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A B S T R A C T

Many clinical conditions are associated with a high incidence of chronic fatigue. While some physiological causes 
for chronic fatigue are established, e.g., processes connected to inflammation, psychological factors may also 
contribute. The metacognitive theory of dyshomeostasis proposes that a mismatch between cognitive predictions 
and sensory evidence for actions undermines self-efficacy and perception of control, contributing to chronic 
fatigue. We aimed to investigate alterations in prediction for physical exertion in participants with chronic fa
tigue using a new paradigm based on observation, therefore avoiding sensory feedback from the periphery. 
Participants watched randomised sets of videos with people exercising at different physical exertion levels. 
Participants had to predict the rate of physical exertion (RPE) of the individuals observed in the videos. Addi
tionally, questionnaires for chronic fatigue, disability, mood, clinical history and body characteristics were 
assessed. 49 complete data sets from participants with chronic fatigue and 74 data sets from control subjects were 
analysed in this study. Compared with the control group, participants with chronic fatigue predicted a signifi
cantly higher RPE for the observed exercising individuals across all exertion levels. Multiple linear regression 
models revealed that in the control group, the variance of the bias in the prediction of exertion was significantly 
explained by the characteristics of the individuals observed in the videos. However, in the chronic fatigue group, 
the variance of bias in the prediction of exertion was strongly explained by the characteristics of the observer, i.e. 
fatigue levels and disability. Outcomes revealed that participants with chronic fatigue predicted higher exertion 
levels during observations and that levels were strongly influenced by their clinical symptoms, suggesting a 
prediction bias for exertion being present even without performing physical tasks.

1. Introduction

Fatigue can be defined as the decreased ability and efficiency in 
performing physical and/or mental tasks, caused by former activities, 
diseases, or syndromes. Chronic fatigue that is not alleviated after rest or 
recovery, unlike acute fatigue, but sustains over long periods, i.e., at 
least 6 months [1]. It is often perceived as an overwhelming sense of 
tiredness, lack of energy, or feeling of exhaustion [2]. Many clinical 
conditions reveal a high incidence of chronic fatigue; more than 80 % of 
Rheumatoid Arthritis patients experience some form of fatigue [3], and 
in about 78 % of Obstructive Sleep Apnoea patients [4], and fatigue in 
COVID-19 patients has a prevalence of 28 % two years after infection 
[5]. In many neurological conditions like Multiple Sclerosis (MS), 
stroke, traumatic brain injuries, and Parkinson’s disease, fatigue reaches 

high severity levels, disabling individuals in their daily life activities 
[6–9]. In Myalgic Encephalopathy/Chronic Fatigue Syndrome 
(ME/CFS), chronic fatigue is the hallmark of the syndrome, with often 
catastrophic impact on sufferers [10,11].

Underlying causes of chronic fatigue are extremely variable, arising 
from both physiological and psychological factors. Depending on the 
clinical condition, contributions of inflammatory factors [12], neuro
inflammation [13], brain lesions [14], impaired neurovascular coupling 
[15], impaired mitochondrial/metabolic function [16,17], oxidative 
stress [18], and autonomic nervous system dysfunction [19,20] are all 
suggested as physiological mechanisms contributing to fatigue. Psy
chologically, fatigue is often linked to chronic stress, anxiety and 
depression affecting both cognitive functioning and emotional regula
tion, leading to a state of exhaustion [21]. Functional Magnetic 
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Resonance Imaging (fMRI) studies, investigating functional alteration of 
brain areas in chronic fatigue patients, suggest distinct activity alter
ations in brain areas and their impaired connectivity are correlated with 
measures of fatigue [15], in particular, the cortico-striatal network [22]
and temporal parietal junction [23] in studies focusing on cognitive 
fatigue paradigms. While task-based fMRI studies reveal activity and 
connectivity alterations in specific patient groups such as MS, CFS, and 
Parkinson’s disease, the overarching changes across conditions remain 
poorly understood.

Furthermore, beyond physiological changes, involvement of mal
adaptive learning and conditioning has been proposed to play a role in 
chronic fatigue, with theoretical models developed to explain their 
contribution, as well as studies providing support. As an example, the 
Co-conditioning Theory of Chronic Fatigue [24] proposed that central 
sensitisation and classical conditioning of central inhibition, due to 
repeated fatigue assaults, could contribute to chronic fatigue. Indeed, 
experimental studies, using a classical conditioning paradigm, revealed 
that conditioning could lead to enhanced fatigue perception in healthy 
participants performing cognitive and physical tasks [25,26]. A further 
model suggests that associative learning processes could facilitate the 
trajectory from short-term to chronic fatigue in clinical conditions like 
CFS. Fatigue becomes the conditioned response triggered by stimuli that 
formerly were paired with fatigue [27]. While the former theory focused 
on conditioning processes in relation to periods of experiencing fatigue, 
Dobryakova et al. [22] proposed a contribution of effort-reward 
imbalance as a central feature for cognitive fatigue. Coincidentally, a 
positive association of chronic fatigue with effort–reward imbalance is 
found in individuals with fatigue symptoms [28]

Furthermore, the metacognitive theory of dyshomeostasis proposed 
that disease-induced fatigue is a result of a mismatch between prior 
cognitive predictions and ascending sensory evidence undermining in
dividuals’ perceptions of control, mastery and self-efficacy for activity 
[29]. Likewise, Greenhouse-Tucknott and colleagues [30] proposed that 
fatigue results from a loss of certainty or confidence in anticipatory 
control over actions caused by repeated prediction errors related to 
effort perception for tasks. These former processes could impact the 
coupling of prediction with action, such that the assessment of an 
“optimal” action, based on the affordance of an object in the environ
ment and the individual’s inherent capacities, is impaired, resulting in a 
predisposition towards fatigue [29,31,32]

Consequently, higher prediction of effort for a task might arise from 
conditioned/learned experience of effort, which could be connected 
with higher sensitisation of the inhibition system [33]. The process for 
this higher sensitisation might arise from an upregulation of afferent 
signals for effort evaluation while planning a task, stronger effort eval
uation of the afferent signal within the effort-reward evaluation, or 
reduced reward prediction. For investigating the problem of elevation of 
effort prediction for a performed task, it is difficult to differentiate be
tween physiological/neurological influences on central sensitisation and 
learned/conditioned contributions. Paradigms which rely on trained or 
formerly experienced tasks, cognitive or physical, may contain physio
logical and neurological influences on central sensitisation in their 
assessment [34]. While many investigations focused on cognitive effort 
and fatigue [35], research on physical effort is also needed due to the 
impact of chronic fatigue on daily activities. Individuals with chronic 
fatigue demonstrate an elevated effort rating during exercise when 
compared with healthy individuals [36], even when discrepancies be
tween healthy and chronic fatigue individuals, like cardiometabolic 
reactions, become non-significant after adjusting for physical fitness 
levels [37].

In theory, investigating central prediction bias of physical efforts 
involved in observed actions would avoid the afferent feedback prob
lems and would potentially reveal a general tendency for elevated effort 
prediction in participants with chronic fatigue compared with controls, 
without afferent signals (peripheral or central). But for this to be tested, 
individuals need to have the general capability to predict effort/exertion 

when observing an individual. While perception of effort refers to the 
amount of mental or physical energy being given to a task [38], relying 
primarily on central response, perceived exertion integrates peripheral 
feedback from the body whilst exercising [39,40]

Indeed, a strong correlation between observer and participant rate of 
perceived exertion (RPE) (r = 0.79–0.84) was found when individuals 
observed and predicted the RPE of exercising (walking, running) in
dividuals [41]., individuals were able to gauge the level of effort exerted 
by an exercising individual through visual cues such as facial grimaces 
and eye squints [42]. Muscle activity in facial muscles measured by 
electromyography (EMG) during exercise was found to have a signifi
cant positive correlation with RPE ratings [43], revealing the avail
ability of visual cues for effort/exertion prediction in observed 
individuals.

The process of judging/predicting the exertion of an observed indi
vidual includes using visual information, as mentioned above, for 
inferring an internal state, effort/exertion, from observation. In this 
process, brain areas which are used for own effort prediction might be 
activated. In other contexts, it has been shown that people can integrate 
visual observations into body sensations, i.e., rubber-hand illusion [44, 
45] and that brain networks, like the mirror-neuron system and others, 
are responsive to not only observations of motor actions [46,47] but also 
visual imagery [48]., The observation of painful stimuli in others acti
vates distinct brain areas, which are also activated when receiving 
painful stimuli, reflecting affective responses [49].

The investigation of the prediction of effort/exertion through 
observation would be informative across clinical conditions, establish
ing a shared functional change in chronic fatigue symptoms.

Our study investigated the prediction of effort/exertion by obser
vation in individuals with (n = 49) and without chronic fatigue (n = 74). 
Participants watched a set of videos of individuals with various levels of 
physical fitness running at different speeds on a treadmill. Participants 
were asked to rate the effort/exertion of the observed individuals under 
the conditions watched, rating the rate of perceived effort/exertion 
(RPE) on a 6–20 Borg scale [50]. In addition, participants were asked to 
focus on a photo of a standard staircase and predict their own RPE using 
the same scale if they were to climb the stairs. Psychological question
naires, the fatigue assessment scale, and clinical information were also 
collected.

We first hypothesised that both individuals with chronic fatigue and 
control participants would be able to predict the perceived effort/ 
exertion of the exercising individuals, revealing a moderate to strong 
correlation between the RPE provided by the individuals in the videos 
and the predicted RPE given by the participants watching the videos.

Secondly, we hypothesised that individuals with chronic fatigue 
would rate the RPE of the exercising individuals in the videos consis
tently higher than the controls, revealing a central bias towards higher 
effort prediction consistent with an assumption of a higher sensitisation 
of the inhibition system [33]. These hypotheses are not mutually 
exclusive; while both groups may predict a perceived effort/exertion 
(H1), the CFG will consistently predict higher absolute RPE values when 
compared to HG (H2).

Thirdly, we hypothesised that the bias in RPE prediction (deviation 
between the given RPE by the exercising individuals and the RPE pre
dicted by observers) would be associated with the reported fatigue score 
of the chronic fatigue individuals. A stronger influence of one's own 
chronic fatigue experience should influence predictions for effort/ 
exertion, even for observed actions, if a metacognitive process is critical 
in the chronic fatigue development across clinical conditions [29,30].

2. Materials and methods

2.1. Ethical approval

Both studies were given ethical approval by the Bangor University 
School of Human and Behavioural Sciences Ethics Committee (ethics 
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number study 1: 2021–17055, study 2: 2022–17197) in accordance with 
the Declaration of Helsinki.

2.2. Participants

2.2.1. Sample size calculation (Study 1)
Based on the findings of Gallagher et al. [41], which reported a 

strong correlation (r = 0.80) between observer and participant RPE, an 
initial power analysis indicated that a minimal sample size of 10 par
ticipants would be required. However, given the simplicity of the study 
design in Gallagher et al. [41], this effect size is likely to be an over
estimation. To ensure a more conservative and generalizable estimate, 
we adopted a more moderate correlation coefficient (r = 0.60). Using 
this adjusted effect size, along with an alpha level of 0.05 and a beta 
level of 0.20 (corresponding to a power of 80 %) in sample-size.net [51], 
a revised sample size calculation yielded a minimum requirement of 19 
participants.

2.2.2. Sample size calculation (Study 2)
For the chronic fatigue cohort, the sample size estimation was based 

on the mean and standard deviation of the predicted RPE bias observed 
in the healthy participants. Using an estimated effect size of 0.4, an 
alpha level of 0.05, and a beta level of 0.20 (corresponding to a power of 
80 %), an a priori power analysis in G*Power 3.1.9.7 [52] indicated that 
a sample size of 43 participants would be required to detect a significant 
difference in an ANCOVA for predicted RPE.

Study 1 (healthy individuals): Healthy participants were recruited 
via online advertisements on social media and paper advertisements 
from the Bangor University student population, as well as from the 
general public using social media advertising. Inclusion criteria: 
healthy male and female subjects, ≥ 18 years, were eligible for partic
ipation. Exclusion criteria: < 18, a clinical diagnosis of chronic fatigue 
and/or a medical condition that prevented him/her from walking were 
excluded from the study. Complete data sets from N = 74 participants 
were used for analysis; n = 23 incomplete data sets were excluded from 
the study.

Study 2 (individuals with chronic fatigue): Participants with 
chronic fatigue were recruited via social media advertisements from 
self-help groups on social media for obstructive sleep apnoea (OSA), 
chronic fatigue syndrome/myalgic encephomyelitis (CFS/ME), rheu
matoid arthritis (RA), multiple sclerosis (MS), chronic kidney disease 
(CKD), Heart Failure (HF) and Long Covid (LCOVID). Inclusion 
criteria: Male and female participants, ≥ 18 years, with a confirmed 
clinical diagnosis of chronic fatigue, were eligible for participation. 
Exclusion criteria: < 18, without a clinical diagnosis of chronic fatigue, 
or unable to walk. N = 49 complete data sets from participants were 
used for analysis; n = 22 incomplete data sets were excluded from the 
study.

The exclusion criterion ‘unable to walk’ was included because one of 
the study tests (in Study 1 and 2) required an imagined stairway climb, 
which could be potentially influenced by a lack of prior walking expe
rience. Participants were cognitively sound and demonstrated adequate 
comprehension and understanding of the RPE scale during the task 
familiarisation procedure.

In both studies, advertisements on social media and posters con
tained a link to a separate Qualtrics-based webpage with additional 
study details and participant study information. Informed consent for 
participation was acquired on the last page of the electronic document. 
Participants who consented gained access to the respective remote study 
on Qualtrics (study 1 or 2).

As an incentive for taking part, participants of both studies were 
offered entry into a prize draw to win an iPad after participation. 
However, this is unlikely to have influenced their RPE predictions as the 
task involved no performance-based reward.

2.3. Study design

Both studies ran using a Qualtrics platform, embedding bespoke 
video/image tasks and questionnaires. Study structures are depicted in 
Fig. 1.

2.4. Measures

2.4.1. Body characteristics and clinical history
Participants in both studies were asked to provide their age, sex, 

ethnicity, height, and weight. Additionally, participants with chronic 
fatigue in Study 2 were also asked about their clinical history, i.e., 
chronic disease(s), how long since they had been diagnosed, and for how 
long they had chronic fatigue problems.

2.4.2. Questionnaires
Self-report questionnaires were integrated into the Qualtrics studies 

in the order presented in Fig. 1.

2.4.2.1. Positive and negative affect schedules. (PANAS) [53] measures 
positive and negative mood states over a one-week period using two 
10-item scales; Cronbach's alpha values of 0.89 for positive and 0.85 for 
negative affect [54] (For Study 1 (HG) Cronbach’s alpha values for 
positive and negative affect were 0.68 and 0.69 and for Study 2 (CFG) 
Cronbach’s alpha values for positive and negative affect were 0.67 and 
0.63).

2.4.2.2. Fatigue assessment scale (FAS). [55] evaluates symptoms of 
fatigue using a 10-item self-report scale. Score levels can be divided into 
two sub-categories: physical and mental fatigue. Subjects choose from a 
five-point Likert scale: 1 =never to 5 =always in response to statements. 
Sum scores reflecting the severity of fatigue levels: i.e. (< 22 indicates 
‘normal’ fatigue levels; 22–34 indicates mild-moderate fatigue; >/= 35 
indicates severe fatigue) [56]. The FAS has strong internal consistency 
(Cronbach's alpha 0.9) and is widely used for self-reported assessment of 
fatigue in chronic diseases [55,57] (For Study 1 (HG), Cronbach’s alpha 
0.92 and for Study 2 (CFG), Cronbach’s alpha 0.91).

2.4.2.3. Lawton-Brody activities of daily living. (LADLS) assesses the 
daily functional status of an individual using an 8-item scale. CRα: 0.94 
[58] (For Study 2 (CFG), Cronbach’s alpha 0.70). The independence of 
the following domains is scored: ability to use a telephone, shopping, 
food preparation, housekeeping, laundry, mode of transportation, re
sponsibility for own medications, and handling finances [59]. A higher 
total score corresponds to a higher level of functional status and 
independence.

2.4.2.4. National aeronautics and space administration physical activity 
rating. (NASA PAR) Scale [60]. The scale categorises physical activity 
into five different levels from 1 (little or no activity) to 5 (brisk walking, 
jogging, or running for more than 3 h per week). R = 0.78–0.81 [61].

2.4.2.5. Cardiorespiratory fitness. (CRF) levels of healthy subjects (study 
1) were estimated using the protocol by Jurca et al. [60], which pro
vided a non-exercise estimation of cardiorespiratory fitness CRF is 
estimated with high cross-validity, R= 0.81. Sex, age, BMI, resting heart 
rate (RHR), and score of NASA-PAR were used for predicting metabolic 
equivalents (MET). Resting heart rate (RHR) was measured using the 
'Instant Heart Rate' app (https://apps.apple.com/us/app/instant-heart-r 
ate-hr-monitor/id409625068), downloaded by participants. The IOS 
and the Android versions of the app have high test-retest reliability and 
intraclass correlation coefficient (ICC: 0.76 and ICC: 0.82), respectively 
[62]. Participants were asked to ensure that they had not engaged in 
vigorous exercise within an hour, that they had not ingested any caffeine 
within 2 h, and that they had a minimum 3-hour interval before their 
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last meal before measuring RHR.

2.4.2.6. Ratings of perceived exertion. (RPE) 6–20 scale [63] was used 
throughout in both studies. Scales were presented in the video task and 
image task on a VAS scale with verbal statement and numeric scores 
visible (see below). The RPE scale was introduced and appropriately 
anchored with example statements before each task. 6: no exertion at all, 
20: maximal exertion (Fig. 2) (see supplementary file for details).

2.4.2.7. Exercise videos. Videos for the observed effort task were 
embedded in the studies on Qualtrics (Fig. 2). The videos were based on 
filming five healthy volunteers with varied fitness, age, sex, and race. 
Individuals were filmed exercising on a treadmill at various speeds 
(4 km/h; 8 km/h; 10 km/h; 12 km/h; 14 km/h) for three minutes each, 

starting at the lowest speed after warm-up. Heart rate was recorded 
throughout, and individuals were asked to rate their exertion at each 
speed during the last minute of each stage using the Borg Rating of 
Perceived Exertion (RPE 6–20) scale [64]. Videos captured the in
dividuals from the front (head and chest) to enable maximal recognition 
of facial expressions related to physical effort [43], as well as from the 
side with a whole-body view for judgment of movement. No information 
about the speeds of the treadmill was given in the videos (Fig. 2). Table 1
summarises the individuals’ characteristics (age, sex, and ethnicity), as 
well as their RPE and heart rate per speed as a measure of their car
diovascular fitness.

Both studies used the same exercise videos. The last 30 s of the 3- 
minute stages were selected due to this section being associated with 
RPE and heart rate measures. The necessary length of the videos for 

Fig. 1. Study design and procedure flowchart for healthy group (HG) (Study 1) and chronic fatigue group (CFG) (Study 2).
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judging the RPEs of the exercising individuals by observation was 
examined in a pilot with healthy volunteers, who needed a maximum of 
15 s to make a judgment on RPE. To accommodate the potential influ
ence of chronic fatigue on observations, the time of the video clips was 
set to 30 s each for all participants in both studies. No participant 
indicated any lack of time to make a judgment regarding RPE.

Within each study, the clips were presented in five randomised 
blocks of five videos of the exercising individuals at the same speed; 
within each speed block, the order of the videos of the individuals 

exercising was randomised as well. Participants consequently viewed a 
total of 25 videos, organised into 5 randomised speed blocks, each 
containing 5 videos of different individuals exercising at the same speed 
in random order. Participants, after being introduced to the RPE mea
sure and anchoring of the scores before watching the videos, watched 
each of the video clips and were then asked to submit an RPE score to 
rate the amount of effort/exhaustion they thought the individuals would 
perceive (precise information about the study material, see supple
mentary file). Participants received a brief orientation (embedded in 
Qualtrics) on how to base their judgment of RPE on the visible facial and 
movement cues of the individual exercising in the video. The RPE score 
was determined by using a slider on screen with anchor points and 
scores displayed on a VAS scale, RPE 6–20 (see Fig. 2). Subjects could 
only adjust the RPE after the video clip finished and could only progress 
to the next video after they had adjusted the slider to a new position. The 
slider was always resting at RPE 6 at the beginning of all videos. A block- 
wise structure was used to isolate the effort/exertion levels based on 
speed; hence, variations in RPE bias between groups were analysed 
across these blocks.

2.4.2.8. Imagined stair task. After the video task, participants were 
asked to imagine walking up a staircase with 12 steps depicted in a 
photo (Fig. 3). The task was based on a study by Warren et al. [65] that 
showed people were able to judge their own ability and effort using 
images of a staircase. Participants were asked to visualise themselves 
walking up these steps and rate their level of effort/exertion using the 
RPE slider VAS scale provided. It was presented after the exercise videos 
to make sure that there were no priming effects on RPE predictions 
during the video task. All participants observed the identical stand
ardised image of the staircase, which ensured uniformity in viewing 

Fig. 2. Video snapshot and RPE rating interface used in the observational exertion task. The figure shows an example of the video paradigm used in our experiment. 
Two video frames of a subject exercising on a treadmill, used in the observational exertion task. The left panel shows a front-facing view to capture facial expressions, 
while the right panel presents a side view for assessing gait and body movement during treadmill exercise. Below the video frame is the Ratings of Perceived Exertion 
(RPE) interface used by participants to predict the exertion level of the exercising individual. The RPE was recorded on a Borg scale ranging from 6 ("No exertion at 
all") to 20 ("Maximal exertion"). Participants moved a slider to register their perceived exertion estimate after each video. The person depicted agreed to being 
identifiable in the publication.

Table 1 
Video recording subjects characteristics.

Subject1 Subject2 Subject3 Subject4 Subject5

Age (yrs.) 25 42 59 25 23
Gender Male Male Male Female Female
Ethnicity White White White Arab (Other) White
Ratings Of Perceived Exertion (6¡20)
Speed ​ ​ ​ ​ ​
4 km/h 6 7 6 6 6
8 km/h 8 9 8 10 7
10 km/h 12 10 10 12 11
12 km/h 14 12 12 16 14
14 km/h 18 15 14 20 19
Exercising Heart Rates (bpm)
Speed ​ ​ ​ ​ ​
4 km/h 87 80 64 100 95
8 km/h 150 128 111 162 143
10 km/h 175 157 125 174 162
12 km/h 193 169 138 189 178
14 km/h 201 180 150 195 189
HR per Speed (bpm/km/h)
​ 49.24 44.27 35.67 72.87 62.13
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perspective and removed any variability in visual context.

2.4.2.9. Data analysis. All variables were tested on assumptions for 
parametric testing and tested accordingly with t-tests, ANOVA, and 
ANCOVA; parameters which were not normally distributed were ana
lysed using non-parametric testing, i.e. Chi-square test, Mann-Whitney 
U-test, and Kruskal-Wallis’ test. ANCOVA analysis compared the pre
dicted RPE values of HG and CFG groups using the experienced RPE 
values as a covariate. Spearman’s correlation analysis was used to 
examine the relationship between experienced RPE, predicted RPE, RPE 
bias, imagined Stair task and FAS scores in both groups Separate mul
tiple linear regression analyses were run for HG and CFG using observed- 
person characteristics (speed, age, sex, ethnicity, HRperSpeed) and 
observer characteristics (speed, age, sex, ethnicity, BMI, NASA-PAR, 
Stair RPE, LADLS, FAS, CRF if applicable) using the Enter method of 
selected parameters. Group comparisons for the Stair RPE and the 
questionnaire data used an independent t-test or Mann-Whitney U-test 
as appropriate. Used tests are indicated in the result section. The data is 
shown in mean and standard deviation, as well as median and 25th and 
75th percentiles. Significance level was set at p < 0.05. The Statistical 
Package for Social Sciences (IBM SPSS) version 27 was used to examine 
the data.

In this study, the terms 'experienced RPE' and 'predicted RPE' will be 
used consistently; ‘experienced RPE' refers to the RPE provided by the 
volunteers exercising in the videos, while 'predicted RPE' refers to the 
RPE reported by the healthy participants and participants with chronic 
fatigue watching the videos. ‘Bias’ was calculated by subtracting the 
experienced RPE from the predicted RPE, as shown in the equation 
below. 

Bias = predicted RPE – experienced RPE                                              

3. Results

3.1. Participants

For the group of healthy participants (HG), we obtained 99 datasets; 
of these, 25 datasets were incomplete and excluded from analysis. 
Seventy-four complete datasets were included (females: 61 % n = 67; 

Mdn age: 30.00 years (PCTL25, 75: 21.00, 43.00)). Seventy-eight 
datasets were collected from individuals with chronic fatigue (CFG); 
29 datasets were excluded due to being incomplete, leaving 49 complete 
datasets to be included in the final analysis (females: 80 % n = 39; 
Mdn age: 54.00 years (PCTL25, 75: 41.00, 65.00)). Characteristics of 
individuals are shown in Table 2. Individuals in the CFG (Mdn age: 
54.00) were significantly older than individuals in the HG (Mdn age: 
30.00), U = 573.50, p = .000. In HG, 69 % (n = 51) were white British, 
61 % (n = 45) were female, and 39 % (n = 29) were male. In CFG84 % 
(n = 41) were white British, 80 % (n = 39) were female, and 20 % 
(n = 10) were male. NASA physical activity scores were significantly 
lower for CFG (M =1.49, SD = 0.82) than HG (M =3.24, SD = 1.49), 
X2(1, N = 104) = 37.55, p = .000. Individuals of CFG had significantly 
higher BMIs (M = 29.84 kg/m2, SD = 6.70) than HG participants (M =
25.74 kg/m2, SD = 6.44), t (109) = -3.235 p = 0.002.

3.2. Medical conditions and characteristics in chronic fatigue participants

Table 3 summarizes the medical conditions and characteristics of 
CFG participants. ME/CFS was the most frequent medical diagnosis 
(n = 17), followed by Long COVID (n = 13). In addition, five patients 
were diagnosed with OSA and four patients with RA, while three pa
tients were diagnosed with chronic kidney disease (CKD) and one pa
tient with heart failure (HF). Long COVID patients (M = 37.76, SD =
7.03) and ME/CFS patients (M =37.41, SD = 3.51) had the highest FAS 
scores, displaying severe fatigue. Mean FAS scores for the remaining 
medical conditions are displayed in Table 3. LADLS scores revealed that 
chronic fatigue participants were mostly independent in their daily 
function (scores from 4 to 8). The years after diagnosis varied greatly 
across the medical conditions; patients with CKD had the longest 
average (Mdn = 20 yrs.), whereas individuals with long-term COVID- 
19 had the shortest average (Mdn = 1 yr.). CFG participants, however, 
had relatively similar average years of fatigue RA (M = 2.75, SD = 1.75); 
OSA (M = 2.60, SD = 0.89); CKD (M = 2.33, SD = 1.52); HF (2.00); 
LCOVID (Mdn = 2), and ME/CFS (Mdn = 3).

3.3. Psychometric self-report data and Imagery Task outcomes

Psychometric measures are presented in Table 4. PANAS revealed 
that CFG individuals had significantly lower positive affect scores 
compared with HG and higher negative affect scores than HG. FAS re
ported significantly higher fatigue levels for CFG individuals (M =
34.08, SD = 8.93) than HG (M = 25.89, SD = 9.59) (t(121) = -4.764, 
p = .000). In addition, the physical fatigue domain FAS score of CFG was 
statistically higher (Mdn = 20.00) than of HG (Mdn = 12.00), (U =
833.00, p = .000), as well for the mental fatigue domain scores of the 
FAS, the CFG (Mdn = 15.00) scored statistically higher than HG 
(Mdn = 11.00) (U=1205.00, p = .002). Importantly, the difference in 

Fig. 3. Staircase image used in the imagined exertion task. The figure displays 
the standardised image of a 12-step wooden staircase shown to participants 
during the imagined exertion task. Participants were instructed to visualise 
themselves ascending the stairs and to rate the perceived level of effort using 
the Borg 6–20 Ratings of Perceived Exertion (RPE) scale.

Table 2 
Body characteristics in healthy group (HG) and Chronic Fatigue group (CFG).

HG CFG

​ N = 74 N = 49
(Mdn; PCTL25; 75) (Mdn; PCTL25; 75)

Age (years) (30.00; 21.00; 43.00) (54.00; 41.00; 65.00)*
Ethnicity (White British; n = 51; 

69 %)
(White British; n = 41; 
84 %)

Sex (Females n = 67; 61 %) (Females n = 39; 80 %)Δ

(M±SD) (M±SD)
NASA 3.24 ± 1.49 1.49 ± 0.82Φ

Body Mass Index (kg/ 
m2)

25.74 ± 6.44 29.84± 6.70Ŧ

NASA: Level of physical activity; range 1–5; 1-> little or no activity; 5-> Max level of 
activity 
Mann-Whitney U statistic * (573.50) p = 0.000 
Pearson chi-squareΔ X2 (1) = 4.48 p = 0.03;Φ X2 (4) = 37.55 p = 0.000 
An independent t-testŦ t (109) = -3.235 p = 0.002
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FAS scores between groups was not driven by the age difference between 
groups. No significant correlations were found within the datasets 
together (CFG plus HG), and no significant correlation was found within 

the healthy group. However, a small negative correlation was found 
within the CFG (rho=-0.331, p = 0.02), showing that younger partici
pants tended to report higher FAS scores. For the imagined stair task, a 
Mann-Whitney U test revealed that the predicted RPE scores of CFG 
(Mdn = 13.00) were statistically higher than HG (Mdn = 11.00) (U 
= 754.50, p = 0.000).

3.4. Experienced and predicted RPE

In our first hypothesis, we expected that individuals could predict the 
RPE of observed exercising individuals at various exertional loads. The 
experienced RPE and predicted RPE in HG had a significantly strong 
positive correlation, Spearman correlation (rho(1849) = .740, 
p < .001). Additionally, a significant moderate correlation was found 
between the predicted and experienced RPE in the CFG group, Spearman 
correlation (rho(1225) = .675, p = .001), indicating that both groups 
were able to predict the RPE of exercising individuals, by observation 
(Fig. 4).

Secondly, we hypothesized that individuals with chronic fatigue 
would rate the RPE of the exercising individuals in the videos consis
tently higher than the controls, revealing a central bias towards higher 
effort/exertion prediction. ANCOVA analysis comparing the CFG and 
the HG predicted RPE values using the experienced RPE values as co
variate, revealed that CFG predicted a higher RPE across all experienced 
RPE values than the HG (F:12.219, p < 0.001). Interaction of group x 
experienced RPE were not significant (F:3.035, p = 0.082), indicating 
that the regression slopes were similar for both groups. The group dif
ference reflects an upward shift or higher intercept for the CFG group 
across all effort/exertion levels.

Investigating the deviation of the predicted RPE from the experi
enced RPE, in both groups, revealed there was an inverted U-shaped 
function when RPE bias was plotted against experienced RPE (Fig. 5); 
The RPE bias shifted from increasing positive towards decline with 
higher experienced RPEs; higher RPE ratings were connected with 
higher physical loads (speed) (Table 1; supplementary file). Individuals 
in the HG group overestimated RPE at lower loads and showed a mod
erate shift to underestimation at the highest loads. (Table 1; supple
mentary file). A similar overestimation at lower experienced RPEs was 
found in CFG (Fig. 5), while the curve was shifted upwards, showing that 
their prediction of RPE bias was fairly accurate at high experienced RPEs 
with minimal bias (Fig. 5).

Due to the block-wise assessment of RPE prediction in our paradigm 
(5 randomly assigned sets of videos of individuals running at a certain 
speed, with 5 randomly assigned videos of exercising individuals per 
set), data were analysed comparing the RPE bias in set speed-blocks. 
Block-wise data were not normally distributed; hence, a Kruskal- 
Wallis H test was performed to determine the differences in the RPE 
bias between HG and CFG groups. Results show that there was a sta
tistically significant difference in the median RPE bias scores between 
HG and CFG groups across all five speeds with the median bias score 
being higher at all speeds in the CFG group than the HG group (χ2(1)=
133.389, p < 0.001) (The median difference in predicted RPE between 
groups was approximately 1 RPE unit across speed blocks). Pairwise 
comparisons showed that the median bias scores of the CFG group at all 
five speed blocks were significantly higher than those of the HG, while 
the strongest effect sizes were revealed at higher speed blocks (Table 1; 
supplementary file).

3.5. Correlation analysis

In the HG, there was no significant correlation between Stair RPE and 
RPE bias, Spearman’s rho (1850) = .016, p = .502. However, there was a 
significant positive association between the Stair RPE and RPE bias in 
the CFG; Spearman’s rho (1225) = .174, p = .000; higher ratings in in 
imagined task were associated with higher bias in RPE score for 
observed tasks. The correlation of RPE ratings for the imagined stair task 

Table 3 
Clinical conditions characteristics.

Condition Total 
No.

Years Post 
Diagnosis 
(Mdn ; 
PCTL25; 
75)

Fatigue 
(Yrs.) 
(Mdn ; 
PCTL25; 
PCTL75)

FAS 
(Mdn ; 
PCTL25; 
PCTL75)

LADLS 
(Mdn; 
PCTL25; 
PCTL75)

RA 4 (10.50; 
7.00; 
11.75)

(3.00; 1.25; 
4.00)

(26.00; 
23.00; 
30.50)

(7.50; 6.25; 
8.00)

OSA 5 (5.00|3.00| 
5.00)

(2.00; 2.00; 
3.50)

(22.00; 
20.00. 
33.50)

(8.00; 7.00; 
8.00)

CKD 3 (4.00| 
20.00| 
20.00)

(2.00|1.00| 
2.00)

(34.00| 
30.00| 
34.00)

(7.00|7.00| 
8.00)

HF 1 10.00 2.00 22.00 6.00
LCOVID 13 (Mdn; 

PCTL25: 
75) 
(1.00; 0.65; 
2.00)

(Mdn; 
PCTL25; 75) 
(2.00; 1.00; 
3.50)

37.76 ±
7.03

(Mdn; 
PCTL25; 
75) 
(6.00; 4.00; 
7.00)

ME/CFS 17 (Mdn; 
PCTL25; 
75) 
(4.00; 1.50; 
8.50)

(Mdn; 
PCTL25; 75) 
(3.00; 2.00; 
4.00)

37.41 ±
3.51

(Mdn; 
PCTL25; 
75) 
(7.00; 5.00; 
7.00)

RA -: Rheumatoid arthritis; OSA : Obstructive Sleep Apnoea; CKD-: Chronic 
Kidney Disease; HF: Heart Failure
LCOVID: Long Covid; ME/CFS : Myalgic encephalomyelitis or chronic fatigue 
syndrome
Years Post Diagnosis: Number of years after diagnosis of condition; Fatigue-: 
Number of years living with fatigue
FAS: Fatigue Assessment Scale; Range: ≤ 22 (no fatigue); > 22 (fatigue); >35 
(severe fatigue)
LADLS-: Lawton Activities of Daily Living; Range: 0 (low function, dependent) to 
8 (high function, independent)

Table 4 
Psychometric self-report data and Imagery Task outcomes in healthy group (HG) 
and in chronic fatigue group (CFG).

HG (N = 74) 
(Mdn ; PCTL25; 75)

CFG (N = 49) 
(Mdn ; PCTL25; 75)

LADLS - 6.20 ± 1.65
PANAS (Positive) (29.00; 23.00; 33.25) (21.00; 16.00; 29.00)*
PANAS (Negative) (19.00; 16.00; 25.25) (24.00; 19.00; 29.00)Δ

FAS (Physical) (12.00; 9.00; 17.25) (20.00; 17.00; 23.00)Ŧ

FAS (Mental) (11.00; 9.00; 15.00) (15.00; 12.00; 18.00)Φ

FAS (Total) (M±SD) (M±SD)
25.89 ± 9.59 34.08 ± 8.93**

Stair RPE (11.00; 7.75; 12.00) (13.00; 12.00; 16.00)¥

LADLS: Lawton Activities of Daily Living; Range: 0 (low function, dependent) to 
8 (high function, independent)
PANAS (Positive): Positive and Negative Affect Schedule (Positive); 
Range:10–50;
PANAS (Negative): Positive and Negative Affect Schedule (Negative); 
Range:10–50;
FAS: Fatigue Assessment Scale; Range: ≤ 22 (no fatigue); >22 (fatigue); >35 
(severe fatigue)
FAS (Physical): Physical fatigue; FAS(Mental): Mental fatigue
Stair RPE: Image RPE; Range:6–20; 6 (no exertion), 20 (maximal exertion)
Mann Whitney U Statistic *(1175.50) p = 0.001; Δ(1314.00) p = 0.010; Ŧ 

(833.00) p = 0.000; Φ (1205.00) p = 0.002; ¥(754.50) p = 0.000
Independent t-test**t (121) = -4.764 p = 0.000
Icons indicate both statistical significance and test type *, Δ, Ŧ, Φ, ¥: Mann- 
Whitney U test p < .001,
**: Independent t-test p < .001
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with FAS scores was significant in the HG, Spearman’s rho (1850) 
= .408, p = .000, as well as in the CFG, Spearman’s rho (1225) = .422, 
p = .000. The physical and mental domains of the FAS showed similar 
strengths in positive correlation with the imagined stair task scores; for 
the physical domain, Spearman’s rho (1850) = .445, p = .000 in the HG 
group, and Spearman’s rho (1225) = .439, p = .000 was detected for the 
CFG group. Likewise, in the mental domain, Spearman’s rho (1850) 
= .338, p = .000 in the HG group and Spearman’s rho (1225) = .329, 

p = .000 for the CFG. Correlations within each group were small to 
moderate, reflecting modest inter-variable relationships in both. Table 5
summarizes the correlation analysis results.

3.6. Multiple linear regression

Further analysis focused on the question: what factors influenced the 
RPE bias in HG and CFG? We hypothesized that the bias in RPE 

Fig. 4. Relationship between experienced and predicted RPE of healthy and chronic fatigue groups. The figure displays the median predicted Ratings of Perceived 
Exertion (RPE) of healthy participants (HG; open circles) and participants with chronic fatigue (CFG; filled squares) plotted against experienced RPE values of the 
individuals in the exercise videos. Error bars represent percentiles (25; 75). Asterisks indicate significant differences between groups at corresponding experienced 
RPE levels (p < 0.05).

Fig. 5. RPE prediction bias across exertion levels in healthy and chronic fatigue groups. The figure illustrates the prediction bias (Predicted RPE – Experienced RPE) 
across levels of experienced exertion (Borg RPE 6–20) for healthy participants (HG; open circles) and individuals with chronic fatigue (CFG; filled squares). Error bars 
represent percentiles (25; 75). Asterisks denote statistically significant differences between groups (p < 0.05).
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prediction (deviation between given RPE by the exercising individuals 
and the RPE predicted by observers) would be dependent on reported 
fatigue score and clinical disability of the chronic fatigue individuals, 
while the RPE bias of controls would be dependent on the characteristics 
of the observed individuals. To investigate the hypothesis, we performed 
multiple linear regression analysis in two blocks. Starting with the HG 
we used the characteristics of the observed exercising individuals in the 
video to explain the variance in RPE bias (first block), suggesting that 
heathy individuals would use cues related to age, sex, ethnicity, fitness, 
and speed for the prediction of the RPE of the observed individuals. In 
the second block, characteristics of the observing individuals were 
added, including physical and psychological characteristics (see 
Table 6) for investigating whether parameters of the observer influenced 
the predictions for the RPE of observed individuals in the videos. In the 
HG, the observed individuals' characteristics had the largest contribu
tion for explanation of variance in RPE bias, 26 % of the variance of the 
RPE bias was explained, F(5, 1368) = 94.34, p = .000 (block 1). Adding 
the observer characteristics (block 2), 29 % of the variance, F(14, 1359) 
= 39.41, p = .000, was explained. Therefore, adding observer charac
teristics improved the model only by about 3 %, revealing that the 
overall impact of observer characteristics, such as fatigue scores, on RPE 
bias was minimal in the HG. The RPE bias was mostly influenced by the 
characteristics of the individuals in the videos; speed (β = − .39, 
p < .05), ethnicity (β = − .36, p < .05), and age (β =.41, p < . 05) being 
the most influential. For the CFG, a contrasting result was detected, the 
observed characteristics (block 1) explained 16 % of the variance in the 
RPE bias, F(5, 1094) = 41.85, p = .000. However, by adding the 
observer characteristics in block 2, 30 % of the RPE bias variance, F(14, 
1085) = 33.69, p = .000, was explained (see Table 7). The model 
improved the explanation of the variance of RPE bias by 14 % when the 
observer characteristics were incorporated. While this was a modest 
improvement in explained variance in absolute terms, the relative in
crease was substantially larger in CFG (≈14 % in CFG vs ≈3 % in HG). 
The observer characteristics that had the greatest influence on the RPE 
bias of the CFG were fatigue scores, disability scores, and stair task RPE. 
The mental fatigue domain contribution (β =.37, p < .05) was even 
higher than that of speed (β= − .29, p < .05), and stair task RPE scores 

had a similar contribution to the RPE bias (β =.25, p < .05), as well as 
LADLS scores, β = .29, p < .05. Outcomes reveal a strong contribution of 
distinct observer characteristics, related to fatigue, for the prediction 
bias of RPE in participants with chronic fatigue, unlike seen in the 
control individuals.

4. Discussion

This is the first study investigating the prediction of effort/exertion 
through observation of exercising individuals in a population experi
encing chronic fatigue. For the first hypothesis, we assumed that in
dividuals with chronic fatigue, as well as healthy controls, are capable of 
predicting the RPE of an observed individual exercising at different 
physical loads. We found a moderate to strong correlation between the 
RPEs predicted by the observers and the RPE reported by the exercising 
individuals in both groups. Indeed, our results are in agreement with 
previous work with healthy people, revealing similar strength in cor
relations between RPE values observed and reported during running and 
walking [41]. However, the objective of our study was to investigate and 
compare the prediction of observed effort/exertion between individuals 
with chronic fatigue and healthy controls. This allowed us to probe 
functional changes in the prediction of effort/exertion in chronic fatigue 
without the confound of afferent sensory input produced when per
forming a physical or cognitive task. Former work has focused on 

Table 5 
Correlation analysis in healthy group (HG) and chronic fatigue group (CFG).

HG CFG

​ predicted RPE predicted RPE
Experienced RPE .740* .675*
​
​ Bias Bias
Experienced RPE -.528* -.418*
​
​ Bias Bias
Stair RPE .016 .174*
​
​ FAS FAS
Stair RPE .408* .422*
​
​ Physical Physical
Stair RPE .445* .439*
​
​ Mental Mental
Stair RPE .338* .329*

r: Spearman rho correlation coefficient significant at p < 0.01
n = 1850, Observations for healthy; n = 1225, Observations for patients
Experienced RPE: RPE by person in video; Range:6–20; 6 (no exertion), 20 
(maximal exertion)
Predicted RPE: RPE by person watching video; Range:6–20; 6 (no exertion), 20 
(maximal exertion)
Stair RPE: Image RPE; Range:6–20; 6 (no exertion), 20 (maximal exertion)
FAS: Fatigue Assessment Scale; Range: ≤ 22 (no fatigue); >22 (fatigue); >35 
(severe fatigue)
Physical: Physical fatigue; Mental: Mental fatigue

Table 6 
Multi linear regression analysis of RPE Bias in the healthy group (HG).

B (Constant) Std. Error В

Step 1 ​
Speed -0.34 0.02 -.39*
Observed Sex -0.56 1.21 -.09
Observed Ethnicity -0.67 0.30 -.36*
Observed Age 0.09 0.04 .41*
HRperSpeed 0.09 0.10 .41
Step2 ​
Speed -0.34 0.02 -.39*
Observed Sex -0.55 1.19 -.09
Observed Ethnicity -0.67 0.30 -.36*
Observed Age 0.09 0.04 .41*
HRperSpeed 0.09 0.10 .41
NASA Physical Activity 0.14 0.05 .07*
Observer Ethnicity -0.10 0.07 -.04
Observer Age 0.04 0.01 .14*
Observer Sex 0.62 0.19 .11*
Observer Stair RPE -0.07 0.03 -.06
Physical Fatigue -0.05 0.02 -.07
Mental Fatigue 0.09 0.03 .13*
CRF -0.02 0.04 -.02
BMI 0.02 0.02 .05

R2 = .26 for Step 1, ΔR2= .29 for Step 2 (*p < .05) **p = .000; n = 1850
Speed-: Speed of the observed individual running in the video; from 4 km to 
14 km/hr
Observed Sex-: Sex of the observed individual running in the video
Observed Ethnicity-: Ethnicity of the observed individual running in the video
Observed Age-: Age of the observed individual running in the video
HRperSpeed-: Fitness of the observed individual running in the video calculated 
in a regression equation.
NASA Physical Activity-: Physical activity level of the observer individual 
looking at video
Observer Ethnicity: Ethnicity of the observer individual looking at video
Observer Age-: Age of the observer individual looking at video
Observer Sex-: Sex of the observer individual looking at video
Observer Stair RPE-: Effort perception of the observer individual looking at 
video
Physical Fatigue-: Physical impact of fatigue; Range: ≤22 (no fatigue); >22 
(fatigue); > 35 (severe fatigue)
Mental Fatigue: Mental impact of fatigue; Range: ≤22 (no fatigue); > 22 (fa
tigue); > 35 (severe fatigue)
CRF-: Cardiorespiratory Fitness
BMI-: Body Mass Index
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cognitive [35,66] and physical tasks [36,67], with studies consistently 
finding an elevation of RPE for task performance [68]. As an example, 
outcomes of contralateral-limb matching tasks revealed that in CFS, a 
greater amplitude of corollary discharge was suggested in connection 
with effort sensation. A higher force production in the contralateral limb 
in matching experiments of the ipsilateral limb performing fatiguing 
exercise supported a disproportionate mismatch between afferent 
feedback and efferent feed-forward signals [69]. However, most of the 
paradigms used may not completely differentiate between an elevation 
in prediction of effort/exertion for a task and potential changes in sen
sory afferent gain in connection with functional changes in chronic fa
tigue. Theories of effort perception in chronic fatigue emphasize the 
contribution of afferent feedback processing [70], corollary discharge 
from motor areas [71], or a combination of those as being consequential 
for an elevation of RPE [36,72]. In relation to the perception of effort, a 
differentiation into intended effort and achieved effort awareness might 
be useful. Lafargue & Franck [38] suggest that awareness of intended 
effort uses corollary discharge information upstream of M1 motor cortex 
areas, not including sensory feedback [73]. In addition, motor imagery 
and performed force production showed shared associations of 
event-related potentials from supplementary motor areas with target 
forces but not from the M1 motor area [74]. Authors suggest a crucial 
role of supplementary motor areas for effort generation and experience 

rather than the motor areas themselves.
In our paradigm, the task does not involve anticipation of one's own 

action and no afferent input in relation to physical task performance; 
therefore, an effort prediction during observation could be the result of 
feed-forward signals usually performed during effort predictions for 
tasks, but without the influence of cost/reward evaluation for one's own 
action. Ludwiczak et al. [75] showed that reward size influences choice 
in connection with effort intention; however, perceived effort seemed 
more relevant for the performance of an action. An impaired 
reward-effort processing has also been implied in chronic fatigue [22].

In line with our first hypothesis, our results show that individuals 
with chronic fatigue predicted significantly higher RPE scores than the 
control group at all levels of RPE as reported by the exercising in
dividuals. RPE values of the observed exercising individuals are a linear 
function of the levels of physical loads (speeds) and strongly influenced 
by their cardiovascular fitness [63]. A significant difference in the po
sition of the regression lines (RPE given by observers versus RPE given 
by exercising individuals) between participant groups (CFG and HG) 
was observed, with an upward shift for the chronic fatigue group, in 
agreement with our second hypothesis, expecting elevated prediction of 
effort/exertion in chronic fatigue conditions. Due to the missing 
involvement of physical tasks in our paradigm, this result suggests an 
alteration in higher centre predictions for effort/exertion in participants 
with chronic fatigue over a lower sensory threshold or higher sensory 
gain [76]. The contribution of central sensitisation in CFS has been 
shown in numerous studies in relation to pain [77]. However, sensory 
amplification was reported to be associated with pain but not with fa
tigue in CFS patients, and the authors suggested that fatigue may operate 
by a different mechanism [78].

We were interested in what factors would influence the deviation of 
the observer-predicted RPE from that reported by the exercising in
dividuals (the RPE bias). In our second hypothesis, we predicted that 
healthy controls would use visual cues connected with characteristics of 
the observed, like the speed of running, and facial cues related to effort 
[42]. We also expected cues related to learned assumptions about 
characteristics to play a role e.g. older people would experience higher 
effort than younger. Indeed, multiple linear regression models revealed 
that in controls, characteristics of the individuals being observed had a 
greater impact on the RPE bias (26 %) than their own characteristics, 
with personal fitness, fatigue, and imagined stair task RPE hardly 
contributing to the model (increased model fit by 3 %). Therefore, 
control subjects did not reference their own physical and mental con
dition when predicting the RPE of the observed individuals.

In contrast, with our third hypothesis, we expected to find that in
dividuals with chronic fatigue would integrate factors connected with 
their own condition, i.e., fatigue scores, disability scores, and the stair 
task RPE, into the prediction of RPE of an observed individual. Indeed, 
using multiple linear regression models, we found that the characteris
tics of the observed individuals had less of a contribution to the expla
nation of variance of RPE bias (16 %) than they did in the healthy 
controls. Moreover, a large amount of the variance was explained by 
integrating the characteristics of the observing individuals into the 
model (30 %), whereby fatigue scores and stair task RPE contributed the 
most, next to the LADLS scores.

This finding supports the idea that the prediction of effort/exhaus
tion by observation is influenced by the physical and mental fatigue 
symptoms of individuals with chronic fatigue. This effect was seen 
across all investigated clinical conditions. Apart from the fatigue scores 
and disability scores, the imagined stair task also contributed strongly to 
the model. The imagined stair task used an image of a typical staircase 
with a typical riser height and number of steps, and focused on pre
dicting the effort/exertion the individuals would experience if 
completing the task of climbing the stairs. In former work, it was shown 
that people’s perceived affordance includes their own intrinsic capa
bilities [79] as well as task characteristics like the number of steps and 
riser height [65]. In our study, significant correlations were found 

Table 7 
Multi linear regression analysis of RPE Bias in the chronic fatigue group (CFG).

B (Constant) Std. Error В

Step 1 ​
Speed -0.28 0.03 -.29*
Observed Sex -0.09 1.64 -.01
Observed Ethnicity -0.53 0.41 -.25
Observed Age 0.06 0.06 .23
HRperSpeed 0.03 0.14 .13
Step2 ​
Speed -0.28 0.03 -.29*
Observed Sex -0.11 1.50 -.02
Observed Ethnicity -0.53 0.38 -.25
Observed Age 0.06 0.05 .23
HRperSpeed 0.04 0.13 .14
NASA Physical Activity -0.65 0.12 -.16*
Observer Ethnicity 0.72 0.16 .17*
Observer Age 0.02 0.01 .08*
Observer Sex 0.78 0.25 .10*
LADLS 0.62 0.08 .29*
Observer Stair RPE 0.27 0.04 .25*
Physical Fatigue -0.17 0.04 -.25*
Mental Fatigue 0.28 0.04 .37*
BMI -0.04 0.02 -.07*

R2 = .16 for Step 1, ΔR2= .30 for Step 2 (*p < .05) **p = .000; n = 1225
Speed-: Speed of the observed individual running in the video; from 4 km to 
14 km/hr
Observed Sex-: Sex of the observed individual running in the video
Observed Ethnicity-: Ethnicity of the observed individual running in the video
Observed Age-: Age of the observed individual running in the video
HRperSpeed-: Fitness of the observed individual running in the video calculated 
in a regression equation.
NASA Physical Activity-: Physical activity level of the observer individual 
looking at video
Observer Ethnicity: Ethnicity of the observer individual looking at video
LADLS-: Lawton Activities of Daily Living Scale; Range 0 (low function) to 8 
(high function)
Observer Age-: Age of the observer individual looking at video
Observer Sex-: Sex of the observer individual looking at video
Observer Stair RPE-: Effort perception of the observer individual looking at 
video
Physical Fatigue-: Physical impact of fatigue; Range: ≤ 22 (no fatigue); > 22 
(fatigue); >35 (severe fatigue)
Mental Fatigue-: Mental impact of fatigue; Range: ≤ 22 (no fatigue); > 22 (fa
tigue); >35 (severe fatigue)
BMI-: Body Mass Index
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between the RPE values given in the imagined stair task with the fatigue 
scores of the FAS in both groups, which shows that affordance [80] in
cludes a component of predicted capability of the self. In addition, it was 
shown earlier [74] that during imagery and execution of effortful tasks, 
specific patterns associated with variations in motor control parameters 
were similar in imagery and execution of effortful tasks.

Moreover, a significant correlation of the stair RPE task with RPE 
bias was solely found in the chronic fatigue group, pointing towards a 
difference in how one's own predicted capacity influenced the prediction 
from observation in the chronic fatigue group. People with chronic fa
tigue seemed to integrate some information about their own capacity 
into the prediction of effort during observation. Further support for this 
interpretation is found in the outcomes of the multiple linear regression 
analysis, showing that a large proportion of the variance in RPE bias can 
be explained by the characteristics of the observer with chronic fatigue.

A key consideration is the integration of our findings into the current 
theories regarding the mechanisms of chronic fatigue. While the status 
of inflammatory factors in our tested population was not assessed, their 
potentially strong influence on fatigue in certain clinical conditions is 
certainly beyond doubt [81]. However, often, chronic fatigue is main
tained even after remission of inflammatory factors on blood levels [82], 
lesions and neurological alterations may persist even after reduction in 
inflammatory markers [21], and more complex and long-term alter
ations are described for ME/CFS, including various systemic alterations, 
i.e., autonomic system [19]. However, various clinical conditions, be
sides their different pathological processes, are thought to entail over
lapping functional changes leading to the feeling of fatigue [83].

Theoretical models have pointed towards a higher sensitisation of 
the inhibition system [84]. The inhibition system is suggested to play an 
important role in decision-making for motor tasks and feelings of fatigue 
[85]. Various brain areas are suggested, and fMRI studies have sup
ported this theoretical concept [83]. However, it is unclear whether the 
inhibition network would contribute directly during the process of 
predicting RPE during observation of other individuals performing an 
effortful task in our paradigm.

Our findings show that RPE bias in individuals with chronic fatigue 
was elevated compared with healthy controls, and the variance of RPE 
bias was related to symptoms of fatigue in the chronic fatigue partici
pants. In context with the formerly mentioned studies, this could be 
interpreted as an influence on higher sensitivity in the inhibitory system 
[84], which might contribute to the altered prediction of effort/ex
haustion during observations in individuals with chronic fatigue. 
Inference of effort/exhaustion could be a skill which adds to the prin
cipal need for representation of various stimuli for predicting conse
quences for another person, like empathy for painful stimuli [49]. 
Nonetheless, the influence of altered activation of brain areas in chronic 
fatigue remains speculative for our paradigm without further studies 
involving neuroimaging techniques (e.g. fMRI).

However, further psychological concepts may be informative for the 
interpretation of our findings without experimental evidence from fMRI 
studies using our paradigm. Metacognitive processes evaluate thoughts, 
observations, and beliefs about a person’s own perceptual responses to 
the environment [86]. These can lead to negative metacognitions, being 
prominent in some mental health conditions like generalised anxiety 
disorder [87], exacerbating worry about the controllability of actions 
and perceptions in response to environmental cues. Particular intrusive 
thoughts about health threats are a consequence [88] in anxiety disor
ders, which may lead to avoidant behaviour [89]. In connection with 
chronic fatigue, the metacognitive theory of dyshomeostasis suggests 
that a person’s interoceptive-allostatic circuitry is monitored by meta
cognitive processes that revise assumptions about the ability to control 
bodily states [29]. A chronic progressive response to interoceptive 
experience of poor prediction of perceived consequences of actions 
(physical or cognitive) would lead to low allostatic self-efficacy with 
concomitant feelings of fatigue and/or depression [29].

Indeed, our paradigm revealed that the RPE bias was predicted by 

chronic fatigue-related parameters in the participants with chronic fa
tigue and not in the healthy participants. This result could be interpreted 
as evidence of heightened interoception resulting in negative meta
cognitive processes, which, in our paradigm, could lead to a ‘spillover’ of 
the negative predictions of one's own capacities towards the inferred 
capacity of the observed individuals in the videos. The process of 
inferring a level of exertion of an observed exercising individual might 
reveal the general tendency for a heightened negative prediction of 
consequences for physical actions in agreement with the theory of an 
involvement of metacognitive processes in chronic fatigue [29] and of a 
heightened sensitivity of the inhibitory system [84]. Metacognition in
volves processes to update observations about cognitive processes and 
establishes higher centre predictions for future actions and their out
comes for perception and emotions [90]. Our findings regarding a 
higher RPE bias in chronic fatigue during the prediction of RPE could be 
a sign of higher centre prediction regarding outcomes of physical action. 
The outcomes of our study might be particularly powerful because the 
paradigm does not involve performance of effortful tasks (cognitively or 
physically) nor the evaluation of those tasks by the performer, thereby 
avoiding direct afferent sensory feedback from the periphery. The 
contribution of altered sensory responses and gains, as well as poor 
motor-related gating, are suggested in chronic fatigue [77,91] and 
would contribute while performing physical or cognitive tasks [68]. In 
addition, the findings of a higher RPE bias across several underlying 
diseases with chronic fatigue symptoms support the metacognitive 
theory of a common dyshomeostasis involving the higher-order pre
dictions through learning as a contributor to fatigue experience over a 
distinct pathophysiological process [26,27,29].

Future research should investigate whether the consistent increase in 
predicted RPE among individuals suffering from chronic fatigue could 
serve as a valuable focus for psychoeducational or metacognitive in
terventions. If biased effort predictions lead to activity avoidance or 
diminished behavioural engagement, implementing structured 
anchoring or recalibration techniques may enable individuals to form 
more precise expectations regarding effort/exertion. Additionally, these 
insights could aid clinicians by underscoring the significance of 
addressing effort expectations and perceptual biases throughout the 
rehabilitation process. Nevertheless, further intervention studies are 
required to determine if modifying effort predictions results in perfor
mance improvement and/or symptom alleviation.

Our study does have limitations; firstly, the sample is not completely 
matched in body characteristics due to differences in recruitment 
strategy. However, there was no significant association between fatigue 
scores and age within the collapsed population sample. Moreover, the 
contribution of age within the groups for the prediction of RPE bias 
variance was very small in the multiple regression models. Secondly, 
clinical information and classification were self-reports and therefore 
not based on clinical assessments performed by the research team; 
however, the method is shown to be valid [92]. Thirdly, the sample of 
participants with chronic fatigue symptoms is a convenience sample and 
so may exclude more severe cases (our sample showed moderate to high 
LADLS scores with a high level of independence) who might not be 
engaged in internet activities or perceive low self-efficacy for perform
ing the online paradigm.

5. Conclusions

In summary, this is the first study investigating inference of effort/ 
exertion (RPE) by observation in a clinical population with chronic fa
tigue. Outcomes revealed that chronic fatigue participants predicted 
higher levels of exertion during observation of exercising individuals 
than controls. Moreover, the variance of RPE bias was significantly 
explained by the characteristics of the observer, i.e., fatigue scores, 
unlike the controls, who integrated the characteristics of the observed 
individuals in their RPE inference. Our study suggests that higher-order 
predictions about effort/exertion for observed actions integrate 
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predictions about the self in a population with chronic fatigue in 
accordance with the metacognitive theory of dyshomeostasis.
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