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ABSTRACT

In real-world settings, performing successive tasks of varying difficulty and motivational
value often leads to cognitive fatigue (CF). While several theories address issues related to the
direction or initiation of goal-directed behavior, extensions grounded on Motivational Intensity
Theory (MIT) specifically predict effort intensity. According to MIT, for tasks with known and fixed
difficulty, effort increases proportionally with perceived difficulty, as long as success is possible
and the required effort is justified by success importance. The present study examined whether
avoidance instructions—designed to elevate the upper limit of potential motivation—could
modulate the relationship between cognitive fatigue and effort. Participants completed a
sequential-task paradigm while effort-related cardiovascular responses, specifically the
preejection period (PEP), were recorded. Consistent with our hypotheses, following a prolonged
fatigue-induction period, participants in the avoidance-instruction condition exhibited a
significant physiological rebound, exerting higher effort and achieving superior performance on a
subsequent difficult task. In contrast, participants without avoidance instructions showed a
decline in effort. Crucially, subjective fatigue remained high across groups, suggesting that while
CF inflates perceived task difficulty, it does not necessarily lead to disengagement. Instead,
sufficiently potent motivational stimuli, such as avoidance-based instruction, can justify the high

mobilization of resources required to perform despite prolonged cognitive engagement.

Keywords: motivational intensity theory, effort, cognitive fatigue, avoidance instruction,

preejection period
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Daily life constantly requires us to regulate our thoughts and actions, whether driving,
working, or interacting with others. This ability depends on cognitive control, a set of processes
that guide behavior when automatic responses are insufficient. Key components include working
memory, sustained attention, and cognitive flexibility, each of which incurs an intrinsic cost—
mental effort (Botvinick & Braver, 2015; Shenhav et al., 2017; Silvestrini et al., 2022). Crucially,
mental effort is voluntary, reflecting an individual’s decision to allocate cognitive resources to
achieve goal-directed behavior (Brehm & Self, 1989; Kurzban, 2016; Shenhav et al., 2017;
Silvestrini etal., 2022). This decision is influenced by factors such as motivation, emotional state,
and attentional demands, which determine how much effort an individual is willing to invest
(Inzlichtetal., 2014). In sum, mental effort reflects the voluntary allocation of cognitive resources
to meet task demands and can be expressed through decision-making, subjective experience,
and physiological or neural mobilization during task engagement (Richter et al., 2016; Shenhav
etal., 2017; Wolpe et al., 2024).

Cognitive fatigue

Cognitive fatigue (CF) is a transient psychological and neurophysiological state that
significantly influences effort. It is characterized by feelings of discomfort and reduced energy,
and impairs the ability to sustain optimal performance on cognitively demanding tasks (Boksem
& Tops, 2008; Van Cutsem et al., 2017; Pessiglione et al., 2025). CF can manifest as reduced
mental clarity, diminished motivation, or a subjective sense of being “washed out”, along with
behavioral performance declines and neurophysiological alterations in central and peripheral
systems (Kok, 2022; Kunasegaran et al., 2023; Schampheleer et al., 2025). Emerging evidence
suggests that CF may be partly driven by metabolic accumulation during prolonged cognitive
activity, which in turn disrupts cognitive control processes (André et al., 2019; Salihu et al., 2022).
For instance, high-demand cognitive activity has been shown to increase glutamate/glutamine

diffusioninthe lateral prefrontal cortex compared with low-demand activity (Wiehler et al., 2022).

4
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Mechanistic studies like these are critical for understanding the neurocognitive basis of CF but
often require substantial resources and extended time-on-task protocols. A complementary
approach examines how CF influences effort, using frameworks such as Motivational Intensity
Theory (MIT) to generate precise, testable hypotheses (Brehm & Self, 1989; Wright, 1996).
Motivational Intensity Theory

Many contemporary theories view CF as a signal that modulates willingness to exert effort
according to perceived cost-benefit trade-offs. When perceived costs (e.g., sustained effort) rise
relative to expected benefits (e.g., rewards, goal attainment, or avoidance of negative outcomes),
individuals are more likely to disengage and shift toward alternative goals (Hockey, 2011; Kurzban
et al., 2013; Inzlicht et al., 2014). In contrast, MIT focuses specifically on effort intensity rather
than on the direction or selection of goal-directed behavior (Wright, 2008; Richter et al., 2016).
Within this framework, effort is considered costly, and individuals tend to avoid investing more
than necessary to conserve resources (Brehm & Self, 1989). Specifically, MIT proposes that effort
intensity is driven by two factors: perceived task difficulty and success importance. When task
difficulty is fixed and known, effort increases linearly with perceived task difficulty, but only as
long as the required effort does not exceed the upper limit set by success importance (Figure 1a).
This produces a non-monotonic effort-allocation pattern. Early manipulations of task difficulty
supported this prediction: effort increased with task difficulty but stopped when success was
impossible, or effort was no longer justified, indicating disengagement (Richter et al., 2008;
Gendolla et al., 2019). Subsequent research has extended these findings to more indirect
manipulations that influence perceived difficulty, such as mood states, biological age, ability
beliefs, pain, and experienced CF (see Richter et al., 2016, for a review).
Cognitive Fatigue and Perceived Task Difficulty

Extending the framework of MIT, Wright (2014) proposed that CF increases perceived task

difficulty (Figure 1b), making tasks feel more demanding when individuals are fatigued compared
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to when they are rested (Wright & Stewart, 2012; Wright, 2014; Wright & Mlynski, 2019).
Specifically, Wright’s predictions regarding effort under fatigue are as follows: (1) fatigued
individuals invest more effort than rested individuals as long as success remains possible and
worthwhile, (2) they disengage at a lower objective difficulty level, creating a window of difficulty
within which effort responses are weaker for fatigued performers, and (3) the point at which
fatigued and rested individuals stop investing effort is determined by success importance (i.e.,
the upper limit of potential motivation), which moderates the CF-effort relationship. In a previous
study (Place et al., 2025), we tested the second prediction by employing a sequential-task
paradigm (Baumeister et al., 1998). Participants first completed either a difficult working memory
(WM) task or watched a neutral documentary, followed by a difficult n-back task. Those who had
completed the WM task reported higher subjective fatigue and exhibited reduced cardiovascular
responses during the subsequent task relative to participants who had watched the
documentary. These results suggest that CF increases perceived task difficulty and accelerates
the point at which effort is judged as unjustified, leading fatigued individuals to disengage earlier
than rested participants. Building on this work, the present study examines how factors that
increase success importance modulate the CF-effort relationship (i.e., the third prediction
concerning success importance). MIT posits that perceived task difficulty is not the sole
determinant of effort; variables that enhance the upper limit of potential motivation, such as
financial rewards, can also influence effort allocation.
Variables affecting success importance

Consistent with MIT, we focus on variables that influence success importance under

conditions of fixed and known task difficulty’. In this context, effort intensity should be

proportional to perceived task difficulty as long as success is possible and justified (Figure 1a).

T When task difficulty is unclear, effort intensity is expected to vary with success importance (Richter &
Gendolla, 2009)
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When success importance is high, individuals should invest high effort to cope with difficult
demands, whereas low success importance makes the required effort unjustified, leading to
earlier disengagement (Richter, 2016; Chatelain & Gendolla, 2016). Several studies have
examined how success importance moderates the influence of CF on effort. For instance, Wright
et al. (2013) used a sequential task paradigm in which participants first completed an easy (low
fatigue) or difficult (high fatigue) mental arithmetic task, followed by a difficult scanning task.
Success importance was manipulated via ego-involvement instructions: participants were told
that their performance either reflected important abilities and career potential (high importance)
or had no such implications (low importance). Results showed that fatigued participants
exhibited stronger cardiovascular responses when success importance was high, but attenuated
responses when it was low. Similar findings across related paradigms (Wright et al., 2007, 2012)
indicate that fatigue increases effort only when success remains both possible and worthwhile.
When success importance is low, or when task demands are perceived as too high, effort
decreases. Importantly, these findings suggest that success importance plays a critical role in
sustaining effort during high-difficulty tasks, especially under CF, which amplifies perceived task
difficulty (Figure 1c).

However, most prior studies have relied on relatively short fatigue inductions (e.g., ~ 5
minutes), which may limit ecological validity, as more prolonged fatigue is common in real-world
settings. Moreover, although MIT predicts that individuals should disengage and invest no effort
when success is impossible or not sufficiently important, empirical findings rarely show
complete disengagement. Instead, individuals tend to remain partially engaged, exhibiting
reduced effort rather than full disengagement. This issue is recognized as a limitation in MIT and
highlights the need for further research on full disengagement (Richter, 2015; Stanek & Richter,
2021). The present study adds value by using a prolonged fatigue-induction task to examine the

dynamic evolution of effort as fatigue accumulates.
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Psychophysiological Indicators of Effort

A central challenge lies in objectively measuring the effects of CF and incentive value on
effort. Building on extensions of MIT and related frameworks, effort and performance can be
dissociated, meaning effort may increase without observable changes in performance
(compensatory effort), increase despite declining performance (motivational misdirection), or
decrease while performance is maintained through strategic adjustments (Locke & Latham,
1990; Wright, 1996; Wolff et al., 2025). Although self-reports are commonly used to assess effort,
they suffer from important limitations: individuals may interpret scales differently, fail to notice
their level of effort or fatigue, or be influenced by social desirability or transient affective states
such as frustration, boredom, or drowsiness (Pessiglione et al., 2025). Together, these limitations
underscore the need for more objective physiological indices of effort.

Building on Obrist’s active coping approach, which shows that imposed and controllable
task demands elicit sympathetic activation (Obrist, 1981), Wright (1996) proposed that, within
MIT, mental effort is reflected in this activation. Sympathetic activation affects the heart by
increasing heart rate (HR), speeding conduction, and enhancing myocardial contraction
(inotropic effect). Because HR reflects both sympathetic and parasympathetic influences, it does
not provide a specific measure of effort. In contrast, myocardial contractility is predominantly
influenced by sympathetic activity, and minimally by parasympathetic input, making it a more
precise marker of effort-related activation (Richter et al., 2016). Researchers therefore focus on
the preejection period (PEP), the interval between the onset of left ventricular depolarization (R-
onset on the electrocardiogram, ECG) and the opening of the aortic valve (B-point on the
impedance cardiogram, ICG), which marks the start of blood ejection (Newlin & Levenson, 1979;
Sherwood et al., 1990; Berntson et al., 2004; Lozano et al., 2007; Kelsey, 2012). Typical PEP values
range from 90 to 130 ms, with shorter PEP reflecting increased myocardial contractility and effort,

and longer PEP indicating reduced contractility and lower effort (Richter et al., 2016; Gendolla et

8
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COGNITIVE FATIGUE & SUCCESS IMPORTANCE

al., 2019; Mallat et al., 2020). A recent meta-analysis confirms PEP as a robust index of effort
while highlighting the importance of contextual validation across psychological tasks (Albinet et
al., 2024). Because PEP can be influenced by preload and afterload, it is best interpreted
alongside other cardiovascular measures such as blood pressure and HR (Krohova et al., 2017).
In the present study, PEP served as the main indicator to test MIT predictions regarding effort
under conditions of CF and incentive.
Overview and Predictions

Building on the MIT framework and our previous work (Place et al., 2025), this study
explored how avoidance-based increases in success importance modulate effort allocation
under CF during consecutive difficult tasks. All participants completed a sequential paradigm
(Baumeister et al., 1998) with cognitively difficult tasks: a 30-minute first task (time-on-task),
consistent with recent recommendations for inducing CF without excessive boredom
(Schampheleer et al., 2025), followed by a 10-minute subsequent task. Half of the participants
received an avoidance-based motivational instruction before the subsequent task. Participants
were instructed to outperform a previously achieved individual performance criterion, ensuring
that task difficulty is fixed and known?.

Our first hypothesis concerns the effect of CF during the first task. According to classic
MIT, effort increases with perceived task difficulty as long as success is possible and the required
effort is justified; disengagement occurs when perceived task difficulty exceeds the upper limit
set by potential motivation. In relatively easy tasks, CF-related increases in perceived difficulty
may elicit compensatory increases in effort, as the task remains manageable. In contrast, when

ataskis already difficult from the outset, there is little room for such compensatory adjustments.

2 Participants completed a familiarization phase with both tasks prior to the experimental session.
Familiarization with the second task allowed participants to experience it, calibrate their performance, and
establish a performance criterion before the avoidance manipulation, ensuring that task difficulty was
subjectively known and stable for the subsequent task.
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In this context, we propose that disengagement does not occur abruptly but rather unfolds
gradually over time-on-task. Consistent with this view, previous studies have shown that effort
can still be observed under conditions of high task difficulty and low success importance,
suggesting that disengagementis not always abrupt or characterized by zero effort (Richter, 2015;
Stanek & Richter, 2021).

Accordingly, we predicted that as CF accumulates and the task is of low success
importance during the difficult 30-minute task, perceived task difficulty would progressively
approach or slightly exceed the upper limit set by potential motivation, rendering effort
increasingly unjustified. Rather than disengaging completely, participants were expected to
remain engaged while gradually reducing the intensity of effort allocation. This progressive
disengagement was expected to be reflected in a gradual decline in cardiovascular response
across the task (i.e., increased PEP, Hypothesis 1).

Our main predictions concern the transition from the end of the first task to the
subsequent task. Despite high task difficulty and accumulated CF, we predict that the avoidance
instruction will increase the upper limit set by potential motivation, thereby making the required
effort justified (Figure 1c). According to MIT, this should result in greater effort-related
cardiovascular response (i.e., decreased PEP) in the avoidance condition. Conversely, control
participants, for whom success importance remains low, are expected to continue disengaging
as perceived task difficulty exceeds the upper limit. This should result in a lower cardiovascular
response during the second task relative to the end of the first task. Accordingly, we predict that
participants in the avoidance condition will allocate significantly more effort than control
participants during the second task. This hypothesis will be tested using a planned contrast,

assigning weights of 1 to the avoidance group and -1 to the control group (Hypothesis 2).
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a. basic MIT prediction b. Effect of variables on c. Effect of variables on the
perceived difficulty (fatigue) importance of success
Increase success
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(success is possible)
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Increase perceived
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Rested Fatigued

170 Figure 1. Effort as a function of task difficulty across three stages: (a) effort increases with task
171 difficulty up to a maximum determined by success importance; (b) cognitive fatigue moderates
172 this relationship; (¢) combined effects of cognitive fatigue and variables that enhance success
173 importance. Conceptual illustration adapted from Wright (2014), Richter et al. (2016), and Gendolla et al.
174  (2019)
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METHODS

Reporting

We report all focal measures and analyses, the rationale for the sample size, all data
exclusions, and all experimental manipulations. Additional tables are provided in the online
supplementary materials.
Participants

Forty-four participants aged 18-26 years (M. = 21.84, SD = 2.06; eight men) were
recruited from the University of Toulouse, France. All participants provided written informed
consent before participation and received a 20-euro voucher as compensation. They were
randomly assigned to either the avoidance motivation (AM) group (n = 22; three men) or the
control group (n =22; four men). Because CF and effort can be influenced by factors such as time
of day, stimulant intake, and sleep, all sessions were conducted in the morning (between 9 a.m.
and 12 p.m.) Participants were asked to avoid consuming stimulating drinks for 24 hours before
the assessment and to get seven hours of sleep the night before. Given the cardiovascular
measures, participants were also required to have no history of cardiovascular disease and to
abstain from medications that could interfere with cardiovascular response.
Sample and Power calculation

Previous between-subjects research has reported medium-sized effects on PEP (72 =.09;
f = .31) when comparing high versus low incentive conditions under fear primes (Chatelain &
Gendolla, 2016). To adopt a conservative approach, this effect size was reduced to a moderate
level (f = .25) for a priori sensitivity analyses. The main hypothesis, namely the impact of
avoidance instruction, involved a within-between interaction in a repeated-measures design. An
initial estimate of the required sample size was obtained through a sensitivity analysis conducted

with G*power (Faul et al., 2007) for a 2 (Group: AM vs. Control) x 2 (Task: Block 3 vs. TNT); see
12
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Figure 2) mixed-design ANOVA, assuming a medium effect size (f = 0.25), a = 0.05, and power =
0.80. This analysis indicated that a sample size of 44 participants provides adequate sensitivity
to detect medium-sized main and interaction effects. Finally, data were analyzed using linear
mixed-effects models, which are well-suited for modeling repeated measures and the associated
within-subject dependency while accounting for inter-individual differences.

Ethical approval

The study followed the Declaration of Helsinki. The local ethics review committee at the
University of Toulouse approved the protocol.

Procedure

Upon arrival, participants were welcomed and familiarized with the experimental setup
and equipment to minimize novelty effects. They were then seated comfortably at a computer,
gave written informed consent, and had cardiovascular sensors attached before the
experimental software was started. The experiment was fully computerized, and task
instructions were delivered automatically (E-Prime, Psychology Software Tools, Pittsburgh, PA).
Sessions (AM, control) were randomized such that neither the experimenter nor the participant
was aware of the assigned condition, ensuring a double-blind design.

To establish a physiological baseline, participants first watched a 10-minute neutral
animal documentary and were instructed to remain relaxed and still to minimize movement
artifacts (Piferi et al., 2000). Next, participants completed a familiarization session for the
Toulouse N-back task (TNT, 1-back version), which involved 60-second blocks interspersed with
ten-second rest periods to reduce learning effects. They also performed a brief practice of the
updating working memory (WM) task used for fatigue induction, consisting of ten 24-second
trials. A standardized five-minute break followed the familiarization period, after which the main
experimental protocol began. This consisted of 30 minutes of the WM updating task (time-on-
task: blocks 1, 2, 3) followed by a 10-minute TNT task, forming a sequential-task paradigm. No

13
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performance feedback was provided at any point. Fatigue was assessed using visual analog
scales (VAS) before and after the fatigue induction phase and immediately before the TNT task.
Cardiovascular activity was recorded continuously, except during familiarization. Figure 2
illustrates the experimental protocol.

Avoidance instruction. In the AM condition, participants were informed directly on the computer
screen before the second task (i.e., TNT) that performing worse than in the last three
familiarization blocks could result in the task being extended by up to 20 minutes. The
performance criterion to be achieved (i.e., the average of the last three familiarization blocks) was
also displayed on the screen. Previous research has shown that, following prolonged and
demanding effort, such manipulations act as a strong incentive by increasing the importance of
success, effort, and performance (Hopstaken et al., 2015, 2016). In reality, the TNT task always
lasted 10 minutes.

Tasks

Toulouse N-back task (Figure 3a)

The Toulouse N-back task is an adapted 1-back version of the classic n-back task,
developed by Causse et al. (2017). In this version, each stimulus is a simple arithmetic operation,
and participants must compute the result and compare it to that of the previous trial. This
adaptation increases task difficulty and WM demands by engaging both processing and storage
rather than simply memorizing isolated items (Barrouillet & Camos, 2021). Additionally, reliance
on visual strategies is reduced because the element to be remembered is not directly visible but
must be calculated. N-back tasks have been widely used to assess sustained WM engagement,
as they strongly recruit cognitive control and require high levels of task engagement (Owen et al.,
2005; Kearney-Ramos et al., 2014; Westbrook & Braver, 2015).

Each session consisted of 240 trials, with 48 unique arithmetic operations using multiples

of five (e.g., 15 + 40, 65 - 20). Operations were presented randomly and included both additions
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and subtractions, with a target rate of 30%. Stimuli were displayed at the center of the screen in
Calibri (70 pt) for 2,000 ms, followed by a 500-ms interstimulus interval. Participants were
instructed to respond as quickly and accurately as possible to both targets and non-targets by
pressing one of two buttons. Responses were recorded using E-Prime software and a PST Serial
Response Box (version 3.0, Psychology Software Tools, Pittsburgh, PA, USA).
WM updating task (Figure 3b)

Participants completed a modified version of the updating task developed by Capa et al.
(2011), similar to the version used in our previous study (Place et al., 2025). Each trial began with
a fixation cross, followed by a three-digit number that participants were instructed to memorize.
Participants then updated this number step by step according to a sequence of six arithmetic
operations, consisting of simple additions or subtractions (1, +2, or +3). To keep the task
difficulty consistent, all intermediate and final values for each digit were limited to single-digit
values (0-9). At the end of each trial, participants entered the final updated number using the
keyboard. The task comprised 75 trials, each lasting 24 seconds, with the initial numbers,

operation sequences, and expected responses varying across trials.

15

©American Psychological Association, 2026. This paper is not the copy of record and may not exactly replicate the
authoritative document published in the APA journal. The final article is available, upon publication,
at: https://dx.doi.org/10.1037/mot0000430



COGNITIVE FATIGUE & SUCCESS IMPORTANCE

279
R « Avoidance instruction »
- 5min -break i (AM group) :
u‘"}:‘ 5‘*‘*.‘ i‘&.‘
Physiological e i i
. Familiarization : : . TNT task
ZEEElE TNT & Updating W.M U= 2R o Sz L0 1-back
Documentary H H
block 1 block 2 block 3
10 min 10 min 10 min
10 min 15 min 30 min 10 min
VAS1 VAS 2 VAS 3
Sequential task paradigm
280 Figure 2. Overview of the experimental protocol.
a b
Fixation (1000 ms) Nontarget
55 l
Initial number (5500 ms) 457 Target
50 l
75-20 Nontarget
10+40 pumm—— |
+
2000 ms
Six consecutive arithmetic 45
operations
(2000 ms for each operation) ISI =500 ms 2000 ms
55-10
2 2000 ms
__*1 2000 ms
Final number (5500 ms) 177
281
282 Figure 3. Example trials for the WM updating (a) and TNT tasks (b).
283 ISI: interstimulus interval.
284
285
286
287
16

©American Psychological Association, 2026. This paper is not the copy of record and may not exactly replicate the
authoritative document published in the APA journal. The final article is available, upon publication,
at: https://dx.doi.org/10.1037/mot0000430

Time



288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

COGNITIVE FATIGUE & SUCCESS IMPORTANCE

Measures and Data Processing
Subjective measures

Subjective fatigue was assessed at three time points: before and after the fatigue
induction phase, and after the TNT task. Participants indicated their current level of fatigue on a
VAS ranging from 0 (“no fatigue”) to 100 (“extreme fatigue”).
Behavioral measures

Performance was quantified using perceptual sensitivity (d’), an index from signal
detection theory (SDT) reflecting participants’ ability to discriminate targets from non-targets.
This measure provides more nuanced information than simple accuracy, particularly in the

context of CF (see Wylie et al., 2021). Perceptual sensitivity was calculated as:

d' = z(pHit) — z(pFA)

where z is the inverse of the standard normal cumulative distribution, pHit is the
proportion of correctly identified target stimuli (Hits), and pFA is the proportion of non-target
stimuli incorrectly identified as targets (False Alarms; FA). In addition to d’, overall accuracy
(percentage of correct responses) and reaction times (RTs) were analyzed.
Cardiovascular measures

Cardiovascular activity was recorded using a BIOPAC system (MP160; ©BIOPAC Systems
Inc., Goleta, USA) at a sampling rate of 2000 Hz. ECG signals were obtained via three disposable
electrodes (EL501) placed on the right and left clavicles and the left lower rib. ICG was measured
using two pairs of disposable Ag/AgCl electrodes (LEAD1) in a tetrapolar configuration on the left
side of the participant’s neck and chest (xiphoid level, left mid-axillary line). ECG and ICG signals
were amplified using dedicated modules (ECG100C and NICO100C). Before electrode

placement, the skin was prepared with an abrasive paste to reduce impedance.
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Signal preprocessing. Raw ECG and ICG signals were processed in AcqgKnowledge (version
5.0.6). Signals were band-pass filtered (0.1-40 Hz, FIR), and ICG signals were further denoised
using the Daubechies-8 wavelet method with adaptive thresholding (Chabchoub et al., 2016). R-
peaks were automatically detected from the ECG and visually inspected; ectopic beats were
corrected by interpolation.

Time-domain analysis. HR was computed from the corrected RR intervals. PEP was
defined as the interval between the onset of the ECG R-wave and the ICG B-point (Berntson et
al., 2004). B-points were estimated using a polynomial function based on RZ intervals of valid
heartbeats (Lozano et al., 2007) and visually inspected for accuracy, with manual corrections
applied when necessary (Sherwood et al., 1990).

Statistical Analyses

Statistical analyses were conducted using Rv4.5.2, RStudio (Posit team, 2025), and JASP
(JASP Team, 2025). Behavioral performance on the TNT task?® (d’, accuracy, RTs) was compared
between groups using independent-samples t-tests. Subjective fatigue (VAS) and cardiovascular
responses (PEP, HR) were analyzed using linear mixed-effects models (LMMs) implemented with
the Imer function from the ImerTest package (Kuznetsova et al., 2017). Degrees of freedom and
p-values for fixed effects were estimated using Satterthwaite’s approximation. Participants were
included as random intercepts. Random slopes were not included due to the limited number of
repeated measures and to ensure model convergence. Model assumptions, including visual
inspection of residual plots (Q-Q plots and residuals vs. fitted values), confirmed that

assumptions of normality and homoscedasticity were met.

3 No behavioral analyses were conducted on the time-on-task (updating WM) due to the limited number of
trials per 10-minute segment (i.e., 25 trials) and because only the final response was recorded, preventing

assessment of intermediate arithmetic steps.
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Subjective fatigue was modeled as a function of Time (VAS 1, 2, 3), Group (AMvs. Control),
and their interaction. Cardiovascular responses were analyzed using two complementary
modeling approaches corresponding to the study hypotheses. To account for resting
physiological differences, the mean of the final three minutes of the baseline period was included
as a centered covariate. For Hypothesis 1 (time-on-task effects), a LMM assessed the impact of
CF across the entire sample, with Time (Blocks 1-3 of the time-on-task period) treated as a
categorical fixed factor. Significant effects were explored using post-hoc comparisons of
Estimated Marginal Means (EMMs) implemented in the emmeans package (Lenth, 2016),
applying Kenward-Roger degrees of freedom approximation and Bonferroni adjustments.

For Hypothesis 2 (avoidance instructions), LMMs included Group (AM vs. Control) and
Time (Block 3 vs. TNT) as fixed factors, along with their interaction. When a significant Group x
Time interaction emerged, planned contrasts, established a priori, were used to test the effect of
avoidance instructions during the TNT task by comparing groups at TNT (contrast weights: AM =
1; Control = -1), while controlling for Block 3 (weights = 0, 0). Additional simple effects were used
to examine how effort changed from Block 3 to TNT within each group. Data were visualized using
ggplot2 (Wickham, 2011). The significance level was set at a = .05, with 95% confidence intervals

(Cl).

RESULTS

Subjective Data

There was a significant main effect of Time, F (2,84) = 53.03, p <.001, np2= .56. Post-hoc
comparisons showed a significant increase in self-reported fatigue from VAS 1 (M = 40.93) to VAS
2, (M=72.27;t(84) =9.38, p <.001, d = 2.00) and VAS 3 (M =68.91; t (84) = 8.37, p <.001,d =
1.79). However, no further increase was observed between VAS 2 and VAS 3 (p = .951). No

significant main effect of group (F (1,42) = 1.61; p=.211, np®=.04) or Group x Time interaction (F
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(2, 84) = 0.90; p = .411, np2 = .02) was observed. Estimated marginal means (EMMs) = 95%

confidence intervals are provided in Table 1.

Time AM - EMM [95% CI] Control - EMM [95% CI]
VAS 1 40.09[31.35, 48.83] 41.77[33.04, 50.51]
VAS 2 69.14[60.40, 77.87] 75.41[66.67, 84.15]
VAS 3 63.59[54.85, 72.33] 74.23[65.49, 82.96]

Table 1. Descriptive statistics for self-reported fatigue in the AM and Control groups at three time
points: before Block 1 (VAS 1), after Block 3 (VAS 2), and after the TNT task (VAS 3). Values are

EMMs [95% CI] from the LMM. VAS = Visual Analog Scale. n =22 per group.

Behavioral Data*

Performance on the TNT task was compared between groups using independent two-
tailed t-tests. A significant difference emerged for perceptual sensitivity (d’), t (42) =2.51,p=.016,
d=0.76, with the AM group demonstrating higher perceptual sensitivity (M =2.18, SE =0.13) than
the Control group (M =1.63, SE = 0.18). In contrast, no significant differences were observed for
accuracy (p =.154, d = .44) or RTs (p =.742, d = 0.10). Complete descriptive statistics for all
behavioral indices, including means and standard errors, are available in the supplemental

materials.

4 Note that descriptive statistics (mean values for accuracy and RTs) of the familiarization period for the
TNT task are provided in the Supplementary Materials for readers interested in the evolution of learning in
this task.
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Cardiovascular Data®

Physiological baseline data (PEP, HR) were averaged across the final three minutes of
recording. Internal consistency was excellent (all Cronbach’s = .994), indicating high temporal
stability of the resting state. Preliminary independent-samples t-tests with Group as the between-
subjects factor revealed no significant differences between the AM and Control groups (ps 2
.506). Table 2 displays the raw baseline values for both groups. As noted in the Statistical
Analyses section, data were analyzed using LMM. To ensure the stability of our findings, we
conducted sensitivity analyses using traditional approaches (e.g., ANCOVAs on reactivity scores
and the Llabre procedure; Llabre et al., 1991), all of which yielded a consistent pattern of results.
Figure 1inthe Supplemental Materials illustrates these raw PEP reactivity scores during the time-
on-task and TNT task.
Hypothesis 1: Time-on-task effects

LMMs were conducted with PEP and HR as dependent variables, Time (Block 1, 2, 3) as a
fixed factor, and centered baseline as a covariate. Table 3 displays the EMMs and 95% Cls
adjusted by the LMM for both measures. For PEP, a significant main effect of Time was observed,
F (2,86) = 8.27, p < .001, np®=.16. Post-hoc comparisons revealed a significant increase in PEP
from Block 1 to Block 2 (t (86) = 2.95, p =.012, d = 0.63), and from Block 1 to Block 3 (t (86) = 3.90,
p <.001, d = 0.63). No significant difference was found between Block 2 and Block 3 (p = 1.000).
A similar significant main effect of Time was observed for HR, F (2,86) = 3.12, p =.049, np®= .07.
Post-hoc tests showed a significant decrease in HR between Block 1 and Block 3 (t (86) =2.48, p

=.045, d = 0.53). No other pairwise comparisons reached significance (all ps = .430).

5 The sample included only a small number of male participants (n = 7), preventing any reliable statistical
comparisons between genders.
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Hypothesis 2: Avoidance instructions effects

LMMs were conducted with PEP and HR as dependent variables, Group (AM vs. Control) and
Time (Block 3 vs. TNT) as fixed factors, and centered baseline as a covariate. Table 4 displays the
EMMs and 95% Cls adjusted by the LMM for both measures. For PEP, a significant Group x Time
interaction was observed, F (1,42) = 15.85, p < .001, np’=.27. An a priori theory-driven contrast
revealed a significant difference between groups during the TNT task, t (47.2) =2.83, p=.007,d =
0.82, with the AM group exhibiting lower PEP values (indicating higher effort) than the Control
group, in line with Hypothesis 2 (see Figure 4, left). Additional post-hoc comparisons showed a
significant decrease in PEP from Block 3 to the TNT task in the AM group, t (42) = 3.50, p =.007, d
= 1.06, whereas no significant change was found in the control group, t (42) =2.13, p =.234,d =
0.64. No main effects of Time, F (1,42) = 0.94, p = .339, np2= .02, or Group, F(1,41)=3.37,p =
.074, r)p2= .08, were observed. For HR, a similar pattern emerged with a significant Group x Time
interaction, F (1,42) = 13.01, p < .001, np2 = .24. The a priori contrast confirmed a significant
difference at TNT, t (45.8) = 2.13, p =.038, d = 0.63, with higher HR in the AM group compared to
the Control group (see Figure 4, right). Follow-up simple effects showed a significant increase in
HR for the AM group between Block 3 and the TNT task, t (42) = 3.63, p =.005, d = 1.09, while no
significant change was observed for the Control group, t (42) =1.47, p =.891, d = 0.44. Consistent
with the PEP results, there were no significant main effects for Time, F (1,42) =2.32, p =.135, np°>

= .05, or Group, F (1,41)=1.75, p = .194, np*= .04.
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Group PEP HR
AM 104.72 +1.40 78.19+1.95
Control 102.58 +2.88 80.19+ 3.57

419
420 Table 2. Descriptive statistics for raw cardiovascular baseline data. Values are presented as

421 mean * standard error (SE). PEP = preejection period (in ms), HR = heart rate (in bpm), AM =

422  avoidance motivation group.

423
Time PEP - EMM [95% CI] HR - EMM [95% CI]
Block 1 99.60 [98.32, 100.87] 80.94[78.94, 82.93]
Block 2 100.50 [99.23, 101.78] 80.31[78.31, 82.31]
Block 3 100.80 [99.52, 102.07] 79.88[77.88, 81.88]
424

425 Table 3. Descriptive statistics for preejection period (PEP, in ms) and heart rate (HR, in bpm)
426  across all participants (n = 44) during the time-on-task period (Blocks 1-3, Hypothesis 1). Values
427  representestimated marginal means (EMMs) and 95% confidence intervals (Cls) derived from the

428  linear mixed models (LMMs).

429
Time PEP - EMM [95% CI] HR - EMM [95% Cl]
AM Control AM Control
Block 3 100.39 101.21 80.30 79.46
[98.73, 102.03] [99.55, 102.86] [77.55, 83.06] [76.70, 82.21]
INT 98.85 102.14 82.64 78.51
[97.20, 100.5] [100.49, 103.79] [79.89, 85.40] [75.75, 81.26]
430

431 Table 4. Descriptive statistics for preejection period (PEP, in ms) and heart rate (HR, in bpm)
432 across avoidance motivation (AM) and Control groups during Block 3 and the TNT task
433 (Hypothesis 2). Values represent estimated marginal means (EMMS) and 95% confidence
434  ntervals (Cls) from linear mixed models (LMMs).
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I:‘ Block 3 . TNT I:‘ Block 3 . TNT
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Figure 4. Preejection period (PEP, in ms; left) and heart rate (HR, in bpm; right) across Block 3 and
the TNT task in the avoidance motivation (AM) and Control groups. Values are estimated marginal
means (EMMs); error bars represent 95% confidence intervals (Cls) derived from the linear mixed

models (LMMs).

DISCUSSION

Consistent with MIT (Brehm & Self, 1989) and its later extensions (Wright, 1996, 2014), our
primary hypothesis (Hypothesis 2) predicted that fatigued participants would exert greater effort
(indexed by lower PEP) when provided with an avoidance-based instruction during a task of fixed
and known difficulty. Before addressing this core prediction, it was essential to establish that the
time-on-task manipulation successfully elicited CF (Hypothesis 1).

Following the time-on-task period, participants reported a marked increase in subjective
fatigue, accompanied by a reduction in effort-related cardiovascular responses. Specifically,

PEP® increased from Block 1 to Block 2, reflecting an early reduction in effort intensity, and

8 The observed increase in PEP was accompanied by a decrease in HR, which helps rule out potential
confounding effects of cardiac preload (Frank-Starling mechanism) (Albinet et al., 2024). While we did not
directly assess hemodynamic factors (Krohova et al., 2017), the stability of the seated position, and the HR
trend support the interpretation of PEP as a reliable index of myocardial contractility here.
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remained stable through Block 3. Although we expected a more linear decline, this plateau
suggests that participants reached a sustainable level of reduced effort. Crucially, PEP values
remained shorter (100.8 ms) than baseline levels (103.7 ms) at the end of the task, confirming
that some level of effort was still being invested despite CF. This is further supported by the
significant decrease in HR from the beginning to the end of the task, reinforcing the physiological
evidence of reduced myocardial activity over time. These results replicate previous research
showing that prolonged engagement in a difficult initial task induces heightened subjective
fatigue alongside reduced physiological effort (Lorcery et al., 2024; Daneshgar-Pironneau et al.,
2025).

The rise in self-reported fatigue confirms that our time-on-task manipulation was
effective. This increase is closely tied to a rise in perceived task difficulty, consistent with recent
evidence (Engle-Friedman et al., 2018; Goh et al., 2022). According to MIT, fatigued participants
should exert more effort as long as success remains possible and justified (Wright, 2014). If the
required effort, inflated by fatigue, exceeds the upper limit set by potential motivation, MIT
predicts abrupt disengagement, characterized by zero effort. In the present study, however, effort
did not collapse. Instead, under conditions of high task difficulty and low importance of success,
PEP increased and then stabilized. This pattern can be interpreted as a strategic reduction in
effort intensity rather than a full withdrawal, suggesting that participants may have recalibrated
their investment rather than disengaging entirely. As shown by Hopstaken et al. (2015), such
progressive disengagement can unfold over extended periods, suggesting that our observed
subsequent plateau represents an intermediate stage of effort regulation.

Although formal performance measures for this phase were limited (see Footnote 3),
participants maintained an accuracy level of approximately 60% throughout the task. While MIT
primarily focuses on effort intensity rather than behavioral outcomes—which can be influenced

by strategic adjustments (Locke & Latham, 1990) —this sustained level of accuracy provides
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converging evidence that participants remained engaged and did not fully disengage, despite
increasing subjective fatigue and reduced physiological effort.

Together, these findings suggest that, during prolonged high-difficulty tasks,
disengagement may unfold gradually rather than abruptly. This limitation of strictly binary
disengagement accounts has already been noted by MIT researchers (Richter, 2015; Stanek &
Richter, 2021). However, most MIT research examining the influence of CF on effort has focused
on brief tasks and clearly separated difficulty levels (Wright et al., 2003, 2007; Stewart et al.,
2009; Wright et al., 2013), which makes it difficult to examine how effort behaves near the
disengagement threshold. These results underscore the need to extend MIT to sustained-effort
contexts, in which disengagement may emerge gradually over time. Such an extension is
particularly relevant given that many real-world activities require continuous, long-term
investment of effort.

Alternative explanations for the observed reduction in physiological response, such as
habituation or boredom, cannot be entirely ruled out. However, the nature of the WM updating
task and preliminary familiarization training minimizes the likelihood of task automatization.
Future studies would benefit from incorporating direct measures of boredom and neural indices
of time-on-task fatigue, such as EEG theta and alpha oscillations (Tran et al., 2020; Kok, 2022), to
complement insights obtained from peripheral measures.

In summary, the time-on-task task period successfully induced a state of CF
characterized by marked subjective fatigue and a strategic reduction in physiological effort. This
provided the necessary conditions to test our core prediction: whether avoidance-based
instructions could increase the upper limit of potential motivation, thereby justifying the higher

compensatory investment required to perform despite CF (Hypothesis 2).
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Consistent with Hypothesis 2, participants provided with avoidance instructions (AM
group) mobilized significantly more effort than the Control group. Specifically, the AM group
exhibited shorter PEP (reflecting higher myocardial contractility) and higher HR during the TNT
task (see Figure 4). Beyond a mere difference between groups, we observed a physiological
rebound within the AM group: effort intensity increased significantly from the end of the time-on-
task (Block 3) to the subsequent task. This rebound demonstrates that avoidance instructions
effectively elevate the upper limit of potential motivation, justifying a higher mobilization of
resources even under conditions of CF. While CF increases perceived task difficulty, the
avoidance instruction increases success importance, ensuring that the required effort remains
justified rather than exceeding the participants’ potential motivation limit.

In contrast, while the Control group did not show a further decline, their PEP values are
close to resting levels, reflecting a lack of compensatory effort. This suggests that in the absence
of strong motivational incentives, participants are unwilling to invest the additional resources
required to meet task difficulty under CF. Interestingly, subjective fatigue remained high across
both groups, regardless of the instruction. This dissociation is important as the motivational
effect of the avoidance instruction did not alleviate the subjective experience of fatigue, but
instead increased the willingness to exert effort. This indicates that CF primarily inflates
perceived task difficulty, while effort allocation remains flexible and highly responsive to shifts in
success importance. This also confirms that the previous reduction in effort was a strategic
choiceto conserveresources (Brehm & Self, 1989) rather than a biological exhaustion of capacity.

Although the joint effects of CF and success importance are rarely investigated within the
MIT framework, our findings converge with research on implicit affective states. For instance,
sadness or fear has been shown to inflate perceived task difficulty, leading to disengagement
when incentives are low because the required effort is no longer justified. Conversely, high

incentives restore engagement by rendering the effort worthwhile (Freydefont & Gendolla, 2012;
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Chatelain & Gendolla, 2016). In our study, the avoidance instruction acted as a “motivational
safeguard”, similar to a high incentive. By increasing the importance of success, it raised the
upper limit of potential motivation. This justified the intense engagement required to meet the
difficulty of the TNT task, despite the CF. Consistent with this interpretation, the present results
align with broader psychophysiological evidence showing increased effort following avoidance
instructions or financial reward during prolonged tasks (Boksem et al., 2006; Hopstaken et al.,
2015, 2016; Herlambang et al., 2019).

Finally, we examined whether this physiological activation translated into improved task
functioning. In the AM group, higher effort was accompanied by significantly greater perceptual
sensitivity (d’), whereas the Control group exhibited lower d’ values. The absence of significant
effects on accuracy or RTs, paired with the boost in d’, suggests that the additional effort was
precisely allocated to enhancing stimulus discrimination and the overall quality of information
processing (Wickens, 2001). This result is consistent with recent evidence showing that
perceptual sensitivity is a more sensitive behavioral marker than accuracy or RTs in the context

of CF and effort allocation (Wylie et al., 2021; Wojcik & Necka, 2024).

While these findings provide novel insights, several limitations should be considered.
First, we did not include a non-fatigued control group, which limits our ability to determine
whether avoidance instructions exert similar effects in the absence of fatigue. Second, our
sample was predominantly composed of women, reducing the generalizability of the results to
the broader population. Third, although we followed recommended procedures for PEP
measurement (Albinet et al., 2024), the avoidance-instruction manipulation may have induced
some stress. Within the MIT framework, however, any process that mobilizes effort—including
stress—is considered part of goal-directed resource allocation (Wright, 1996; Richter et al., 2016;

Gendolla et al., 2019). While PEP is the robust index of B-adrenergic activity, future studies could
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complement peripheral measures with neural indicators to disentangle underlying mechanisms
and better capture the complexity of cognitive effort. Additionally, although subjective fatigue
was assessed, other psychological factors that may influence effort (e.g., boredom, motivation)
were not directly measured. Finally, investigating the combined effects of CF and motivational
manipulations, such as avoidance versus reward, would provide further insight into how effort is

strategically allocated over prolonged tasks.

CONCLUSION

The present study shows that effort intensity is not a monotonic phenomenon, as success
importance can moderate the impact of CF on effort. When a motivational stimulus is sufficiently
important to raise the upper limit of potential motivation above perceived task difficulty,
participants still mobilize substantial effort to perform. Notably, avoidance-based instructions
emerged as a particularly robust stimulus, enabling participants to stay engaged and achieve
superior performance.

Furthermore, these results validate the integration of MIT with objective physiological
measures as a rigorous framework for investigating effort dynamics in sequential-task paradigms.
However, our data also suggest that classical MIT needs an update for sustained-effort contexts.
An extension of the model would better account for the progressive recalibration of effort
observed during prolonged engagement, moving beyond the traditional prediction of an abrupt

“zero-effort” collapse once potential motivation is exceeded.
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