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A B S T R A C T

Neuroscientific studies reliably demonstrate that rewards play a crucial role in guiding our choices when con-
fronted with different effortful actions we could make. At the same time, psychological and economic research
shows that effort we exert is not reliably predicted by the rewards we end up receiving. Why the mismatch
between the two lines of evidence? Inspired by neuroscientific literature, we argue that value-based models of
decision-making expose the complexity of the relationship between effort and reward, which changes between
two crucial stages of the effort-based decision making process: Choice (i.e. action selection) and Execution (i.e.
action execution involving actual effort exertion). To test this assumption, in the present study we set up two
experiments (E1: N=72, E2: N=87), using a typical neuroscientific effort-based decision-making task. The
findings of these experiments reveal that when making prospective choices, rewards do guide the level of effort
people are prepared to exert, consistent with typical findings from Neuroscience. At a later stage, during ex-
ecution of effortful actions, performance is determined by the actual amount of effort that needs to be exerted,
consistent with psychological and behavioral economic research. We use the model we tested and the findings
we generated to highlight critical new insights into effort-reward relationship, bringing different literatures
together in the context of questions regarding what effort its, and the role that values play.

1. Introduction

The implicit assumption underlying neuroscientific investigations of
effort is that rewards drive effort exertion [e.g. 1–3], but psychological
and behavioral economic investigations suggest that during action ex-
ecution task demands determine behavioural output, while rewards
play little or no role [4–7]. Can the conflicting opinions on effort and
rewards between disciplines be reconciled? Our view is that they can –
in this paper we propose a novel Choice-Execution model of decision
making which combines insights from psychological and behavioural
economic literature with the current neuroscientific understanding of
effort-based decisions, redefining the relationship between effort and
rewards.

Existing investigations of the neuronal correlates of effort-based
decisions are typically informed by models of value-based decision-
making [8–13]. These models assume that rewards, discounted by the
costs associated with them (e.g., risk, uncertainty, delay, effort) de-
termine the choices and actions we make. Effort-based decision-making
is typically seen as a special case of value-based decision-making in
which the cost is attached to an action rather than an outcome [14,15],

but the underlying reward discounting mechanism which drives beha-
viour is thought to be the same. This proposal is at odds with psy-
chology and behavioral economics, as existing evidence from these
domains suggests that initial considerations of effort and reward taking
place when action is to be selected might be different from the con-
siderations one engages in when one is about to execute an action.

This point has been made by Akerlof [16] in the behavioural eco-
nomics domain and Brehm and Self [17] in the psychology domain.
Akerlof’s [16] seminal work shows that when choosing between options
people tend to concentrate on rewards, underestimating the amount of
effort required. As execution approaches, the effort costs start to loom
large, which results in increased impact of effort requirements on per-
formance. Similarly, Brehm and Self [17] suggested that behaviour
during action execution is driven primarily by effort requirements.
During this stage effort associated with an action is of primary concern
to the decision-maker, while rewards are only used as a benchmark to
assess if this effort is worth incurring. Taken together, existing eco-
nomic and psychological evidence suggests that there is a differential
involvement of rewards and effort in guiding the outcome of choice and
execution. During choice, effort cost tends to be underweighted and so
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rewards become the predominant driver of behaviour [16]. In contrast,
during the execution stage, the subjective cost of effort becomes an
important basis for determining how much effort is exerted, while re-
wards govern the potential motivation an individual has in putting ef-
fort into a task [16,17].

Interestingly, there is converging evidence from neuroscientific
studies showing that there are differences in the parts of the brain ac-
tivated when ‘choosing’ from those activated when ‘executing’ an ac-
tion, above and beyond what would be expected if the same valuation
process guided both stages [18]. For instance, neuroeconomic studies
have identified ventromedial prefrontal cortex (vmPFC), anterior cin-
gulate cortex (ACC), midbrain dopaminergic structures (particularly
dorsal and ventral striatum), supplementary motor area (SMA) and
insula as crucial for effort-based decision-making, both for immediate
as well as prospective and whole body effort [1–3,19–28]. Closer
scrutiny of the available literature reveals that some of these structures
(vmPFC, ACC, dorsal striatum) are found to be active primarily in
studies exploring choice [3,15,29–35], while activations in others
(ventral striatum, SMA) are mainly observed in studies investigating
execution [23,26,36–38]. Such pattern of activity is in line with the
distinction between choice and execution we make in this paper, as
demonstrated in the next section.

Behavioral economic evidence suggests that during choice the focus
of decision maker is on rewards. In line with this statement, studies
exploring effort-based choice have commonly observed activations in
vmPFC, which is believed to be involved in reward processing [e.g.
39–44], particularly encoding the subjective value of available rewards
[e.g. 30,40,42–47]. Reward related information encoded by the vmPFC
is thought to be relayed to the ACC [e.g. 11,48–50]. Recent evidence
suggests that ACC is crucial for translating the reward information into
invigorating signal and assigning appropriate vigor to the actions that
follow [e.g 51–56]. This would make it an important intermediary
between the Choice and Execution stages, along with the dorsal
striatum, responsible for encoding and expression of action-outcome
associations and the selection of actions on the basis of their expected
reward value [e.g 57–59].

Moving on to Execution, once a choice has been made and appro-
priate action selected, translation of this information into behavioural
output is likely to be mediated by corticostriatal connections linking the
ACC to the ventral striatum [60,61]. While ACC has been found to play
a role in effort-based execution in a number of studies, particularly
those exploring mental effort [1,62–70], activations in this structure
have mostly been observed while extrinsic rewards were absent. In the
presence of rewards, ventral striatum activation was more common
[23,26,36,37]. This activation is thought to represent the value of re-
ward discounted by the amount of effort to be invested [1,23,26,36,71].
Ventral striatum was also found to play a role during outcome eva-
luation after effortful action [2,20]. Most importantly, ventral striatum
has been implicated in encoding incentive motivation – translating
monetary values into greater effort exertion [37,72–74], which makes
this structure a good candidate for processing potential motivation. To
complete the picture, effort costs during execution have consistently
been found to be reflected in sensorimotor integration areas of cingu-
late cortex and supplementary motor (SMA) [1,3,24,31], while struc-
tures traditionally thought to be involved in reward processing are not
commonly found to be active during this stage (with the exception of
ventral striatum). This fits with our suggestion that during execution
decision maker focuses primarily on effort costs, while rewards affect
effort indirectly through determining the maximum effort an individual
is willing to exert, a process possibly mediated by the ventral striatum.

The case for dividing effort-based decision-making into choice and
execution, made in the psychological and behavioral economic litera-
ture, is strengthened by the results of the neuroscientific explorations
which point to potential differences in neuronal activation between
these two stages. Bringing together these literatures, we propose a novel
Choice-Execution model, which formally conceptualises effort-based

decision making as consisting of two separate stages: Choice (deciding
between options associated with different amount of effort and reward)
and Execution (exerting effort to obtain the desired reward). Based on
the seminal works by Akerlof [16] and Brehm and Self [17], we propose
that there is a differential involvement of rewards and effort in guiding
the outcome of the Choice and Execution stages. During Choice, effort
cost tends to be underweighted and so rewards become the pre-
dominant driver of behaviour. In contrast, during the Execution stage,
the subjective cost of effort becomes an important basis for determining
how much effort is exerted, while rewards govern the potential moti-
vation, so the maximum level of effort an individual is willing to put in
a task. Linking psychological and economic theories, we suggest that
this potential motivation is determined by the subjective value of the
chosen option.

While existing findings provide encouraging support for our pro-
posals for separating effort-based decision-making into Choice and
Execution, we are motivated to test the model with respect to the fol-
lowing limitations: 1) the neuroscientific experiments described above
did not investigate directly the differences between Choice and
Execution [with one exception, see: 31], as the implicit assumption of
the value-based models guiding these explorations was that both stages
were driven by the same cost/benefit calculations; 2) psychological and
economic investigations comparing the cost/benefit analysis between
Choice and Execution have not generally explored effort-based deci-
sion-making in the methodological context employed in neuroscientific
investigations. Taken together, these limitations restrict the transfer-
ability of existing findings, as task structure and complexity is thought
to have direct influence on the processes involved in decision-making
[17,75–77]. In this paper we aimed to address this by testing Choice-
Execution model in two behavioural experiments based on metho-
dology commonly used in neuroscientific studies.

In these experiments, in line with the proposed model, we expected
to see:

Hypothesis 1. greater influence of financial incentives (either gains or
losses) on behaviour during the Choice stage, while effort exertion on
individual trials would be driven primarily by the task demands.

Hypothesis 2. greater overall effort exertion in tasks where the
financial incentives were higher, due to increased potential
motivation on these tasks.

2. Materials and methods

2.1. Participants

In total, 159 research volunteers from Queen Mary University of
London were recruited for the two experiments. All investigations were
performed in accordance with Queen Mary University of London
guidelines and policies referring to human participation studies and
received ethics approval from Queen Mary University of London
Research Ethics Committee. Informed consent was obtained from all
subjects. Participants were also made aware that they could withdraw
from the study at any point, including after the experiments have fin-
ished.

Seventy-two participants (11 males) were recruited for Experiment
1. Mean age of the participants was 21.92 (SD=3.54).

Eighty-seven participants (35 males) were recruited for Experiment
2. The mean age of the remaining participants was 20.57 (SD=2.46).

2.2. Materials

For the purpose of the investigations described in this paper a novel
effort-based task was created but inspired by typical neuroscientific
paradigms. The task was programmed using Matlab 2012a with
Psychtoolbox 3 extension [78] and presented to participants on a 19″
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monitor using an IBM computer. Participants’ role during the task was
to exert mental effort solve simple mathematical equations and physical
effort squeeze a hand grip device to obtain small monetary rewards.
Participants’ responses were recorded using a standard keyboard
mental effort and a grip force transducer physical effort forming a part
of fORP 932 Subject Response Package, developed by Cambridge Re-
search Systems. The maximum grip strength measured by the trans-
ducer was 100 N on a scale from 0 to 35000. No individual calibration
of the hand grip device was therefore possible, due to equipment lim-
itations. To ensure the validity of the physical effort manipulation,
further checks were conducted in a pilot study preceding the experi-
ment, at the beginning of the effort task and during data analysis, as
described below.

2.3. Experimental design

The task consisted of three stages: Training (not included in the data
analysis), Choice, and Execution. During Training participants had a
chance to gain experience with the task by solving simple mathematical
equations and squeezing the hand grip device. During the Choice stage
participants had to choose between two options presented on the
computer screen associated with different levels of effort and reward.
During Execution participants had to exert effort determined by the
chosen option by solving simple mathematical equations or squeezing
the hand grip device depending on whether physical or mental effort
was required. The Training phase was formed of 16 trials, while Choice
and Execution phases consisted of 48 trials each. Visual features of the
Choice and Execution stages, based on tasks typically used in neu-
roscientific investigations involving fMRI [1,2,24,36], are presented in
Fig. 1.

The following factors were manipulated in the task: 1) Effort Type
(Mental vs. Physical), 2) Effort Level (High vs. Low), and 3) Reward
Level (High vs. Low):

1) Effort Type manipulation: Mental vs. Physical

During the mental effort trials simple mathematical equations
(single digit additions, subtractions or multiplications, e.g. 2+ 4=6 or
5*3=7) appeared on the screen. Half of the equations presented to
participants during the experiment were solved incorrectly (correct
answer± (1:3)). Correct and incorrect equations were distributed
randomly between trials. Participants’ role was to indicate if an equa-
tion was solved correctly or not by pressing an appropriate button on
the keyboard. Participants had to solve all the equations appearing on
the screen to successfully complete a trial. Response times were used as
a measure of effort exerted during this task. While both increased and
decreased response times could be considered indicators of increased
mental effort exertion, we assumed that in this task greater mental ef-
fort exertion would be associated with increased response times, in line
with the results of previous studies using similar paradigms to measure

mental effort [20,79–83]. Turing the physical effort trials signs in-
dicating the level of effort to be achieved (e.g. ‘Level 1′ – low effort,
‘Level 3′ – high effort) appeared on the screen. Participants had to
squeeze the hand grip device with an appropriate strength to success-
fully complete a trial. Their grip strength was used as a measure of
physical effort exertion.

2) Effort Level manipulation: High vs. Low

There were two levels of effort that could be exerted: High and Low.
During the ‘High’ effort trials participants had to solve three equations
appearing on the screen (mental effort) or squeeze the hand grip device
with the strength which represented the force of 75 Newtons (equiva-
lent to approx. 7.65 kg - physical effort). During the ‘Low’ effort trials
participants had to solve one equation (mental effort) or squeeze the
joystick with the strength which represented the force of 15 Newtons
(equivalent to approx. 1.53 kg - physical effort). Relatively low overall
effort levels required in the task were chosen to minimise the effects of
fatigue on behaviour during the multi-trial Execution phase. To make
sure that the level required was non-trivial (i.e. too little to elicit
changes in behaviour between High and Low effort trials) we conducted
a pilot study on 10 participants (4 males), which confirmed that High
effort trials were considered more effortful than Low effort trials for
both mental and physical effort. The analysis of experimental data
further confirmed the validity of the effort manipulation, showing clear
differences in preferences and performance between the trials.

3) Reward Level manipulation: High vs Low

Participants experienced two types of reward trials: High and Low.
On the ‘High’ reward trials participants had a chance to win 15p. On the
‘Low’ reward trials participants could win 5p.

2.3.1. Experimental manipulations
While the basic outline of the task as well as effort manipulations

remained the same across experiments, certain features of the task
changed from Experiment 1 to Experiment 2:

In Experiment 1 magnitude of reward was manipulated, as one
group of participants (Large Incentives) received higher rewards. In
‘High’ reward condition these participants could gain 30p, whereas in
the ‘Low’ reward condition they could win 10p. The other group of
participants (Small Incentives) completed the baseline task for which
the ‘High’ reward was 15p, and the ‘Low’ reward was 5p.

In Experiment 2 one group of participants (Loss) exerted effort to
avoid losing money. This group of participants were awarded £6.40 to
begin with, and depending on their performance they would in-
crementally lose amounts of money depending on High or Low losses;
the value awarded was calculated based on the maximal amount that
the high achieving participants had gained in Experiment 1.
Throughout the experiment they experienced two types of trials: ‘High

Fig. 1. Example visual display from the Choice and Execution phases of the computerised effort-based decision-making task.
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Stakes’ (losing 15p) or ‘Low Stakes’ (losing 5p) trials. The other group of
participants (Gain) completed the baseline task in which participants
aimed to increase their gains, by starting off with no awards, but de-
pending on performance would accumulate rewards across trials.

2.3.2. Procedure
The visual layout of the screen, cover story and instructions were

identical for both experiments. Participants were informed that they
would be required to exert mental and physical effort to obtain small
monetary rewards (Experiment 1) or to avoid losing money that was
given to them at the beginning of the experiment (Experiment 2). They
were also told that they would be able to choose between different
combinations of effort and reward before they would be required to
actually put in effort.

The experiment began with a short demonstration during which
participants had a chance to familiarize themselves with the visual
characteristics of the task and practice using the joystick. Since the
maximum grip strength that could be measured by the joystick (i.e.
100 N) was below average maximum grip strength for males (approx.
420 N) and females (approx. 240 N) as reported by Mathiowetz et al.
[84], it was assumed that all participants would be capable of achieving
the grip strength thresholds required in this task. This assumption was
confirmed by the experimenter for each participant on an individual
basis during the short initial demonstration.

The demonstration was followed by the Training phase, consisting
of 16 trials, during which participants experienced different levels of
effort and reward. While no calibration of the hand grip device was
conducted, differences in responding between high and low effort trials
were observed during the training phase, with participants squeezing
harder on high effort trials, suggesting that the effort required in the
task was non-trivial and sufficient to elicit the effort conservation
principle on low effort trials.

The Training phase was followed by the Choice phase, during which
participants had to choose which option they would prefer to execute
later on in the experiment. In total, there were four alternatives avail-
able in the course of the Choice phase: High Effort/High Reward (HE/
HR), High Effort/Low Reward (HE/LR), Low Effort/High Reward (LE/
HR) and Low Effort/Low Reward (LE/LR). On any given trial, only two
of these alternatives were available on the screen, and participant had
to choose one. This set up directly mimics the choice phases typically
available to participants in fMRI studies [1,24]. Most choices partici-
pants faced could be considered obvious (i.e. a choice between LE/HR
and HE/LR or LE/HR and HE/HR, where we expected consistent pre-
ference for the former), but some were non-obvious (i.e. a choice be-
tween HE/HR trials and LE/LR trials). The purpose of setting up the
Choice phase in this way was to investigate weather, when faced with a
non-obvious choice, participants would decide based on effort or re-
ward level. If they made their choices based on reward values, we ex-
pected participants to be significantly more likely to choose the HE/HR
over LE/LR option, whereas if their choices were based on effort we
expected participants to have a preference for the LE/LR option over
the HE/HR option. If effort and reward were considered by the decision
maker to be equally important, we expected participants to be just as
likely to choose both options. Participants made their choice by
pressing an appropriate button on the keyboard, after which the chosen
option would be highlighted in green and the trial would terminate.
Participants had an unlimited time to make their decision. Participants
were aware that their choices would determine the trials they would
encounter in the Execution phase where they would be required to put
in physical or mental effort.

In the Execution phase, on each trial participants were first re-
minded of their choice and then they had to execute it by either
squeezing the hand grip device or solving the equations appearing on
the screen. Participants were also instructed that they had to perform
the trial under deadline (under 4.5 s). Each trial disappeared from the
screen after 4.5 s regardless of whether the required level of effort was

achieved or not. At the end of each trial participants received feedback
about whether the trial was completed successfully. Each successful
trial contributed to the participant’s final pay out. This set up allowed
us to directly investigate the differences in grip strength, response times
and accuracy on high and low effort trials and high and low reward
trials. If behaviour was driven by rewards, as suggested by some of the
literature, we expected to observe a modulation of grip strength, re-
sponse times and accuracy in line with rewards across trials. We also
expected to see some modulation of behaviour in line with the effort
requirements, as evidence of successful effort manipulation.

2.4. Statistical analyses

Statistical package R v. 3.1.1 [85] was used to analyse the data.
Package ‘lme4’ was used for modelling purposes [86]. Response times
during execution trials were trimmed: those shorter than 100ms and
longer than 4.5 s were excluded from the analysis, so that the data
analysed would be contained in the middle 95 % of the distribution, in
line with the methods commonly used to deal with reaction time out-
liers, as described by Ratcliff [87] and Whelan [88].

Linear mixed models (LMMs) and generalized linear mixed models
(GLMMs), appropriate for dealing with unbalanced designs [89–91]
were used to analyse the data. Choice data was analysed using GLMMs
assuming binomial distribution.

2.4.1. Model specification
For each analysis (Choice, Execution: Grips Strength and RT,

Accuracy), the full model which formed the starting point for the in-
vestigations included the following fixed factors: Effort (High vs. Low),
Reward (High vs. Low), and Condition (E1: Large Incentives vs. Small
Incentives; E2: Loss vs. Gain) and all their interactions. Since no in-
dividual calibration of the hand grip device was conducted, partici-
pants’ gender was also added as a fixed factor, to control for potential
differences in how effortful the task was for males and females. To
further control for the potential effects of fatigue on participants’ per-
formance during the Execution phase, experimental data from this
phase was divided into four blocks (six trials each), and the resulting
variable Block was included included as a fixed factor. Participant ID
was added as a random factor in the models, to reflect repeated mea-
sures design of the experiments. Strength and RT models also included a
random slope for effort, as such models were found superior in com-
parison to the model with just an intercept, based on Akaike
Information Criterion [90–92].

The dependent variables analysed were: Grip Strength (physical
effort only), Response Times (mental effort only), Choice, and
Accuracy. Grip strength was the measurement obtained from the hand
grip device. Response times represented the time it took participants
per trial to solve the equations appearing on the screen within the 4.5 s
limit. Choice and Accuracy were binomial variables, representing the
number of selections of a given trial type out of n trials it was available
on (e.g. HE/HR trial was selected 12 times out of 24 trials it was
available on) (Choice), or the number of successes out of n trials
(Accuracy).

In Experiment 2 during Choice analysis ‘Attractiveness’ (High vs.
Low) of an option was entered as a factor into the analysis instead of
Reward. Options involving high reward (+15p) or low loss (-5p) were
coded as High in attractiveness, whereas options involving low reward
(+5p) or high loss (-15p) were coded as Low in attractiveness. In the
same experiment, during the analysis of behavioral measures and ac-
curacy, ‘Stake’ (High vs. Low) was entered into the analysis instead of
Reward. High Stakes represented trials during which participant could
win or lose 15p, whereas Low Stakes represented trials during which
participants could win or lose 5p.

2.4.2. Model diagnostics, parameter estimation and model selection
For LMMs, the assumptions of normality and homogeneity of
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variance were examined by visual inspection of residual plots [91]. If
these assumptions were violated, data was transformed to normality
using appropriate transformations. In the case of grip strength data,
square root transformations of reversed scores were used, whereas for
RT data square root transformation was found to be the most appro-
priate. Binomial models were checked for overdispertion. In cases
where it was identified, observation-level random effect was added to
the model, as is common practice in such cases [92].

During each analysis, the most parsimonious model was selected
based on Akaike Information Criterion (AIC) from the set of models
including all possible combinations of fixed factors. AIC values were
calculated using the Maximum Likelihood (ML) method. Restricted
Maximum Likelihood (REML) method was used to estimate the para-
meters of the model which best fitted our data [89,92]. Likelihood ratio
test was used to test fixed effects. For post hoc analyses Tukey HSD test
was used as a method of adjusting p values for multiple comparisons
using the lsmeans R package [93].

R2 values were calculated using the Nakagawa & Schielzeth [94]
method for GLMM models using the MuMIn R package [95].

2.4.2.1. Data availability. The data that support the findings of this
study are available from the corresponding author upon request.

Below, we present the findings from the two experiments, divided
into sections corresponding to the two hypotheses explored in this
study:

Hypothesis 1. Financial incentives drive Choice, whereas during
Execution the level of effort on a trial-per-trial basis is determined
primarily by effort requirements.

Hypothesis 2. The overall effort exerted during a task is higher when
the stakes are higher.

3. Results

3.1. Experiment 1

3.1.1. Hypothesis 1: Financial incentives drive Choice, whereas during
Execution the level of effort on a trial-per-trial basis is determined
primarily by effort requirements

In line with Hypothesis 1, during the Choice stage participants in
Experiment 1 were found to have a strong preference towards options
associated with high reward. This effect was observed on both mental
and physical effort trials (see Fig. 2).

Based on AIC, the model that best fit both mental and physical
Choice data included Effort, Reward, Condition, interactions between
Reward and Effort and between Effort and Condition as fixed factors,
and a random slope for Effort. Model parameters are presented in
Table 1. In both cases the model was significant (Mental Effort
χ2(5)= 370.09, p < .001; Physical Effort: χ2(5)= 322.36, p < .001).

Reward and Effort were both found to be significant predictors of
the choices people made (Mental Effort: Reward: χ2(2)= 316.86,
p < .001; Effort: χ2(3)= 141.47, p < .001; Physical Effort: Reward:
χ2(2)= 291.78, p < .001; Effort: χ2(3)= 77.30, p < .001). In gen-
eral, participants were found to be more likely to choose high reward
over low reward trials (Mental Effort: β=3.25, SE= .16, z=19.8,
p < .001; Physical Effort: β=3.12, SE= .16, z=19.06, p < .001),
and to choose low effort over high effort trials (Mental Effort: β=1.9,
SE= .16, z=11.84, p < .001; Physical Effort: β=1.31, SE= .16,
z=8.29, p < .001). Most importantly, reward turned out to be the
critical factor on which participants ultimately based their decisions:
participants were found to be most likely to choose high reward op-
tions, regardless of the amount of effort that was associated with them,
which means that when facing the non-obvious choice between HE/HR
and LE/LR trials participants were more likely to go for the former (see
Table 2 for details).

Also in support of Hypothesis 1, during the Execution stage, effort
requirements were found to be the primary determinant of behaviour.

As far as physical effort trials were concerned, the model that best
fit the experimental data (based on AIC) included Effort and Reward as
fixed factors, and a random slope for Effort. This model was significant
(χ2(2)= 182.71, p < .001). For mental effort trials, the final model
included Effort, Condition, and an interaction between them as fixed
factors, and a random slope for Effort. This model was significant
(χ2(3)= 210.04, p < .001). Model parameters are presented in
Table 3.

On both mental and physical effort trials, the level of effort required
was found to be a significant predictor of the actual amount of effort
that was exerted (Mental Effort: χ2(2)= 150.67, p < .001, Physical
Effort: χ2(1)= 156.93, p < .001), with participants squeezing the
joystick harder (β=-52.6, SE=2.23, t=-23.54, p < .001) or taking
more time to deliberate (β=.59, SE=.03, t=20.12, p < .001) on high
effort trials.

Rewards were found to be a significant predictor of behaviour on
physical effort trials (χ2(1)= 24.74, p < .001), with participants
squeezing harder on high reward trials compared to low reward trials
(β=-4.27, SE=.86, t=-4.97, p < .001). However, rewards by them-
selves explained only 1% of the variance in the data, as suggested by the
marginal R2 (Model with effort and reward: R2

(m)= .58, model with
effort only: R2

(m)= .57). What is more, no corresponding modulation in
line with rewards was found on mental effort trials, as demonstrated by
Fig. 3.

3.1.2. Hypothesis 2: the overall effort exerted during the task should be
higher when higher financial incentives are at stake

To examine Hypothesis 2, in Experiment 1 the absolute monetary
value of rewards was increased for one group of participants (Large
Incentives group). This manipulation did not have an impact on parti-
cipants’ choices (the effects of Condition or Effort by Condition inter-
action were not significant for both mental and physical effort). During
the Execution phase, the absolute monetary value was a significant
predictor of the amount of effort that was exerted on mental effort trials
exclusively (Mental Effort Condition: χ2(2)= 92.42, p < .001; Effort
by Condition: χ2(1)= 30.31, p < .001). More specifically, participants
in the Large Incentives condition were found to respond significantly
slower compared to participants in the Small Incentives condition
(β=.38, SE=.03, t=13.41, p < .001) on low mental effort trials.

3.1.3. Accuracy
Since Theory of Motivation [17] links effort exertion with task

difficulty, we conducted an additional analysis of accuracy during the
Execution stage as a proxy of task difficulty. The aim of this analysis
was to see if the pattern of findings observed in Experiment 1 could be
linked to differences in task difficulty on mental and physical effort
trials. Participants were found to be 99.98 % accurate on low physical
effort trials in both Small and Large Incentives conditions, which meant
that there was too little variability to include these trials in meaningful
statistical analyses. Therefore, we compared accuracy on the remaining
trials (mental effort: HE/HR, HE/LR, LE/HR, LE/LR; physical effort:
HE/HR, HE/LR), using a model which included Trial Type, Condition
and an interaction term as fixed factors, and Participant Number as a
random factor. During the model selection process, the model including
all fixed factors was found to best fit the accuracy data
(χ2(11)= 329.63, p< .001). Model parameters are presented in
Table 4.

Trial Type (χ2(10)= 312.97, p< .001), Condition (χ2(6)= 45.11,
p< .001), and Trial Type by Condition interaction (χ2(5)= 31,
p< .001) were found to be significant predictors of accuracy. Post Hoc
analyses using Tukey adjustment for multiple comparisons revealed no
differences in accuracy between trials based on reward value (except
for high mental effort trials in the Small Incentives condition, where
participants were found to be more accurate when rewards were high:
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β=1.20, SE= .32, z=3.77, p= .009), so for clarity of reporting the
data for post hoc analyses were collapsed across reward levels. This
analysis revealed that participants in both Large and Small Incentives
condition were more accurate on high physical (Large Incentives:
β=2.74, SE= .27, z=10.25, p < .001; Small Incentives: β=1.70,
SE= .17, z=9.80, p < .001) and low mental effort trials (Large
Incentives: β=2.45, SE= .23, z=10.79, p < .001; Small Incentives:
β=1.14, SE= .15, z=7.63, p < .001) than on high mental effort
trials. In the Small Incentives condition participants were also more
accurate on high physical than low mental effort trials (β=.56,

SE= .17, z=3.33, p= .009), whereas participants in the Large
Incentives condition were found to achieve a similar level of accuracy
on these trials (p= .88). At the same time, they were found to be more
accurate on these two types of trials than participants in the Small
Incentives condition (high physical effort trials: β=1.19, SE= .33,
z=3.66, p= .003; low mental effort trials: β=1.46, SE= .28,
z=5.27, p < .001).

If we treat accuracy as a proxy for task difficulty, this pattern of
results indicates the following gradation of task difficulty in Experiment
1: low physical effort trials (easy)< high physical effort trials

Fig. 2. Percentage of times each option was chosen when it was available on mental and physical effort trials in Experiment 1. Error bars represent Standarad Error.

Table 1
Comparison of model parameters, R2 and Akaike Information Criterion (AIC) between the null model and the most parsimonious model of Choice behaviour in
Experiment 1.

Mental Effort Physical Effort

Null model Best model Null model Best model

Fixed effects b[95% CI] b[95% CI] b[95% CI] b[95% CI]
Intercept -.05 [-.33, .23] .9 [.59, 1.22] -.02 [-.27, .25] .87 [.55, 1.20]
Effort(Low) – 1.31 [.84, 1.79] – 1.34 [.84, 1.83]
Reward(Low) – -3.5 [-3.95,-3.05] – -3.27 [-3.72, -2.83]
Condition (Large Incentives) – -.35 [-.77, .07] – .16 [-.26, .59]
Effort(Low):Reward(Low) – .49 [-.10, 1.09] – .31 [-.28, .91]
Effort(Low):Condition(Large Incentives) – .68 [.10, 1.27] – .37 [-.96, .23]

Random effects VC
Participant Nr (Intercept) .000008 .00003 .00006 .0001
Observations (Intercept) 5.04 .82 4.48 .9

Other model characteristics
R2
(m) 0 .46 0 .41

R2
(c) .6 .57 .57 .54

AIC 1473.7 1111.36 1480.4 1168.1

CI=Confidence Intervals, VC=Variance Components.
Nparticipants = 72, Nobservations= 288.
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Table 2
Results of post-hoc pairwise comparisons of the likelihood of choosing different combinations of effort and reward using Tukey method, averaged over the levels of
Condition.

Trial Type Experiment 1 Experiment 2

Physical effort Mental effort Physical effort Mental effort

β SE β SE β SE β SE

LE/HR HE/HR 1.16* .22 1.66* .22 2.15* .17 2.81* .18
LE/LR 2.96* .22 3.01* .22 2.94* .17 3.15* .18
HE/LR 4.44* .25 5.16* .26 5.89* .24 6.36* .25

HE/HR LE/LR 1.81* .20 1.35* .19 .79* .13 .33** .12
HE/LR 3.28* .23 3.50* .23 3.73* .2 3.54* .20

LE/LR HE/LR 1.47* .22 2.15* .23 2.94* .19 3.21* .20

*p< .001 **p< .05.
HE/HR: High Effort High Reward trial, HE/LR: High Effort Low Reward trial, LE/HR: Low Effort High Reward trial.
LE/LR: Low Effort Low Reward trial.
Results are given on the log odds ratio (not the response) scale.

Table 3
Comparison of model parameters, R2 and Akaike Information Criterion (AIC) between the null model and the most parsimonious model describing Response Time
and Strength behaviour in Experiment 1.

Mental Effort Physical Effort

Null model Best model Null model Best model

Fixed effects b[95% CI] b[95% CI] Fixed effects b[95% CI] b[95% CI]
Intercept 1.38 [1.35, 1.42] 1.69 [1.61, 1.75] Intercept 56.62 [53.82, 59.34] 70.06 [67.95, 72.17]
Effort(Low) – -.77 [-.83, -.70] Effort(Low) – 44.19 [40.52, 48.38]
Condition(Large Incentives) – .03 [-.08, .14] Reward(Low) – 3.70 [2.16, 5.17]
Effort(Low):Condition(Large Incentives) – .35 [.23, .47]

Random effects VC
Participant Nr (Intercept) .15 .05 132.9 56.72
Participant Nr (Effort) .46 .05 3150.7 261.86
Residual .05 .05 199.8 144.74

Other model characteristics
R2
(m) 0 .59 0 .57

R2
(c) .74 .73 .89 .83

AIC 183.41 -20.62 14581 14404

CI=Confidence Intervals, VC=Variance Components.
Nparticipants = 72, Nobservations (mental) =1567, Nobservations (physical) = 1728.

Fig. 3. Effort exertion during physical (a) and (b) mental effort trials in Experiment 1. Error bars represent Standard Error.
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(moderately difficult)< /= low mental effort trials (moderately diffi-
cult)< high mental effort trials (hard). Since participants in the Large
Incentives group were found to be more accurate than participants in
the Small Incentives group on high physical effort trials and low mental
effort trials, this suggests that they increased their effort exertion spe-
cifically on tasks of moderate difficulty, as indicated by Fig. 4.

3.1.4. Effect of fatigue and gender
No differences in performance between males and females were

found in Experiment 1. No decrease in performance between blocks was
observed, suggesting that fatigue did not affect effort levels in this ex-
periment.

3.1.5. Discussion
In Experiment 1 we investigated whether the differences between

Choice and Execution postulated by the Choice-Execution model can be
observed in tasks typically used in neuroscientific investigations. We
also explored whether higher incentives translate into greater potential
motivation in such tasks, leading to greater effort exertion overall. The
findings of this experiment suggest, in line with our predictions, that
rewards and effort do play a different role during Choice and Execution.
More specifically, while reward is the most important factor when
making decisions, effort requirements seem to be the main determinant
of how much effort is exerted during a task. During Choice participants
were found to have a strong preference for trials associated with high
rewards, regardless of how much effort they involved. During the
Execution stage the amount of effort exerted depended primarily on the
effort requirements of a particular trial. While rewards were found to
lead to increased effort exertion on physical effort trials, by themselves
they explained a very small proportion of variance in the data, sug-
gesting their effect was rather subtle. No effect of rewards on mental
effort trials was observed.

Increasing the overall reward value in the Large Incentives condi-
tion has been found to lead to increased effort exertion primarily on
trials of medium difficulty. More specifically, participants in the Large
Incentives condition were found to deliberate for longer and to be more
accurate on low mental effort trials. They were also found to be more
accurate than participants in the Small Incentives condition on high
physical effort trials, although the numerical increase in grip strength
observed on these trials was not found to be significant. No increase in

Table 4
Comparison of model parameters, R2 and Akaike Information Criterion (AIC)
between the null model and the most parsimonious model describing Accuracy
data in Experiment 1.

Null model Best model

Fixed effects b[95% CI] b[95% CI]
Intercept 1.18 [.97, 1.39] .15 [-.26, .55]
HE/LR(mental) – -.44 [-1.38, .51]
LE/HR(mental) – 2.47 [1.96, 2.98]
LE/LR (mental) – 2.29 [1.66, 2.91]
HE/HR (physical) – 2.72 [2.15, 3.30]
HE/LR(physical) – 2.54 [1.57, 3.52]
Condition(Small Incentives) – -.19 [-.72, .33]
HE/LR(mental):Condition(Small Incentives) – .37 [-.78, 1.53]
LE/HR(mental):Condition(Small Incentives) – -1.40 [-2, -.79]
LE/LR (mental):Condition(Small Incentives) – -.93 [-1.70, -.17]
HE/HR (physical):Condition(Small Incentives) – -.78 [-1.46, -.09]
HE/LR(physical):Condition(Small Incentives) – -1.80 [-2.94, -.67]

Random effects VC
Participant Nr (Intercept) .59 .63

Other model characteristics
R2
(m) 0 .24

R2
(c) .15 .37

AIC 1417.1 1109.5

CI=Confidence Intervals, VC=Variance Components.
Nparticipants = 72, Nobservations= 554.

Fig. 4. Percentage of trials completed successfully in Experiment 1. Error bars represent Standard Error.

A. Ludwiczak, et al. Behavioural Brain Research 383 (2020) 112474

8



performance was found on easy or difficult trials, in line with Brehm
and Self (1989).

3.2. Experiment 2: gains vs. Losses

To examine if the differences between Choice and Execution
(Hypothesis 1) can be observed regardless of how the financial in-
centives are framed (e.g. either as gains or losses), in Experiment 2 we
divided participants into two groups: one trying to maximise gains
(Gain group) and one trying to minimise losses (Loss group).
Considering that losses are thought to loom larger than gains [96–99],
we expected to see greater overall effort exertion in the Loss group, in
line with Hypothesis 2.

3.2.1. Hypothesis 1: Financial incentives drive choice, while during
execution the level of effort on a trial-per-trial basis is determined
primarily be effort requirements

In support of Hypothesis 1, in Experiment 2 financial incentives
were found to play a particularly important role during the Choice
stage, while effort guided actions performed during the Execution stage.

Based on AIC, the model that best fit mental and physical Choice
data included Effort, Attractiveness, Condition, as well as interactions
between Attractiveness and Effort and between Effort and Condition as
fixed factors, and a random slope for Effort. In both cases the model was
significant (Mental Effort χ2(5)= 678.39, p < .001; Physical Effort:
χ2(5)= 606.13, p < .001). The parameters of the model are presented
in Table 5.

Both Attractiveness and Effort were found to be significant pre-
dictors of choices (Mental Effort Attractiveness: χ2(2)= 511.39,
p < .001, Effort: χ2(3)= 467.65, p < .001; Physical Effort
Attractiveness: χ2(2)= 476.99, p < .001, Effort: χ2(3)= 368.56,
p < .001). In general, participants were found to be more likely to
choose high attractiveness over low attractiveness trials (Mental Effort:
β=3.35, SE= .14, z=24.84, p < .001; Physical Effort: β=3.34,
SE= .14, z=24.47, p < .001), and to choose low effort over high
effort trials (Mental Effort: β=3.02, SE= .13, z=22.59, p < .001;
Physical Effort: β=2.55, SE= .13, z=19.07, p < .001). As in
Experiment 1, participants were most likely to choose High
Attractiveness (High Reward or Low Loss) options, regardless of the
amount of effort that was associated with them (see Table 2 for details),
consistently choosing HE/HA trials over LE/LA trials, as indicated by
Fig. 5.

Also in support of Hypothesis 1, during the Execution stage, effort

requirements were found to be the main determinant of behaviour. As
far as physical effort trials are concerned, the model that best fit the
experimental data included Effort, Stakes, Gender and Effort by Stakes
interaction as fixed factors, and a random slope for Effort. This model
was significant (χ2(4)= 166.75, p < .001). For mental effort trials, the
final model included Effort, Stakes, Condition, and interactions be-
tween Stakes and Condition and between Effort and Condition as fixed
factors, as well as a random slope for Effort. This model was significant
(χ2(5)= 306.71, p < .001). Model parameters for both Strength and
RT are presented in Table 6.

On both mental and physical effort trials Effort was found to be a
significant predictor of behaviour (Mental Effort Effort:
χ2(2)= 159.11, p < .001; Physical Effort Effort: χ2(2)= 149.62,
p < .001), as indicated in Fig. 6. In both Gain and Loss groups, parti-
cipants exerted more effort, squeezing the joystick harder (β=-43,
SE= 2.71, t=-15.88, p < .001) and deliberating for longer (β=.57,
SE=.27, t=20.64, p < .001) when required effort was high. On
physical effort trials, participants in both Gain and Loss conditions were
found to squeeze harder when the stakes were high compared to low on
high effort trials (Stakes: χ2(2)= 40.16, p < .001; Stakes by Effort:
χ2(1)= 33.78, p < .001; β=-12.50, SE=1.96, t=-6.36, p < .001).
On mental effort trials, the effect of stakes on behaviour was limited to
the Loss condition (Stakes: χ2(2)= 55.77, p < .001; Stakes by Con-
dition: χ2(1)= 17.56, p < .001), as participants in this condition were
found to respond slower when stakes were high compared to low
(β=.14, SE=.02, t=7.48, p < .001). In both cases, however, rewards
explained a very small proportion of variance (Mental Effort: full
model: R2

(m)= .48, model without reward: R2
(m)= .47; Physical Effort:

full model: R2
(m)= 0.38, model without reward: R2

(m)= 0.37).

3.2.2. Hypothesis 2: the overall effort exerted during the task should be
higher when the stakes are higher

In support for Hypothesis 2, condition drove overall effort exertion
on mental effort trials. More specifically, Condition, as well as Effort
and Condition, and Stakes and Condition interactions were all found to
be significant predictors of the amount of effort put in on mental effort
trials (Condition: χ2(3)= 125.1, p < .001; Stakes by Condition: as
reported above; Effort by Condition: χ2(1)= 3.63, p= .056*). On
mental effort trials participants in the Losses group were found to re-
spond slower (indicating longer deliberation) than participants in the
Gains group (β= .43, SE= .03, t=12.51, p < .001). Participants in
the Loss condition were also found to modulate their effort exertion in
line with rewards, as described above. No effect of condition was found

Table 5
Comparison of model parameters, R2 and Akaike Information Criterion (AIC) between the null model and the most parsimonious model of Choice behaviour in
Experiment 2.

Mental Effort Physical Effort

Model name Null model Best model Null model Best model

Fixed effects b[95% CI] b[95% CI] b[95% CI] b[95% CI]
Intercept -.02 [-.31, .26] .55 [.33, .77] -.03 [-.31, .24] .93 [.68, 1.19]
Effort(Low) – 2.13 [1.74, 2.52] – 1.27 [.88, 1.66]
Attractiveness(Low) – -3.56 [-3.95, -3.18] – -3.77 [-4.16, -3.38]
Condition (Loss) – -.72 [-1.02, -.43] – -.88 [-1.20, -.55]
Effort(Low):Attractiveness(Low) – .43 [-.07, .93] – .83 [.33, 1.33]
Effort(Low):Condition(Loss) – 1.33 [.93, 1.74] – 1.76 [1.31, 2.20]

Random effects VC
Participant Nr (Intercept) 0 0 .00003 0
Observations (Intercept) 6.36 .22 5.9 .36

Other model characteristics
R2
(m) 0 .6 0 .57

R2
(c) .66 .62 .64 .61

AIC 1763.6 1095.2 1766.2 1170.1

CI=Confidence Intervals, VC=Variance Components.
Nparticipants = 87, Nobservations= 348.
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on physical effort trials.
In addition, participants in the Gain condition were found to be

more likely to select high effort trials than participants in the Loss
condition (Mental Effort: β= .72, SE= .15, z=4.83, p < .001;
Physical Effort: β= .74, SE= .19, z=3.86, p < .001). They were also
less likely to select low effort trials (Mental Effort: β=-.61, SE= .15,
z=-4.24, p < .001; Physical Effort: β=-.90, SE= .17, z=-5.33,
p < .001).

3.2.3. Accuracy
As in Experiment 1, additional analysis of participants’ accuracy was

conducted to establish if the findings from Experiment 2 were asso-
ciated with task difficulty. As in Experiment 1 participants were found
to be almost 100 % accurate on low physical effort trials, which meant
these trials could not be included in the statistical analysis.
Nevertheless, we compared accuracy on the remaining trials (mental
effort: HE/HR, HE/LR, LE/HR, LE/LR; physical effort: HE/HR, HE/LR),
using a model which included Trial Type, Condition and an interaction
term as fixed factors, and Participant Number as a random factor.

Fig. 5. Percentage of times each option was chosen when it
was available on mental and physical effort trials in
Experiment 2. High Attractiveness refers to High Reward
(Gains group) or Low Loss (Loss Group). Low Attractiveness
refers to Low Reward (Gains group) or High Loss (Loss group).
Error bars represent Standard Error.

Table 6
Comparison of model parameters, R2 and Akaike Information Criterion (AIC) between the null model and the most parsimonious model describing Response Time
and Strength behaviour in Experiment 2.

Mental Effort Physical Effort

Null model Best model Null model Best model

Fixed effects b[95% CI] b[95% CI] Fixed effects b[95% CI] b[95% CI]
Intercept 1.16 [1.11, 1.20] 1.44 [1.37, 1.52] Intercept 74.82 [71.88, 77.87] 64.48 [60.37, 68.54]
Effort(Low) – -.52 [-.60, -.45] Effort(Low) – 49.23 [43.54, 54.92]
Stakes(Low) – - .02[-.06, .02] Stakes(Low) – 12.50 [8.69, 16.30]
Condition(Loss) – .55 [.43, .66] Effort(Low):Stakes(Low) – -12.53 [-16.74, -8.48]
Effort(Low):Condition(Loss) – -.11 [-.22, -.004] Gender(male) – -8.44 [-13.94, -2.89]
Stakes(Low):Condition(Loss) – -.12 [-.18, -.06]

Random effects VC
Participant Nr (Intercept) .32 .05 238.3 121.2
Participant Nr (Effort) .35 .05 2450.6 583.2
Residual .06 .06 252.3 249.6

Other model characteristics
R2
(m) 0 .48 0 .38

R2
(c) .67 .63 .84 .79

AIC 682.88 386.2 18015 17856

CI=Confidence Intervals, VC=Variance Components.
Nparticipants = 87, Nobservations (mental) = 1829, Nobservations (physical) = 2081.
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During the model selection process, this full model was found to best fit
the accuracy data. The model was found to fit the data significantly
better than the model with just an intercept (χ2(11)= 178.09,
p < .001). Model parameters are presented in Table 7.

Trial Type (χ2(10)= 170.87, p < .001), Condition (χ2(6)= 30.70,
p < .001), and Trial Type by Condition interaction (χ2(5)= 11.76,
p= .04) were found to be significant predictors of accuracy. Post Hoc
analyses using Tukey adjustment for multiple comparisons revealed no
differences in accuracy between trials based on stakes value (except for
high physical effort trials in the Gain condition, where participants
were found to be more accurate when stakes were high: β=1.75,
SE=.44, z=4.00, p= .004), so for clarity of reporting the data for post
hoc analyses were collapsed across reward level. As in Experiment 1,
participants in both Gain and Loss groups were found to be more ac-
curate on high physical (Gain: β=1.36, SE= .19, z=7.32, p < .001;
Loss: β= .96, SE= .21, z=4.70, p < .001) and low mental effort
trials (Gain: β= .71, SE= .15, z=4.74, p < .001; Loss: β=1.71,
SE= .18, z=9.53, p < .001) than on high mental effort trials. They

were also found to be more accurate on high physical effort trials than
low mental effort trials (Gain: β= .65, SE= .17, z=3.81, p < .001;
Loss: β= .74, SE= .19, z=3.98, p= .001), as demonstrated in Fig. 7.
These results demonstrate that the difficulty of different types of trials
in Experiment 2 followed the same pattern as in Experiment 1, with low
physical effort trials being easy, high physical effort trials and low
mental effort trials being of moderate difficulty, and high mental effort
trials being hard. Finally, participants in the Loss group were more
accurate than participants in the Gains group on low mental effort trials
(β=1.06, SE= .22, z=4.76, p < .001), but not high mental or high
physical effort trials. No difference in accuracy between participants in
the Loss and Gain group was observed when physical effort was re-
quired.

3.2.4. Effects of fatigue and gender
No effect of fatigue was observed between blocks. The analysis of

gender differences in grip strength revealed a significant effect of
gender (χ2(1)= 8.69, p= .003), with males squeezing harder than
females (β=-8.47, SE=2.79, z=-3.04, p= .003). Importantly, how-
ever, the pattern of results did not differ between genders. On mental
effort trials no differences in response times between males and females
were observed.

3.2.5. Discussion
The aims of Experiment 2 were twofold: first, it was to investigate

whether the differences between Choice and Execution postulated by
the Choice-Execution model can be observed when losses are at stake.
Secondly, the aim was to determine whether losses, which are thought
to loom larger than gains, lead to increased potential motivation and
greater effort exertion overall. The findings of this experiment suggest
that financial incentives are the main determinant of behaviour during
choice, while during execution effort requirements become the bench-
mark for effort exertion, regardless of whether the aim of the effort-
based decision-making process is to maximize gains or minimize losses.
During Choice, participants were found to have a strong preference for
high attractiveness (high win or low loss) trials, regardless of the
amount of effort associated with them. At the same time, during ex-
ecution effort requirements had the biggest impact on behaviour, al-
though stakes were found to have limited influence as well. More
specifically, participants were found to exert effort primarily in line
with trial requirements. When physical effort was required, participants
in both Gain and Loss condition put in more effort when stakes were
high compared to low. On mental effort trials this effect was also

Fig. 6. Effort exertion on physical (a) and mental (b) trials in Experiment 2. Error bards represent Standard Error.

Table 7
Comparison of model parameters, R2 and Akaike Information Criterion (AIC)
between the null model and the most parsimonious model describing Accuracy
data in Experiment 2.

Null model Best model

Fixed effects b[95% CI] b[95% CI]
Intercept 1.34 [1.15, 1.53] .41 [.08, .75]
HE/LR(Mental) – .16 [-.73, 1.05]
LE/HR(Mental) – .69 [.37, 1.01]
LE/LR (Mental) – .82 [.40, 1.24]
HE/HR (Physical) – 1.56 [1.17, 1.95]
HE/LR(Physical) – -.19[-1.03, .65]
Condition(Loss) – .82 [-.42, 2.07]
HE/LR(Mental):Condition(Loss) – -.96 [-2.46, .55]
LE/HR(Mental):Condition(Loss) – .58 [-.69, 1.86]
LE/LR (Mental):Condition(Loss) – -.0005 [-1.27, 1.27]
HE/HR (Physical):Condition(Loss) – -.78 [-2.56, .99]
HE/LR(Physical):Condition(Loss) – .37 [-1.10, 1.84]

Random effects VC
Participant Nr (Intercept) .57 .6

Other model characteristics
R2
(m) 0 .12

R2
(c) .15 .25

AIC 1353.1 1197.1

CI=Confidence Intervals, VC=Variance Components.
Nparticipants = 87, Nobservations= 516.
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observed, but it was limited to the Loss condition. At the same time, the
effect of stakes, although significant, explained a very small proportion
of variance on mental and physical effort trials (approx. 1%), sug-
gesting the impact of stakes on behaviour was rather limited.

This experiment also provided mixed evidence regarding the effect
of financial incentives on potential motivation when losses are at stake.
On one hand, greater effort was observed in the Loss group on mental
effort trials, and this increased effort translated into higher accuracy on
trials of medium difficulty (i.e. low mental effort trials), suggesting that
potential motivation might be determined by the subjective value of the
financial outcomes regardless of whether these involve gains or losses.
Nevertheless, no corresponding increase in effort or accuracy was ob-
served on the physical effort trials, which limits the generalizability of
the findings.

4. General discussion

Taken together, the findings from the two experiments described in
this paper suggest that rewards and effort requirements differentially
impact choice between effortful actions and execution of effortful ac-
tions. More specifically, rewards seem to influence the choice more
than execution, while the opposite is true for effort requirements. These
findings provide strong support for the main hypothesis explored in this
paper, that the importance of effort and reward differs between action
selection and action execution. Results of the two experiments pre-
sented in this paper suggest that while rewards are capable of affecting
effort exertion during execution, their influence is rather limited. The
main impact of rewards on effort seems to be through determining the
potential motivation on tasks of moderate difficulty. In the discussion
that follows, we consider the implications of these findings.

The central claim of the Choice-Execution model proposed in this
paper is that the influence rewards and effort have on behaviour varies
depending on the stage of the effort-based decision-making process.

During Choice, rewards are of paramount importance, while effort costs
are underweighted, in line with the work on procrastination by Akerlof
[16]. On the other hand, during Execution, decision maker focuses on
effort costs, while the subjective value of rewards determines the
maximum amount of effort one is willing to exert overall, in line with
the Theory of Motivation by Brehm and Self [17]. Two behavioral ex-
periments described in this paper provide strong support for this model.
In both experiments participants were found to base their choices pri-
marily on the financial incentives associated with available options,
while during execution the main driver of behaviour were the effort
requirements. This pattern was observed on both mental and physical
effort trials and regardless of whether participants were trying to gain
or avoid losing money. These results have important implications for
investigations of effort-based decision-making in the neuroscientific
context. As such, they show that predictions regarding effort-based
decisions made by Brehm and Self (1989) in the psychology domain
and Akerlof (1991) in the behavioral economic domain are valid in the
methodological context used in neuroscience. For the value-based de-
cision-making models forming the basis of the neuroscientific in-
vestigations, our findings suggest that the valuation process (during
which the costs and benefits of an option are combined) is not a discrete
stage taking place solely during Choice, but rather it should be treated
as an ongoing process, changing dynamically depending on the phase of
effort-based decision-making. Such an approach accounts for the in-
consistencies in behaviour observed in real life effort-based decision
making, for example when people commit to an effortful option but
then fail to execute it [100–103]. It is also in line with studies de-
monstrating ongoing monitoring of exerted effort during effortful tasks
[45]. In practical terms, our findings could be incorporated into the
value-based models by adding different weights to effort and reward
information depending on the stage of the effort-based decision-making
process. This would extend the applicability of these models beyond the
simplest of the effort-based scenarios and update them to reflect the

Fig. 7. Percentage of trials completed successfully in Experiment 1. Error bars represent Standard Error.
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current findings from the psychological and economic literature. In the
neuroscientific context, this updated model could be used to clarify the
specific roles vmPFC, ACC, DS/VS, and SMA play during effort-based
decision-making, particularly to identify the structures that convey the
importance of effort and reward information at a particular stage of the
decision-making process. The model could also be used to explain the
discrepancies in brain activations observed in existing neuroimaging
studies exploring different stages of the effort-based decision-making
process, for example a presence of activations in vmPFC in studies ex-
ploring Choice [e.g. 3,15,29–35] and lack of such activations in studies
exploring Execution [e.g. 1,20,26,36,37,104]. The Choice-Execution
model could also potentially provide greater clarity in our under-
standing of the functional role of certain brain structures involved in
this process, such as ACC and VS, pointing to their distinct importance
at different stages of effort-based decision making.

The second assumption of the Choice-Execution model discussed in
this paper is that during execution rewards affect effort exertion in-
directly through determining potential motivation. To test this as-
sumption, we manipulated incentives (Large vs. Small, Gain vs. Loss) to
increase or reduce the maximum amount of effort participants would be
willing to exert in our task. We hypothesized that if rewards affect effort
indirectly during execution, through determining the potential moti-
vation, increasing incentives should increase effort exerted on all type
of trials, without a difference in effort between high and low reward
trials. In this experiment, as the values of rewards were increased,
overall effort exertion and accuracy were found to increase as well,
albeit primarily on trials of medium difficulty. This finding is predicted
by Theory of Motivation by Brehm and Self [17], which argued that
increased effort exertion in response to rewards is most likely to be
observed on tasks of moderate difficulty, as in such circumstances an
increase in effort exertion translates into improved performance and
consequently higher wins. In line with this, increased overall effort
exertion on mental effort trials of moderate difficulty was also observed
in Experiment 2, where participants had to avoid losses. However, no
corresponding increase in effort exertion in the Loss group was found
on physical effort trials. One explanation for this finding could be that
physical effort trials in this experiment tended to be easy for partici-
pants, which discouraged them from exerting extra effort due to limited
increases in overall win it would provide; as indicated by our analysis
on accuracy during execution. It is also possible that the Choice-Ex-
ecution model described in this paper applies primarily to mental effort-
based decision-making, while physical effort is processed differently.

Despite the evidence suggesting that incentives play a role in de-
termining potential motivation on tasks of medium difficulty, the big-
gest challenge to the potential motivation hypothesis as presented in
our study comes from the fact that some modulation of effort (albeit
small) in line with rewards was observed on trial-per-trial basis in both
Experiments 1 and 2. Considering that the effect of reward was very
small, we believe that this finding does not support the conclusion that
rewards drive effort exertion. In our opinion, it suggests that reward
signal might be used during effort execution as a source of information
as to how much effort is warranted considering the anticipated reward.
We propose that this information could be processed in VS, as existing
literature demonstrates that activations in this structure are propor-
tional to reward discounted by the effort cost [1,20] and that higher
activation in this structure is associated with greater effort exertion
overall [23] and better performance attained [37]. In this line of
thought, VS does not merely encode reward value discounted by effort,
but rather is a conveyor of a potential motivation signal which ensures
that effort exerted does not exceed the maximum level determined by
reward. This conclusion is further supported by studies showing that VS
dysfunction might lead to reduced overall effort exertion, as seems to be
the case in Parkinson’s disease (PD) [e.g. 35,105–108].

From the psychological and behavioral economic perspective, the
key advantage of the Choice-Execution model is that it links the claims
presented in the neuroscientific studies with literature investigating the

intention-action gap in the domains of moral and risk-based decision-
making, which demonstrate a frequent discrepancy between people’s
beliefs/attitudes/intentions and the actual actions that they execute
[109–114]. Our Choice-Execution model provides a psychological-me-
chanistic explanation for these findings, based on differences in reward
and effort importance between stages of effort-based decision making.

4.1. Conclusions

To summarise, in this paper we identify a mismatch between the
neuroscientific and psychological/behavioral economic literatures de-
scribing the relationship between effort and rewards during decision-
making. As this mismatch could lead to mischaracterisation of the
functionality of different parts of the brain involved in this process, to
rectify this problem we proposed a novel Choice-Execution model of
effort-based decision making, which combines neuroscientific value-
based models with the findings from seminal works by Brehm and Self
[17] (psychology) and Akerlof [16] (behavioral economics). Two ex-
periments designed to test the assumptions of this model revealed that
the importance of effort and rewards changes at different stages of ef-
fort-based decision making, in line with our hypotheses. More specifi-
cally, the findings showed that rewards matter more during choice,
whereas effort requirements have a greater impact on behaviour during
execution, regardless of the type of effort required (mental or physical)
or the valence of the financial incentive (gain or loss). These experi-
ments also provided an indication that the main role of rewards during
execution is to determine the potential motivation, so the maximum
amount of effort one is willing to exert. Taken together, these results
offer interesting new avenues into neuroscientific research of effort-
based decision making, providing a new tool for describing this process
and the functions of the parts of the brain mediating it.
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