), and were suggested as the main consideration in
exercise prescription (Ekkekakis, 2009; Ekkekakis et al., 2000, 2011;
Greene & Petruzzello, 2015; Hutchinson et al., 2020). Our findings
suggest that trainees and coaches can monitor affective states during
exercise through speech recordings and adjust exercise intensity in a
manner that may increase future adherence to exercise programs or
prevent burnout in competitive athletes. Specifically, coaches can
directly assess trainees’ affective state during each exercise via their
prosodic features, enabling them to cease exercise performance before
the affective state drops.

Beyond the relevance to everyday settings, prosodic features may
allow further elaboration of the predictions of effort allocation models
(Emanuel, 2019; Inzlicht et al., 2014; Kurzban et al., 2013; Shenhav
et al., 2017). For example, certain models predict a decline in the af-
fective state over time (e.g., Kurzban et al., 2013), while others suggest
that the affective state may also increase as people approach their
deadline (e.g., Emanuel, Katzir, & Liberman, 2022). By employing
prosodic features to assess the affective states and the level of effort
during prolonged effort exertion, it would be possible to avoid asking
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participants to fill questionnaires. This can further provide support for
one account or the other with less methodological difficulties.

Another issue is the ongoing debate regarding the underpinnings of
the perception of effort. According to one approach, the perception of
effort is calculated from a neural copy of a motor command signal (the
corollary discharge model; Marcora & Staiano, 2010; Morree et al.,
2012). A competing model, in contrast, claims that the perception of
effort is a multi-factored neuro-computational mechanism, which its
only function is to maintain homeostasis (the central governor model;
Noakes, 2012). The theoretical inconsistencies may stem at least
partially from the context-dependent measures such as the specific
questionnaires that are used to measure the perception of effort (Ema-
nuel et al., 2020). We suggest that using prosodic features instead, or
along the perception of effort questionnaires, might better capture effort
during exercise and its related affective response. Being more objective
than self-report questionnaires, prosodic features may aid in elucidating
which model of effort perception is the most accurate.

Further research is needed to determine the generalizability our re-
sults to the non-trained population and the generalizability of prosodic
features for other physical effort predictions as well as non-physical
predictions. For example, prosodic features may predict rating of
perceived exertion and arousal. An important potential question would
be whether prosodic features and especially the mean pitch and the SD
of the pitch can predict effort level in tasks of a more cognitive nature.
For example, testing whether vocal features reflect the level of cognitive
effort through different working-memory loads.

To conclude, we found that prosodic features predicted both effort-
related affective valence ratings and proximity to task failure across
two subsets of experimental data. Specifically, the mean pitch and the
SD of the pitch reflected the effort-related affective valence ratings and
proximity to task failure in both subsets and when examining each of the
three physical exercises separately. This suggests that prosodic features,
and especially the mean pitch and the SD of the pitch, can be used to
monitor effort-level and related affect across a variety of physical ex-
ercises and help uncover the nature of physical effort in its different
manifestations.
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