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Summary  

Deadlines fundamentally shape the motivation for effort. Research examining effort-based choices finds 

high effort is an avoided cost. However, this work overlooks the fact that effort can be valuable when it 

makes progress on long-term goals before deadlines. We test a new framework where motivation 

depends on deadline pressure (work remaining / time remaining). Across three studies we use 

computational modelling on novel tasks examining effort-based decisions when effort makes progress 

on goals with deadlines. In support of hypotheses, deadline pressure significantly impacts decision-

making, shifting people from avoiding effort, to seeking and valuing it. Using ultra-high-field fMRI, we 

show that functionally connected putamen and midcingulate cortex (MCC) sub-regions process and 

update estimates of deadline pressure, with distinct anterior cingulate and putamen sub-regions 

processing the costs or added value of effort. We show the neurocomputational mechanisms for how 

deadline pressure shapes motivation, and that keep us ‘on track’ for our goals. 
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Introduction 

Deadlines – a point in time by which a long-term goal must be completed – are a fundamental 

component of modern societies across education, employment, and sporting endeavours and also of 

the natural world. When the squirrel decides to exert themselves to find and bury more food before 

winter1, the athlete trains hard for a marathon, or the academic chooses to put all their effort into a grant 

application2–5,6; Our goals are often achieved only if high amounts of effort are chosen over time before 

a deadline. Yet, while there is research separately examining how goals7,8, task progress9 and effort10–

13 are processed in the brain, none has put these multiple components that have major impacts on 

motivation together. Thus, fundamental questions about the computational and neural mechanisms 

underlying how the brain makes decisions to exert effort to progress on goals when under the pressure 

of a deadline are unanswered.  

The willingness to exert effort is vital for foraging animals14–17 and human health1,6. Yet, research 

examining the mechanisms of effort-based decision-making has used tasks in which behaviours 

conform to a ‘law of less effort’18. In such tasks effort is avoided unless associated with large immediate 

extrinsic rewards, indicating it is treated as a cost to be avoided, and only chosen if sufficiently 

incentivised 10,16,19–21. In contrast, psychological theories have proposed that effort can also be valued, 

leading some to suggest effort is paradoxical22 being both an avoided cost and a sought benefit. 

Anecdotally people undertake highly effortful behaviours associated with little immediate extrinsic 

reward with regularity, such as training for a marathon or climbing a mountain suggesting effort is not 

always a cost. However, while there is evidence animals can change their preferences for how willing 

they are to exert effort over time2,23–25, and people self-report liking effortful behaviours22,26, there is little 

empirical evidence that people actually seek and value a higher effort behaviour, nor an understanding 

of the neural mechanisms underlying this. 

Studies examining the neural and computational mechanisms of effort also typically assume that effort 

is a cost that discounts the value of rewards10,21,27. Models of effort-discounting have provided a robust 

account of this effort aversion, and when combined with neuroscience methods have revealed several 

frontal and basal-ganglia circuits linked to decisions of whether to exert effort10,11,21,23,28. Lesions to these 

regions in humans, and homologous areas in animals models, reduce the willingness to exert 

effort16,21,29. Portions of the sulcus of the midcingulate cortex (MCC), typically labelled dorsal anterior 

cingulate cortex (dACC), and putamen are consistently shown to signal the costs of effort and the 

subjective value of rewards discounted by effort10,23,28,30. Notably, individual differences in responses to 

efforts’ costs in MCC and putamen are associated with variability in effort aversion28. In addition, ACC, 

ventro-medial prefrontal cortex (VMPFC), anterior insula (AI), and ventral striatum (VS) have all been 

linked to processing the rewards and subjective value of rewards discounted by efforts costs11,23,28,31,32.  

Strikingly, variability in neural responses in sub-regions of the MCC and ACC have also been associated 

with changes in activity when one progresses through a sequential task9,12,33, as levels of fatigue 

fluctuate impacting effort-based decisions,23 with motivating extended behaviours33, and with shifting 
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preferences for sequential risky choices when under pressure to complete a goal34. Putting these 

findings together might suggest these regions could perform functions that shift the valuation of effort, 

and thus decisions of whether to exert effort for reward, when making progress towards goals. However, 

there are no studies that provide any evidence of this, nor a formalised account of the computations 

that would drive such a shift.  

Here, we offer a normative explanation and formal computational model for how the pressure to reach 

longer-term goals before deadlines can shift effort from a cost to something positively valued. We 

propose that longer-term goals are only reached if effort is exerted. Typically, greater effort leads to 

more progress being made towards completing a goal. When there is no deadline, progress can be 

made slowly, and high effort is not necessary. However, when there is a deadline, all the progress 

necessary to complete the goal needs to be made by a fixed point in time, and therefore small amounts 

of effort may be insufficient to reach the goal in time. That is, if you are close to a deadline in time and 

have significant progress required to complete a goal, effort has high value as it is a necessity in order 

to reach the goal before the deadline2. Thus, there is a high pressure to choose it. Alternatively, if you 

are close to a deadline but have nearly completed the goal, pressure is low, and effort will not add value. 

Thus ‘deadline pressure’, defined as the amount of work still required to complete a goal divided by the 

time left to complete it, should guide decisions of when to exert effort to complete goals. We propose 

that this deadline pressure switches the valence of effort within decision-making computations, leading 

effort to be valued. Thus, the more deadline pressure an individual is under, the more they will value 

effort. Moreover, sub-regions of the MCC, ACC, VMPFC, AI and VS previously implicated in effort and 

goal processing will process the range of computations underlying this deadline pressure, and how 

effort can be at times an avoided cost but at others valued and sought. 

To test these hypotheses, we developed a novel effort-based decision-making task. In this task, people 

have to exert effort in order to make progress towards goals. The more effort they exert, the more 

progress they make towards the goal. However, the goals must be completed in 8 trials – creating a 

deadline – in order to increase a bonus payment for participation. On each trial, they chose between 

lower or higher effort options, that both vary in the amount of effort (grip force or button presses) 

required.  

Across three studies using computational modelling (Study 1: ultra-high-field fMRI; Study 2: lab 

behaviour only; Study 3: online) we show that people’s choices are strongly influenced by deadline 

pressure. When there is more pressure people choose the higher effort option more frequently with 

modelling revealing that this is because deadline pressure causes the amount of effort to add to the 

value of offered rewards, rather than being a cost. We show that that individual differences in the 

sensitivity to pressure is associated both with being more proactive in the task (choosing the higher 

effort earlier to reach a goal) and with self-reported daily levels of fatigue. We found that there was a 

spectrum of responses across functionally connected sub-regions of the MCC, ACC and putamen that 

signalled features of the computational model including deadline pressure and the subjective added 

value of effort, as well as processing the chosen amount of effort when it was being treated as valuable, 
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with separate regions signalling it when treated as a cost. These findings highlight that the pressure 

caused by deadlines switches the neurocomputational mechanisms of effort, leading to the processing 

of effort as valuable and worth seeking, rather than a cost to be avoided.    
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Results 

To test the hypothesis that the pressure of a deadline switches effort from an avoided cost to something 

valuable, and the neural mechanisms underlying how to choose whether to exert effort to reach goals 

before a deadline, across three studies participants performed novel decision-making tasks. In these 

tasks the exertion of physical effort made progress towards a goal to be reached within a fixed deadline 

after 8 trials (Fig.1). Like many goals in real-life, if they make all the progress required to complete a 

goal, they can receive all of the reward, if they do not, they will not obtain rewards (e.g., if a student fails 

to finish an essay, they will not get a positive grade). In each trial, subjects were offered a choice 

between two options that varied in terms of the levels of effort required (20 – 70% of their maximum 

voluntary contraction [MVC] / grip strength) and the levels of reward on offer, represented as coins 

(Fig.1a). The choice was always a trade-off between collecting more coins for less effort or exerting 

more effort for less coins (i.e. the opposite of typical effort discounting tasks). However, as more effort 

led to greater amounts of progress towards the goal, participants needed to choose the higher effort, 

lower reward option multiple times in order to reach the goal before the deadline. After each decision, 

they were asked to exert the effort associated with their choice by squeezing a hand grip at the chosen 

level for 1 out of 3s. If they reached the required level, they progressed towards the goal by an amount 

proportional to the effort exerted. If they failed, they did not progress nor collected any coins in that trial 

(Fig.1). In study 1 participants performed the task inside a 7T fMRI scanner with the effort required 

being grip force. Study 2 was identical but performed in the lab, aiming to replicate the main behavioural 

results. In study 3 participants performed a task online with effort manipulated in terms of button presses 

rather than grip force (a proportion – varying from 50% to 95% - of the maximum voluntary number of 

clicks) with the aim to examine whether sensitivity to deadline pressure was associated with individual 

differences in psychological traits. 
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Figure 1. a Task design and trial structure. Participants need to reach a goal by exerting physical effort 

to complete goals before a deadline after 8 trials. Exerting more effort made more progress towards the 

goal. The goal is represented by a yellow line on the right-hand side of the horizontal bar (first panel). 

Participants’ progress towards this bar is indicated by the area filled in blue. In each trial subjects are 

offered a choice between two different levels of effort, represented by the red vertical bars with more 

physical effort a higher red bar, in exchange for two different amounts of reward, represented by the 

yellow coins. The choice was always a trade-off between collecting more coins or exerting more effort 

in order to advance towards the goal. After each decision indicated by the green line (2nd panel), 

subjects are asked to exert the effort associated with their choice by squeezing a hand grip (3rd panel). 

If they have reached the required level they advance towards the goal by an amount proportional to the 

effort exerted (4th panel, top). If they fail, they don’t advance (4th panel, bottom). b. Subjects were 

presented with 30 goals (30 blocks of 8 trials). If they do reach the goal, they receive all the reward 
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accumulated throughout the block. If they don’t reach the goal, they earn nothing in that block. c. To 

increase the variability in how much pressure there was to reach goals, in each trial effort was mapped 

onto advancement towards the goal in a probabilistic fashion. In study 1 and 2, half of the blocks were 

“low pressure” blocks where there was a 75% chance of an enhancement in advancement with respect 

to effort exerted and a 25% chance of reduction. In the other half of blocks, in the “high pressure blocks”, 

the probabilities were reversed, with a 75% chance of reduction and 25% of enhancement of the 

mapping of effort into advancement. In study 3 the mapping of effort into advancement was kept fixed. 

 

 

Deadline pressure leads to seeking effort 

Our hypothesis was that people would succeed at completing goals before deadlines by computing a 

“deadline pressure”, calculated for each trial as the amount of work left to be completed to reach the 

goal divided by the time (number of trials) left to complete it. This deadline pressure would then shift 

the value of effort to positive in choices, rather than being treated as a cost. Participants were indeed 

successful at completing goals in the task (Study 1: (65.8 ± 1.6%) average goals completion rate, 

collecting 698 ± 37 coins, Fig.2c/Suppl. Fig.1; study 2: (70.4± 1.5%) goals completion rate, collecting 

924 ± 74 coins, Suppl. Fig.1; study 3: (62.1 ± 1.6%) goal completion rate, collecting 810 ± 96 coins; 

Suppl. Fig.1).  

While successfully reaching the goals indicated people were choosing higher efforts often enough to 

succeed, we next wanted to examine whether deadline pressure was driving such decisions. Using a 

logistic regression  separately including the effort required and the reward on offer of both options, and 

deadline pressure (distance between the progress made and the goal / trials left to complete it; Fig.2d) 

as predictors of higher effort choices, we found highly significant effects of pressure across studies 

(Study 1:  = 26.9±1.2, t = 23.031; p<0.001; study 2:  = 19.1 ±1.5, t = 12.35; p<0.001; study 3:  = 

13.5±0.9, t = 14.7; p<0.001; Suppl. Fig.3). This logistic regression model structure was selected 

through model comparison (BIC) and outperformed those in which the advancement towards the goal, 

or time left at trial t, were included as separate variables, indicating that an integration of these variables 

into deadline pressure was a more likely computation guiding choices.  

To further test whether participants responded adaptively as pressure varied, in the first two studies the 

mapping between the advancement towards the goal, and the effort exerted, was probabilistic (Fig.1c). 

Although participants were aware that the same amount of effort would not always lead to the same 

amount of progress towards the goal, unbeknownst to participants half of the blocks had lower pressure 

as on 75% of trials progress was easy (i.e. although there was still a direct mapping between effort 

exerted and progress, sometimes the amount of progress made by an effort would be higher) and on 

25% it was hard (it required more effort), and half were higher pressure with the opposite proportion of 
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hard and easy progress trials. This manipulation of effort in different blocks influenced participant 

choices, with people choosing the higher effort more often in high pressure than low pressure blocks 

(Study 1: t =11.48  p<0.001; Fig.2a; Study 2: t =3.33 p<0.005), and logistic regressions showing in 

study 1 a higher effect of effort on the higher effort option in high compared to low pressure trials 

(although this effect didn’t replicate in study 2; Study 1: high_effort = 0.25, t = 0.31; p<0.05; study 2: 

high_effort = -0.318, t=-0.32, p = 0.745). When advancement towards a goal was unexpectedly lower 

following an exerted effort participants responded by subsequently choosing the higher effort option 

more often (t = 6.99, p<0.001 for study 1 and t=7.26, p<0.001 for study 2). The block type (high/low 

pressure) significantly modulated the performance in the task, changing the success rate (by 31% in 

study 1, p < 0.001, and by 26% in study 2, p < 0.001; Fig.2c and Suppl. Fig.1) and allowing participants 

to reach the goal earlier (by a mean of 0.6 trials in study 1, p < 0.001 and by 0.7 in study 2; p < 0.001, 

Fig.2c and Suppl. Fig.1) in low pressure blocks compared to high pressure blocks. Average rewards 

collected did not differ significantly between high- and low-pressure blocks (Suppl. Fig. 1) nor did 

fatigue levels (measured by self-report between each block) differ significantly between the two kinds 

of blocks (p = 0.83 for study 1, p = 0.39 for study 2). Thus, participants were choosing the higher effort 

option more often when the offered effort was higher, as a function of the amount of pressure being 

caused by the deadline and how easy it was to progress on the task. 

One possibility was that participants could be successful in this task, not by responding to pressure and 

valuing effort, but by simply choosing the more effortful option regardless of the levels of effort and 

reward on offer. Multiple analyses do not support that notion. Firstly, we found significant effects on 

choices of the offered amounts of effort and reward for both options, indicating that people were 

considering all aspects of the options presented to them (Effort study 1: left = -4.59±0.51, t = -8.95; 

p<0.001; right = 0.92±0.38, t = 2.41; p= 0.016; Reward study 1: left = -0.217±0.016, t = -13.3; p<0.001; 

right = 0.198±0.026, t = 7.7; p<0.001; Effort study 2: left = -4.20±0.63, t = -6.69; p<0.001; right = -

0.12±0.46, t = 4.64; p = 0.8; Reward study 2: left = -0.238±0.020, t = -11.9; p<0.001; right = 0.243±0.031, 

t = 7.8; p<0.001; Effort study 3: left = -0.052±0.004, t = -13.7; p<0.001; right = 0.094±0.003, t = 33.69; 

p <0.001; Reward study 3: left = 0.341±0.013, t = 24.9; p<0.001; right = -0.22±0.019, t = -11.5; p<0.001; 

Suppl. Fig.3).  

Secondly, as outlined above we showed that people sought the higher effort option more often the more 

it was higher in effort and also were more likely to choose the lower effort option when this lower effort 

was closer to the higher level (Fig.2d; Suppl. Fig.3). This suggests that when people were trying to 

make progress towards the goal, they were more willing to choose either of the options the higher they 

were in effort, rather than the lower (this effect was replicated in study 3 but was only present for the 

lower effort in the smaller sample study 2). In simple terms, participants were more likely to pick options 

the more effortful they were, suggesting that they were prioritising making progress towards the goal 

and thus seeking high effort options that could do so. Taken together these results suggest that subjects 

experienced deadline pressure and this led them to prefer to exert effort rather than avoiding it. 
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Is it possible that the participants in these studies don’t show the typical effort discounting effect? To 

test this, the same participants performed a standard effort-based decision-making task (prior to the 

main task) where there was no goal. Here, a logistic regression revealed that the effect of the higher 

effort was aversive (p < 0.05), discouraging higher effort choices, whereas in the same regression in 

the main task the effect was positive (p < 0.05), with the presence of pressure inducing effort seeking 

behaviour (Fig. 2e left panel and Suppl. Fig. 3). Consistent with this, we ran a computational model 

(a parabolic effort-discounting model as commonly used for physical effort studies10,11,35) which revealed 

that discounting parameters (k) were positive for all subjects in the effort-discounting task fit, but when 

fitted to the main task with goals and deadlines, were all 0 (i.e. no discounting of rewards by effort) apart 

from one participant (Fig.2e right panel) supporting the notion that, under pressure, effort stops 

discounting reward and becomes valuable. 

 

Computational models reveal the added value of effort when under deadline pressure 

To understand the computational mechanisms underlying choices, we developed multiple alternative 

models for people’s decisions of whether to exert effort in the task. Within this comparison we included 

models that assumed effort-discounting where effort is a cost that devalues rewards, models that 

followed a simple heuristic rule that would allow the reaching of goals but did not include effects of 

pressure (e.g. choose higher effort until goal is reached then choose low effort), models that included 

information about time left and advancement towards the goal separately and not integrated into a 

pressure term, and several models of deadline pressure which characterised how pressure might 

modulate different aspects of how choices were made in the task in different ways (Methods; Fig.3).  

We find across all three studies that the best fitting model according to cross-validated BIC, was a 

model where the pressure on a given trial increases the value of effort (BIC = 249.7 for study 1, BIC = 

248.0 for study 2, BIC = 332 for study 3, Fig.3b). This model was the most successful in predicting 

choices (Fig.3b; Suppl. Fig.5; Fig.3c). Strikingly this model is able to capture effort seeking under 

pressure with only two parameters: deadline pressure sensitivity and stochasticity. Both parameters 

were successfully recovered well and independently of the choice stochasticity parameter in 

simulations (Methods; Fig 3d). According to this model, pressure acts as a scaling factor that 

modulates how valuable effort becomes when useful to reach a goal (Fig.3e). As pressure 

approaches zero there is a switch in the computation guiding the choices, and standard effort-

discounting returns as is typically found (Fig.3f). Thus, crucially our model corroborates the statistical 

analyses above, showing that pressure drives people to value effort. 
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People who were more proactive reached goals more often and earlier 

Having established that pressure underlies choices, we next wanted to test whether it was associated 

with variability between people in preferences for when to exert effort to reach goals. One possibility is 

that people aim to reduce pressure before it builds, and thus choose higher effort more often in earlier 

trials. Alternatively, people might let pressure build before choosing higher effort closer to the deadline. 

To examine individual differences, we focused on studies 1 and 3, as study 2 had too small a sample 

to reliably examine variability between subjects. There was some evidence that participants were 

proactive, making more effort and choosing the higher effort option more in the first half of blocks 

although this didn’t replicate in study three (Overall effort study 1: t = 6.39, p <0.001; study 3: t = 1.25 

p = 0.22; first 4 trials vs last 4 trials study 1: t = 4.85 p<0.001; study 3: t = -0.37, p = 0.71; Fig.2a; Suppl. 

Fig. 2; Fig.2a). However, strikingly, variability in choosing the higher effort option on the first trial was 

highly correlated with how many trials into a block it was when they completed goals on average (r = -

0.73 p<0.001 for study 1; r = - 0.42 p<0.01 for study 3). Thus, people who were more proactive and 

chose the higher effort option more on earlier trials, reached goals earlier. 

The winning computational model included a single parameter that can account for variability in the 

sensitivity to pressure, scaling the extent to which pressure leads to an increased value of effort (Fig.3e 

and 3f). We found that this parameter was associated with a higher proportion of goals reached (r = 

0.41 p<0.01 for study 1, fig.3g, although not reaching significance for study 3: r = 0.20 p=0.06), earlier 

reaching of goals (r = -0.66 p<0.001 for study 1, fig.3h, and r = -0.52 p<0.001 for study 3), with lower 

levels of average experienced pressure (r = -0.54 p<0.001 for study 1 and r = -0.62 p<0.001 for study 

3), and a higher proportion of higher effort choices in the first trial (which have equal pressure for all 

participants on average across all blocks) (r = 0.76 p< 0.001 for study 1; r= -0.76 p<0.001 for study 3). 

Interestingly, in study 3, it was also negatively correlated with self-reported daily levels of fatigue (r = -

0.35, p < 0.05, Suppl. Fig.5c). This suggests that the computational mechanisms underlying deadline 

pressure may be linked to the willingness or ability to exert effort to reach goals before deadlines in 

everyday life.  

These behavioural results provide a computational account in which the pressure exerted by a deadline, 

leads to higher effort being valued and chosen, rather than being an avoided cost. Moreover, they show 

that sensitivity in the willingness to proactively (Fig. 2f/3h) reduce pressure may lead to earlier goal 

attainment and may be a marker of everyday exertion of effort. 
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Figure 2. Behavioural results from study 1. a. Average (across subjects and blocks) percentage of 

higher effort choices across each trial number within blocks. In the inset, the same for high-pressure 

(orange) and low-pressure (green) blocks. b. Average (across subjects and blocks) percentage of 

higher effort choices across binned pressure values (10 bins). In the inset, the same for high-pressure 

(red) and low-pressure (green) blocks. c. Average percentage of goals reached across all (purple), low-

pressure (green) and high-pressure blocks (orange; top panel) and average number of trials before 

deadline in which the goal was reached across all, high-pressure and low-pressure blocks (bottom 

panel). d. A logistic regression predicting choices in the main task as a function of pressure, the reward 

level of the lower effort option (LEHR), the reward of the higher effort option (HELR), the effort level of 

the lower effort option, and the effort level of higher effort option. e. Regression values (left panel) of 

the effort level of the higher effort option during the main task with a goal (orange) and of the higher 

effort option of the standard effort discounting task (blue). On the absence of pressure, participants 

were effort averse, but in its presence, they were effort seeking. Consistently, the discounting parameter 

(k) encoding how much effort was discounting rewards (methods) was positive when the model was fit 

to a standard effort discounting task without goals, where there was no pressure, but was near zero 

when the model was fit to the main task trials, in the presence of deadline pressure (right panel). f. The 

percentage of times participants choose the higher effort lower reward choice in the first trial (when 

pressure is the same for all participants) negatively correlated with the average trial at which participant 

reached the goal. 
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Figure 3. Computational modelling of deadline pressure and the valuing of effort. a. Cross-validated 

BIC values for different computational models of decision-making in the main task (lower is better model 

fit). The winning model is PE shown in green. b. average percentage of correct choices across models. 

The winning model predicts on average 74.1% of choices. c. an example of fit of the winning model for 

one participant, predicting 91% of the participant choices. The model computes a probability (cyan) of 

higher effort lower reward choice for each of the 240 trials (30 blocks of 8 trials). 92% of choices were 

correctly predicted (green dots). d. Parameter recovery of model parameters from the winning model, 

where (P1) is the inverse temperature (p2) is the pressure sensitivity parameter. e. The winning model. 

The value of both options depends on reward, but the amount of effort offered by an option adds to the 

value of choosing that option, as a function of the current level of pressure (work left to complete goal 

divided trials left to complete it) and participants’ sensitivity to that pressure (k). f. Schematic 

representation of the winning model.  The linear relationship between value and effort is modulated by 

pressure. For positive values of pressure, effort increases the value of a choice, for negative values of 

pressure, effort discounts the value. g , h. The individual subject pressure parameter values fit by the 

winning model correlate with the percentage of goal reached by participants (f) and negatively 

correlated with the trial at which goals were reached on average. Each dot is a participant. 
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MCC and putamen signal deadline pressure during choice 

We predicted that regions of the brain previously linked to effort-based decision-making, and the 

tracking of task progress, would integrate information about the time left before a deadline and the 

amount of progress left to complete, to signal the pressure to exert effort. That is, the BOLD signal in 

some of these regions would fluctuate trial-by-trial with the pressure experienced by the participants 

when deciding how much effort to exert in order to reach the goal. To test this notion, we fitted trial-by-

trial values of deadline pressure time-locked to the moment when participants were presented with the 

offers (Fig.4a). We found (Supplementary Table 1) a significant negative relationship between 

pressure and the BOLD signal in a cluster extending across the MCC, with the peak inside the posterior 

rostral cingulate zone (RCZp36, peak MNI: -1, 4, 35; Z = -5.66;  p < 0.05 FWE cluster-corrected; Fig. 

4b). Notably this MCC cluster did not contain voxels significant for chosen effort or subjective value. 

This cluster was uniquely associated with pressure and did not respond to the advancement towards 

the goal or the trials left to reach the goal (Fig. 4). Additionally, we found a cluster associated with the 

same pressure variable in the putamen (peak: 33, 0, -4; Z = -5.80, p < 0.05FWE cluster-corrected; Fig. 

4c). Thus the putamen and MCC, which are regions previously linked to effort-based decision-making, 

showed variability in their responses as a function of the level of pressure on each trial.  

Next, we performed a psychophysiological interaction (PPI) analysis time-locked to offer presentation 

with seeds in a posterior putamen mask (Suppl. Fig. 7) and in a mask of the RCZp which were 

anatomically defined to test where these regions might functionally connect with during choice. This 

identified a cluster overlapping with the RCZp cluster responding to pressure was identified from the 

putamen PPI seed, and vice versa a putamen cluster was present in the RCZp (Fig. 4c and Suppl. 

Fig.7c), indicating the two regions were functionally connected during decision-making. Thus, at the 

time of evaluating and making effort-based decisions, activity in a connected network including MCC 

and Putamen encoded the pressure that is experienced by participants while working to reach a goal.  

 

MCC and putamen signal deadline pressure prediction errors during outcomes 

A crucial component of working towards goals is that sometimes, for the same amount of effort, we 

make more or less progress than we expected. We therefore hypothesised that this could be 

conceptualised as a pressure prediction error (PPE) at the time of the outcome of effort during the 

feedback screen. That is, we exert effort that we believe will reduce pressure to a certain degree, and 

if the outcome of our effort reduces pressure more or less than this, the difference can be considered 

as a PPE. In our task, by manipulating the mapping between effort and advancement towards the goal 

in different blocks (i.e. high and low pressure blocks), we created uncertainty about the amount that 

pressure would be reduced by an effort on each trial. Thus, in each trial, we could calculate a signed 

PPE and look for areas in which activity was scaled trial by trial with PPEs. We found (Supplementary 

Table 1) a cluster in the MCC in which activity covaried with the PPE (peak: 3,9,46; Z = 4.93, p < 0.05 

FWE cluster-corrected; Fig. 4e; Fig. 4g). Notably while this cluster was also in the MCC, the cluster 
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appeared to be anterior to the RCZp, lying in the anterior portion of the RCZ extending across the 

anterior rostral cingulate zone (RCZa36). In addition, we found a significant cluster in the putamen (peak: 

22, 4, 2; Z = 3.76, p < 0.05FWE cluster-corrected; Fig. 4f). While this cluster was partially overlapping 

with the putamen cluster signalling pressure at the time of offer presentation, its peak did not fall within 

that other cluster. This suggests that there may be anatomical separation in the putamen as well as in 

the MCC between different sub-regions signalling pressure and PPEs. PPI analyses at the time of the 

feedback, also revealed clusters in the MCC from the posterior putamen seed, and vice versa, 

suggesting these regions are functionally connected when monitoring and updating the level of pressure 

to reach a goal (Fig. 4f and Suppl. Fig.7c.) 

 

 

 

Figure 4. Neural responses to pressure and pressure prediction error. a. Deadline pressure was 

computed as the ratio between the distance to the goal (green) and the time left to reach it (blue), that 

is, the trials left before the end of the block. b. BOLD response signalling trial by trial pressure at the 

time when participant saw the offers in the MCC (purple). In the left panel, time series of the strength 

of pressure (purple), distance to goal (green) and time left (blue) representations in voxels from an 

independent anatomical ROI in RCZp. c. BOLD response signalling pressure in the Putamen. A PPI 

analysis using the posterior Putamen as a seed revealed a significant increase in connectivity at time 

of offer in MCC. d. As the mapping between effort and advancement was probabilistic, in each trial 

subjects experienced a discrepancy between how much they expected to advance (orange) based on 

their choice (orange arrow) and what they actually advanced (green). Therefore, subjects could 

experience a pressure prediction error (PPEs) weighting this discrepancy by the time left. e. BOLD 

response signalling trial by trial PPEs at the time when participant saw the outcome in the MCC (red). 

In the right panel, time series of the strength of pressure and pressure prediction error representation 

at time of outcomes in voxels from an independent anatomical ROI in RCZa. f. BOLD response 
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signalling trial by trial PPEs in the Putamen (shown at z>3.1). A PPI analysis using the posterior 

Putamen as a seed revealed a significant increase in connectivity at time of feedback with MCC. g. 

Four independent anatomical masks for sections of the MCC and ACC. RCZp and RCZa broadly 

overlap with the peaks of the adjacent representation of pressure and pressure prediction errors. h. 

Correlation between the pressure sensitivity parameter and the average s in ACC (anatomical region 

p32). Each dot is a participant. 

 

Distinct portions of ACC signal effort when under deadline pressure or not 

Previous research has shown that across the MCC, ACC, VMPFC, Insula and basal-ganglia effort and 

reward are processed when people evaluate whether to exert effort or not. Typically, they are found to 

show responses in opposing directions, i.e. if activity increases with reward magnitude it reduces with 

higher effort10. However, as participants showed a pattern of behaviour reflecting the positive valuation 

of effort, we aimed to examine if similar or distinct regions signal effort when it is being treated as a cost 

or when it is being processed as valuable. To do this we compared trials where participants had yet to 

complete the goal (pressure trials) with trials where participants had completed the goal (no pressure 

trials). Behaviourally participants switched back to avoiding the higher effort on no pressure trials, as 

they would in an effort discounting task, as there was no need to make more progress. We then looked 

for activity that covaried with the chosen effort on those two trial types.  

This revealed two distinct clusters in the anterior cingulate cortex (ACC). On pressure trials where effort 

adds value, BOLD responses varied with chosen effort in the rostral ACC, in the ventral tip of area 32 

(p32, peak:-1,30,-3; z = -4.11, p < 0.05FWE cluster-corrected; Fig. 5a). In contrast on no pressure trials 

BOLD responses in a more dorsal ACC cluster responded to chosen effort, in a region more commonly 

found in studies examining effort-discounting processes (d32 extending to RCZa, peak: 6,35,22, Z=-

4.10, p < 0.05FWE cluster-corrected; Fig.5a). These results corroborate the idea that chosen effort 

processing differs when there is no pressure, compared to when people are under the pressure of a 

deadline. Once more a cluster in the right posterior putamen signalled effort both in trials with or without 

pressure (peak without pressure: 29, -4, -2; Z = 3.97; peak with pressure: 29, -3, -5; Z = 4.69, p < 0.05 

FWE cluster-corrected; Fig. 5b-c). However, it appeared that the putamen processes effort on both 

types of trial in the same manner (Fig. 5b-c), suggesting that processing the effort of the action was the 

same in the putamen regardless of whether it was being treated as a cost or valued.  

 

A different ACC subregion signals subjective value 

Next, we wanted to test if, and where, subjective value from our pressure model (in which effort 

increases value) was processed. To test this, we took the trial-by-trial estimate of the difference in value 

between the offers according to the model, and examined activity at the time when participants were 

presented with offers. We found a significant relationship between the BOLD signal in a dorsal ACC 
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cluster extending across the dorsal portion of area 32 (d32 peak: -3, 36, 15; Z = -4.11, p < 0.05FWE 

cluster-corrected; Fig. 5d left panel). In a separate analysis we used the absolute difference in value 

between the two options and found a significant cluster in area 32 (d32 peak: -2, 37, 26; Z = -5.15, p < 

0.05FWE cluster-corrected; Fig. 5d right panel). Both these closely related representations 

disappeared in a control analysis where subjective value was computed from a standard effort 

discounting model which is not informed by pressure (ED0 - see equation 2 in methods), suggesting 

these regions were processing value only when effort was positively valued.  

Next, we extracted ROIs in four anatomical regions36 of the cingulate sulcus and tested whether the 

strength of their representation of pressure and pressure prediction errors were correlated with the 

pressure sensitivity parameter independently estimated for each subject by the model. That is, do any 

of these regions show a relationship with how sensitive to pressure a participant is. We found a negative 

relationship between the encoding of pressure in the p32 region of the cingulate cortex and the pressure 

sensitivity parameter (r = - 0.47 p < 0.05; Fig. 4h). This cluster overlapped with that which signalled 

chosen effort on pressure trials where effort was having a positive value. This suggests that this is 

involved in changing the value of effort to positive as a function of how sensitive a person is to deadline 

pressure.  

We also, once again, found a cluster in the putamen, this time, both for the absolute difference in value 

incorporating pressure or in the model not including pressure (peak for value difference with pressure: 

31, -2, 4; Z = 3.35; peak without pressure: 15, 9, -10; Z = 3.11; cluster-forming threshold p < 0.001; Fig. 

5f). It was also activated by the chosen reward but slightly earlier in time (Suppl. Fig.7). Indeed, adjacent 

subregions of Putamen encoded reward, effort both under - and without - pressure, pressure, pressure 

prediction errors and subjective value, suggesting that Putamen acts as an integration hub of these 

different computations allowing a switch in the value of effort (Fig.5e and Supplementary Fig.7). 
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Figure 5. Neural representation of effort and value. a. Representation of effort at time of choice in the 

ACC in trials where subjects experienced pressure (blue) and in trials when they didn’t (pink). b 

Representation of effort in the putamen. c, Time series of the strength of effort representation in voxels 

from an anatomical ROI in the posterior putamen.  d. Representation of the difference in value between 

the offers at time of choice in the ACC. Signed difference in value between higher effort and lower effort 

option (left panel) and absolute difference in value between the options (right panel). e. Representation 

of effort, pressure and pressure prediction error in the putamen. f, Time series of the strength of value 

representation in voxels from an anatomical ROI in the posterior putamen. 
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Discussion  

Using computational modelling and ultra-high-field fMRI we revealed neural and computational 

mechanisms underlying decisions to exert effort to reach goals under the pressure of deadlines. We 

replicated in three experiments the finding that people seek higher effort behaviours, that are associated 

with lower immediate rewards, because the pressure caused by the deadline associated to a goal (how 

much progress towards the goal is left to complete divided by the time left to complete it) switches effort 

to be valued rather than being treated as a cost. Activity in portions of the MCC signalled this deadline 

pressure with a neighbouring region of MCC signalling pressure prediction errors when the outcomes 

of an effort reveal pressure had reduced more or less than expected. We found representations of the 

subjective value of rewards with the added value of effort, effort when it is treated as a cost, or as a 

benefit in three separate ACC sub-regions. The putamen was also found to signal all these five decision 

variables. These results combined highlight how the brain processes the pressure caused by deadlines, 

how this shifts the valence of effort within decision-making, and switches processing in multiple circuits 

in the brain that keep people on track to meet goals. 

Deadlines are a ubiquitous feature of modern societies and foraging environments1,2,4,6,24 and a powerful 

motivator of effortful behaviour37. However, existing research had not provided an account of the 

neurocomputational mechanisms underlying this phenomenon. We offer evidence for a normative 

account for how and why deadlines increase effortful exertion, that may explain multiple existing findings 

in motivation research.  

Firstly, we suggest effort can be valuable when it makes us progress towards goals. While participants 

were instructed that greater effort made more progress towards goals, it may also be that people can 

learn this (e.g. learning that effortful training improves performance38,39) and generalize it from one 

context to another. This may explain why, despite effort being typically considered aversive, in 

circumstances where people have set a goal, they seek it (e.g. cycling up a mountain). Notably, 

participants did not need to value effort to achieve goals in our task. It was necessary to choose the 

higher effort option to succeed, but goals could be reached through other strategies. For instance, 

choosing high effort until the goal was reached regardless of the amount of offered effort and reward, 

or choosing the higher effort option only when it was at lower effort levels. These would be successful 

strategies but were not apparent in behaviour.  This concords with existing research showing that 

people can value  some effortful actions, and show increased liking of objects they have exerted effort 

into making (the Ikea effect), and learned industriousness effects22,26,40. However, we demonstrate a 

new circumstance, and a normative account for how goals with deadlines can lead to positive valuations 

of effort.  

Secondly, we propose the switch in valence of effort occurs due to the pressure of having to complete 

a significant amount of effort to reach a goal before a deadline. This offers a mechanistic understanding 

for why deadlines/finish lines can increase motivation and performance41. This goal gradient effect41, 

had been argued to be due to opportunity cost-based mechanisms, i.e. finish lines make effort seem 
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more worthwhile24,42 or increase the marginal value of progress43. However, this line of work could not 

determine whether such effects were because people’s choices of whether to exert effort were changing 

due to a reduction in the perceived cost, or because effort was being valued, nor offered a computational 

account for why this change in value might happen. Our notion of deadline pressure can putatively 

account for these effects.  

Thirdly, while we show effort can be positively valued in choice, it does not necessarily mean that it was 

hedonically pleasurable22,44, nor that there was not a cost to that effort for the motor system45. Indeed, 

we found that the putamen signalled chosen effort on all trials regardless of whether it was trials where 

effort was valued or costly within decision-making. Thus, it is plausible that the brain can simultaneously 

represent a different valence for the same act in different brain systems, potentially explaining why it 

may appear paradoxically valued at some points, but not at others. 

Lastly, our results are consistent with the idea that avoiding uncertainty and risk of missing goals could 

be an overarching motivation. In our task maximising reward required succeeding at goals. Thus, it 

would be risky not to choose the higher effort option as avoiding effort would mean not progressing and 

subsequently failing. Thus, deadline pressure could in theory be considered as a calculation of the risk 

of not maximising long-run reward. This would suggest an overarching driver of the choice of higher 

effort may be the uncertainty over whether important long-term goals will be achieved, which has 

previously been shown to increase risk-taking34. Deadline pressure, and its effects on effort, may 

therefore reflect a crucial component for maximising reward in foraging animals46. 

Interestingly some people were highly proactive and sensitive to deadline pressure, choosing the high 

effort option frequently, early on during goals. This variability was captured by the pressure sensitivity 

parameter within our model which in turn was associated with daily levels of fatigue. Previous work has 

shown that higher levels of fatigue are associated with a reduced willingness to exert effort for reward, 

putatively due to an increased cost of effort47,48. We extend this, suggesting that feelings of fatigue 

prevent people from being able to proactively respond to deadline pressure and treat effort as valuable. 

Moreover, this suggests that our computational model may be fruitful for understanding variability in 

motivation49,50, and disorders associated with reduced fatigue16,17,51.  

The finding of high levels of proactivity overall could be interpreted as being inconsistent with people 

procrastinating and not focusing on goal completion. Procrastination often occurs in the presence of 

alternative goals which distract from a main task because they can offer more gratification52 or are 

perceived as more urgent53. Without an alternative goal, participants thus had little else to procrastinate 

on in our study. However, it is also important to note that participants did fail on multiple blocks. Previous 

research has shown that procrastination may occur when people are tempted by an immediate 

reward54. As people were presented with a low effort (low progress) high reward option, it is plausible 

that this caused a degree of procrastination leading to failures to complete goals. Future work should 

try and disentangle how this lure of alternatives and deadline pressure interact to lead to failures to 

reach goals due to procrastinating.  
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This work provides the first characterisation for how sub-regions of ACC, MCC and basal-ganglia might 

guide our motivation to exert effort to succeed in reaching goals before deadlines. The MCC has been 

found to signal the costs of effort during effort-based choice10,21,32, unexpected changes in required 

effort55, for motivating people to overcome effort16,56, to persist with effortful behaviours57,58, and also 

signalling fluctuating levels of fatigue during effort-based choices23,51. Other studies have also 

suggested the MCC may be important for signalling wider contextual information that influences other 

types of choice and cognitive control processes33,59–62. This includes the pressure to make risky choices 

to reach goals34 and the tracking of progress through sequential tasks9,63. The anatomical connectivity 

of this region places it as an area that receives input from sensorimotor, interoceptive and cognitive 

processing areas36,64,65. Moreover, it contains neurons that process unexpected outcomes, monitor 

errors in task performance, and lead to post-error slowing in cognitive control tasks66–70. With our results 

suggesting it signals deadline pressure, this paints a complex picture for what function this processing 

may serve.  

Our model of deadline pressure can potentially encompass and integrate these previous findings 

regarding MCC function. Our results suggest the MCC integrates contextual information about how 

aligned current progress is with respect to one’s goals, that provides a function (deadline pressure) at 

the time of choosing that indicates the need to exert effort to reach a goal, and another (pressure 

prediction error) to monitor and update this over time. These computations, in addition to those we 

identified within the ACC and putamen, allow individuals to flexibly update goal-directed motivation and 

behaviour to ensure our efforts allow us to reach our goals over time. This therefore provides a 

framework for a more rich, complex approach to motivated behaviour, that may be applicable to multiple 

other forms of cognitive control and performance monitoring processes linked to MCC function, where 

people have longer-term goals. 

Overall, our results in the putamen suggest it is involved in integrating multiple features that guide 

decision-making (subjective value, effort cost, effort benefit, pressure and pressure prediction errors) 

through communication with the anatomically connected MCC and ACC71,72. This is supported by 

previous evidence showing that the putamen is engaged when making effort-based decisions, with 

variability in its responses linked to effort aversion28,73. Notably, both when treated as a cost or valued, 

effort and the subjective value according to the model, were found in the caudal putamen. Moreover, 

the putamen signalled effort on all trials in the same manner, regardless of whether people will still aim 

to achieve a goal or it had already been completed. This is in line with existing evidence that suggests 

more posterior portions of the putamen guide automated motor responses and force exertion30,73. The 

posterior/caudal putamen may therefore be more directly involved in processing the cost of exerting 

effort regardless of whether it was positively or negatively valued in choice. 

In contrast, we found that pressure and pressure prediction error signals appeared to be localised more 

anterior/rostral within the putamen. This expands existing ideas of the contribution of the putamen to 

behaviour, suggesting it may integrate information about the context that influences the processing of 

effort. With dopamine neurons in the substantia nigra projecting widely across the putamen73–75, this 
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may offer an explanation for some motivational impairments occurring in disorders linked to basal-

ganglia, such as Parkinsons Disease (PD)16,76,77. While loss of dopamine function in PD has been linked 

to many aspects of motivation, this includes an inability to perform tasks with multiple components78. 

Initially this was believed to be due to deficits in planning. However, as has been noted, the ability to 

plan is intact in PD, but execution appears to be disrupted79. Our results suggest that the putamen plays 

a crucial role in integrating information about goals and deadlines into signals that motivate individual 

behaviours towards longer-term goals. The signals we identified were in a task where explicit planning 

was not possible, instead one had to motivate different amounts of effort based on task progress. A 

deficit in these mechanisms could lead to the inability to motivate the exertion of effort into specific acts 

during a sequence of behaviours. Future research should therefore investigate how neuro-modulatory, 

potentially dopaminergic, and basal-ganglia related deficits might impact on how effort-based decisions 

are made when progressing towards a goal before a deadline.   

Previously there has been debate about whether the medial frontal cortex is engaged in processing the 

subjective value of rewards, the difficulty of decisions, foraging value, and effort costs10,60,62,80,81. This 

has included some specific questioning about whether value during effort-based decisions is signalled 

in dorsal ACC10,11,31. Notably, we found a spectrum of computations being performed across multiple 

sub-regions of the MCC and ACC with the effort being chosen signalled in different sub-regions of the 

ACC when it was being processed as a cost or when it was being valued. Another distinct sub-region 

signalled subjective value according to our computational model. This would suggest that there are 

different mechanisms that might guide effort-based choices when aiming to reach a goal, compared to 

when there is no goal as is the case in past experiments, and argues against the idea that our results 

could be explained by one alternative factor such as choice difficulty. Our results therefore suggest 

there is not a single system for guiding effort-based decisions, but instead multiple systems depending 

on the context in which those choices are made, with this all integrated within the putamen. 

Deadlines have a major impact on motivation and are ubiquitous features of many aspects of our daily 

lives. Using computational modelling and ultra-high-field fMRI we show that when under the pressure 

to reach a goal before a deadline, people switch to treating effort as valuable, rather than costly, during 

decision-making. People who are proactive and work hard early on are more successful in completing 

goals, which is more challenging for people who suffer from high levels of fatigue. A spectrum of 

computations across medial frontal cortex, and functionally connected putamen regions, signal deadline 

pressure, update this through a prediction error, signal the subjective value of effort and switch from 

signalling effort from costly to valued. Thus, we provide a computational framework for how fronto-

basal-ganglia circuits help people keep ‘on track’ to exert effort and reach their goals before deadlines. 
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Methods  

Three studies were undertaken to examine how people make decisions about whether to exert effort in 

order to reach a goal before a deadline. Study 1 was completed while undergoing 7T fMRI aiming to 

examine the neural correlates, study 2 was designed to replicate the main behavioural findings, and 

study 3 was conducted with an online version of the task aiming to examine variability between 

participants in behaviour. 

Participants  

We recruited 95 healthy young participants across three studies. In study 1 (N = 30, 16 female, 14 

male, age range 18-40) 3 participants performed a lower number of blocks (21, 19 and 15 instead of 

30) due to technical problems with the scanner. The sample size for study 1 (N= 30) was chosen 

based on previous effort-based studies reporting strong effect sizes obtained with 3T fMRI scanners 

at N = 35 10,27 and considering the up two times higher signal to noise of 7T scanners82.  In study 2, (N 

= 15 participants, 8 female, 7 male, age range 18-40) participants performed the task while sitting in 

front of a computer in an isolated room. The sample size was based on a power analysis of the effect 

size of pressure that a smaller sample was sufficient to replicate. For both of these studies the 

recruitment was from the student population of the University of Oxford, and the wider community of 

the city of Oxford. Thus, in study 3, (N = 40, 11 female 29 male, age range 20-45) participants were 

recruited from online platform Prolific.com and performed a version of the task online on Gorilla.sc, an 

online experiment builder. This ensured a wider sample of UK participants. The sample size for study 

3 was chosen based on related previous studies assessing the relationship between fatigue scores 

with effort-based choices47 for N = 40. All studies were approved by The University of Oxford Central 

Research Committee. Informed consent was obtained from all participants. Four participants (2 in 

study 2, 2 in study 3) were excluded due to a failure to follow task instructions or for low performance 

in the task (the exclusion criterion was met if the participant didn’t succeed in at least 10 blocks out of 

30). For the first two studies, participants were compensated a flat rate of £12.5/hour for their time 

and were also told that they would receive a bonus of up to £5 based on their responses in the task. 

For the third study, participants were compensated a flat rate of £9.76/hour for taking part in the 

experiment and were also told they would receive a bonus of up to £5. 

Procedure 

Across all studies, the same basic design was used to examine how the willingness to exert effort to 

obtain rewards changes over trials under the pressure to reach a goal by a deadline. All studies 

comprised an initial calibration phase to establish their maximum voluntary contraction (MVC – study 1 

and 2) on a handheld dynamometer, or maximum number of mouse button clicks (MVNC - study 3) 

followed by a training phase, in which participants were familiarised with each level of effort that they 

would be required to perform during the rest of the experiment. This was followed by an effort-

discounting task to assess their effort sensitivity in a more standard paradigm where there was no goal, 

and the deadline task, where they had to complete goals.  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

Calibration – In the first two studies, we measured their maximum voluntary contraction (MVC) to 

normalise force levels across participants and avoid variability due to differences in strength.  

Participants were asked to squeeze the dynamometer as hard as they could for three times, while 

receiving verbal encouragement. During each attempt, a vertical bar presented on the screen provided 

live feedback of the force level generated. In the second/third attempts, a benchmark representing 

105/110% of the previous best attempt (displayed with a “target” yellow line on the screen) was used 

to encourage the participants to improve on their score. Participants did not know that this yellow line 

indicated a higher force level than in their previous attempts. The maximum level of force generated 

during the three attempts was used as that participant’s MVC for the rest of the experiment. In the third 

study, a similar procedure was performed, asking participants to click as many times as they could on 

three consecutive occasions. The maximum number of clicks was used as that participant’s maximum 

voluntary number of clicks (MVNC) for the rest of the experiment. 

The levels of force required throughout the experiment were then computed as percentages of each 

participant’s MVC/MVNC. We defined 4 effort levels corresponding to 20%, 35%, 50%, 70% of MVC for 

study 1 and 2 and for effort levels corresponding to 50%, 65%, 80% and 95% of MVNC for study 3. The 

difference in effort levels between study 1 and 2 compared to study 3 reflect the inherent difference in 

effort between the two tasks employed, whereby clicking requires proportionally less effort than 

squeezing a handgrip.  

Training – In the first part of training, participants were familiarised with how much effort was required 

at each level. Participants were presented with the 4 effort levels in an ascending order. In the first two 

studies, for each effort level, a yellow line was shown representing the required level of effort while a 

fluctuating vertical red bar represented the instantaneous effort exerted by the participant on the hand-

held dynamometer. Participants had 3 seconds to reach the required effort threshold by squeezing the 

dynamometer. The response was considered correct if the effort exerted was above the required level 

for at least 1, non-continuous second, out of 3 seconds. The same procedure was adopted for the 

exertion of all levels of effort throughout the rest of the experiment. For study 3, a round grey button 

was shown for 3 s and had to be clicked over until the required number of clicks. The same procedure 

was adopted for the exertion of all levels of effort throughout the rest of the experiment. 

In the first part of the training, participants were asked to reach the required level of effort to complete 

each trial in order to gain one credit. Thus, participants were familiar with how much effort would be 

required for each level prior to making decisions in the main task.  

In the second part of training, participants were introduced to the kind of choices they would experience 

during the main task. Participants were asked to complete a block of 8 trials, and in each trial choose 

between two options with different levels of reward and effort, a highly rewarding option that required 

little effort and a very effortful option which was not very rewarding. In the first two studies, effort levels 

were represented by a vertical red bar, while reward levels by a pile of coins next to the effort bar. In 

the third study, effort levels were represented through a pie chart with increasing number of slices (from 

1 to 4), while reward levels were represented by a horizontal pile of coins under the effort pie chart. 
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Participants indicated their choices by pressing one of two keys on the keyboard to select either of the 

two options, presented on the corresponding left or right of the screen.  Participants were also shown a 

progress bar with a goal they would need to reach by exerting enough effort over the course of 8 trials. 

In this part of the training participants were familiarised with how to advance towards the goal in the 

main task by the exertion of effort.  

No-goal (effort-discounting) task 

In order to test whether the participants we tested showed a typical aversion to effort, participants 

performed 30 trials of an effort-based task which did not include a goal and was therefore performed 

without any pressure. Here, each trial was independent of each other and involved a choice between 

two options associated with different level of reward and effort. Taking this approach allowed us to 

measure the degree to which people devalue rewards by effort in a task where they were not 

incentivised by the need to reach a goal. In the pre-task, the work options were sampled from four 

reward levels (1, 4, 7, 10 credits) and four effort levels; for the task in the first two studies this 

corresponded to force (20, 35, 50, 70% MVC). In the third study this corresponded to number of clicks 

(50, 65, 80, 95% MVNC). Effort and reward levels were chosen based on pilot and previous experiments 

10,27. This task was always performed before the main task below, to ensure it was unlikely to be affected 

by fatigue or having performed the main task, that might decrease the willingness to exert effort. While 

in the main task all choices were followed by the requirement to exert force, in the pre-task only 20% of 

choices required effort exertion after choice (50% for the third study) in order to reduce the experimental 

time and reduce effects of fatigue. Participants indicated their choices by pressing one of two keys on 

the keyboard to select either of the two options, presented on the corresponding left or right of the 

screen. The trials requiring effort were pseudo-randomly selected. 

Deadline pressure task 

In the main task of the experiment participants were tasked with trying to reach a series of goals, each 

of which needed to be completed within a block of 8 trials. To progress towards the goal, subjects had 

to exert effort, where more effort led to a greater amount of progress. If they reached the goal, their 

bonus payment for participating would increase as a function of the number of coins collected during 

the task. If they did not reach the goal by the end of the 8th trial, they did not obtain any of the credits 

they had collected. The amount of effort they could exert on each trial depended on choices between 

two options. On each trial they would be required to choose between an option that would make more 

progress (higher in effort) but would obtain less reward (coins), or an option that was lower in effort that 

would make less progress but higher in reward. As such, participants would fail at this task if they 

avoided the higher effort, lower reward option. 

Each trial began with the presentation of two choice options. Each option comprised an effort level, 

represented by the height of red bar fill in the first two studies and by the number of slices in a pie chart 

in the third study, and a reward magnitude, represented by the number of coins next to the effort bar or 

under the pie chart. Participants were always presented with a “high(er) reward – low(er) effort” choice 

option on the left of the screen, with one of the highest reward values (4, 7 or 10 coins) and of the two 
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lowest effort levels (20% or 35% of the MVC or 50% and 65% of the MNVC). On the right side of the 

screen there was a “high(er) effort – low(er) reward” (HE-LR) option, i.e. the lowest reward values 1 and 

4 and the two highest effort levels (50% and 70% MVC or 80% and 95% MVNC). Participants had to 

make a choice between these options within 4 seconds. Failing to do so led to a “missed trial”, in which 

no rewards were collected, but also no progress was made, and the experiment moved onto the next 

trial of the block. Responses were recorded by pressing the left or right arrow buttons on a button box 

(study 1 in the scanner) or on a keyboard (study 2 – behavioural only and study 3 - online). After making 

a choice the participants had to exert the effort level chosen. Participants had three seconds to reach 

the required level of effort. For a trial to be considered successful, participants must maintain their force 

above the target line for at least one second out of three in the first two studies.  A failure to do so 

resulted in zero progress being made, and no rewards being collected. After a jitter (1-3 seconds) 

feedback was presented, indicating success or failure of the trial, for 1.5 seconds. In case of successful 

completion, participants were shown the amount of rewards associated with their choice and the 

progress towards the goal.  

Goals were reached only when subjects advanced enough to reach the target line on the progress bar. 

Advancement depended on the amount of effort exerted following the choices made by the participant: 

the more effort was chosen and successfully completed in a specific trial, the more advancement was 

made. In the first two studies, the precise mapping between the effort exerted and advancement 

towards the goal was probabilistic. The total amount of effort required to reach a goal was calculated 

as 

                             Target Effort = 8 x <effort levels> = 8 x 42.5% MVC = 340% MVC 

So, to progress at a pace sufficient to reach the goal in time, participants had to perform on average 

42.5% MVC in each trial. However, in each trial the mapping of effort into advancement was either 

enhanced or reduced by 25%. In half of the blocks there was a 75% chance of enhancement and 25% 

chance of reduction. These were therefore easier or low-pressure blocks, where subjects would 

progress faster towards the goal. In the other half of blocks, the probabilities were reversed, with a 75% 

chance of reduction and 25% of enhancement of the mapping of effort into advancement. Therefore, 

these were harder or high-pressure blocks. Participants were unaware whether each block was high or 

low pressure and were not signalled in advance whether the mapping of effort into advancement in a 

trial was going to be enhanced or reduced. This manipulation made sure that participants could not plan 

with certainty their progress towards the goal and thus might have to choose the higher effort more than 

could be expected in some blocks. 

Each trial began with a presentation (Fig.1) of the offer screen in which there was a progress bar (with 

blue fill indicating the amount of the goal completed and a yellow line indicating the goal), the number 

of trials through the block (t/8), and the two effort options indicated by vertical bars with red fill indicating 

the effort required and yellow coins indicating the reward magnitude. After 4s the chosen offer was 

highlighted with a green outline, followed by the force exertion period (where real-time feedback was 

presented with the red filling up the vertical bar as a function of grip force). There was then a variable 
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jitter (1-3s) followed by the outcome screen. On the outcome screen participants were shown the 

amount of new progress they had made towards the goal, and the number of coins obtained. This was 

followed by another variable jitter (1-3s). Note that these jitters were replaced with 1s fixed intervals in 

study 2 and 3. 

At the end of each block, participants indicated how tired they felt by moving a cursor along a horizontal 

bar ranging from 0 (not tired at all) to 100 (extremely tired). They had a fixed five-second period to 

register their response using the left and right arrow keys, with the initial position of the cursor positioned 

on their previous rating. In study 3, before subject completed the task online they also completed a self-

report 20-time questionnaire designed to measure daily levels of fatigue (Multidimensional fatigue 

inventory)83.  

Apparatus 

Physical exertion was measured using a hand-held dynamometer (SS25LA, BIOPAC Systems, USA) 

that participants squeezed using their dominant hand. The task was programmed and presented using 

MATLAB 2012 (MathWorks, USA) and Psychtoolbox (http://psychtoolbox.org). All choices and 

responses were made on the keyboard using the non-dominant hand. 

 

Statistical analysis 

First, we ran several logistic regression models to identify which experimental factors were most 

important in predicting choices in the main task. To build the best fitting model of participants’ choice 

data, we tested eight different models. These models included the information/elements participants 

viewed on the screen during task performance, such as: advancement towards the goal (Adv); number 

of trials left (TL); reward value of the higher reward lower effort choice option (HR); reward value of 

lower reward higher effort choice option (LR); effort level of higher reward lower effort choice option 

(LE); effort level of the lower reward higher effort choice option (HE) the pressure exerted by the goal 

which we defined as  

1) 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑡) =
1 − 𝑎𝑑𝑣𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡(𝑡)

𝑛 + 1 − 𝑡
   

 

Where n is the number of trials, t is the current trial and advancement(t) is the proportion of total 

progress towards the goal that was made until trial t. Trials where subjects have reached the goals and 

𝑎𝑑𝑣𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 > 1 are considered “no pressure” trials in subsequent analysis. 

Finally, we tested models which included the interaction between the options presented on the screen 

and the interaction between Pressure and the individual options on the screen. Models were compared 

using BIC. The best model turned out to be the one including only the values of the rewards and efforts 

of the two choices and the value of pressure. 
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Computational modelling 

To study and compare fluctuations in the motivation to exert effort under the pressure to reach a goal 

by a deadline, we developed several computational models considering different ways in which the 

presence of the goal might impact on the decision. In addition, we used computational models to 

examine decision-making in the task with the absence of a goal.  

Modelling choices in the absence of a goal 

We first fit choices in the pre-task to estimate the choice model parameters in the absence of a goal. 

We used an effort discounting model which has been extensively used to accurately characterise how 

people devalue rewards by the effort associated with them27,35,84. The model assumes that the 

subjective value of a choice is proportional to the reward on offer, discounted by the effort associated 

with it. That is, effort is assumed to be a cost in such models. We used a parabolic discounting function 

known to describe physical effort discounting in a large number of previous studies 27,84:  

2) 𝑆𝑉(𝑡) = 𝑅(𝑡) − 𝑘0 ∗ 𝐸(𝑡)
2   

Here we estimate the subjective value (SV) of a choice as the value of the reward (R) offered on a trial 

discounted by the associated effort (E). This trade-off is dictated by a free parameter (𝑘0) estimated for 

each participant. As 𝑘0 increases, it leads to lower subjective values. To fit choices between two options 

associated to different level of efforts we used a softmax transformation: 

3) 𝑃ℎ𝑖𝑔ℎ 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒(𝑡) =
𝑒(𝑆𝑉ℎ𝑖𝑔ℎ 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒 (𝑡)−(𝑆𝑉𝑙𝑜𝑤 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒 (𝑡)) ∗𝛽 

𝑒𝛽 +  𝑒(𝑆𝑉ℎ𝑖𝑔ℎ 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒 (𝑡)−(𝑆𝑉𝑙𝑜𝑤 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒 (𝑡)) ∗𝛽 
 

This estimates the probability (𝑃ℎ𝑖𝑔ℎ 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒) of the participants choosing to accept the offer with 

the highest effort to obtain the reward. 𝛽 is a free parameter that estimates the degree of stochasticity 

present in participants’ choices. The probability of the participant choice under the model is therefore 

defined as 

 

4)  𝑃𝑐ℎ𝑜𝑖𝑐𝑒(𝑡) =  {
𝑃ℎ𝑖𝑔ℎ 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒 (𝑡)              𝑖𝑓  𝑐ℎ𝑜𝑖𝑐𝑒(𝑡) = ℎ𝑖𝑔ℎ 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒

1 −  𝑃ℎ𝑖𝑔ℎ 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒 (𝑡)     𝑖𝑓  𝑐ℎ𝑜𝑖𝑐𝑒(𝑡) = 𝑙𝑜𝑤 𝑒𝑓𝑓𝑜𝑟𝑡 𝑐ℎ𝑜𝑖𝑐𝑒
 

Fitting this model to the choices in the no goal task we could estimate the two free parameters (𝑘0, 𝛽) 

for each participant using the fminsearch function in MATLAB. Each model was fit 20 times using 

different parameter starting values to ensure that the optimisation function had not settled on a local 

minimum. The parameters of this model allowed us to estimate the degree to which participants 

devalued rewards by effort in the absence of a goal. 𝑘0 and 𝛽 were then used as fixed values when 

fitting some of the models to the main task data.  

Modelling choices in the presence of a goal 

To fit choices in the main task we formulated different hypothesis about the effect of the goal with a 

deadline on decision making. As a benchmark, we considered the effort discounting model of equation 
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2 and fitted to the main task data (labelled “ED” for effort discounting model) and an effort discounting 

model with the parameters fit in the no goal task (labelled “ED0”) Both models did not compute 

information about pressure and advancement. We then considered different ways in which pressure 

and advancement might impact the evaluation of the offers. First, we considered an extension of the 

effort discounting model which included a term dependant on pressure to compute the value of an offer 

as in  

5) 𝑆𝑉(𝑡) = 𝑅(𝑡) − 𝑘0 ∗ 𝐸(𝑡)
2  + 𝛾 ∗  𝑃(𝑡) ∗  𝐸(𝑡) 

This model (labelled “PED” - pressure model with effort discounting) therefore was identical to the 

standard effort discounting model for P = 0 and assumed two different terms, with opposite signs, both 

dependant on effort. For this model we used the k0 and  fit on the choices made in the absence of a 

goal. Notably this model assumed that effort discounting was occurring when pressure was above zero, 

but this would be counteracted by the increase in subjective value by effort and pressure increasing the 

value. Note that we assumed that effort when adding value would not be squared, as effort was linearly 

associated with progress towards goals.  

We then considered the possibility that in the presence of pressure to exert effort, the effort discounting 

term would simply disappear in the computation of value as in 

7) 𝑆𝑉(𝑡) = 𝑅(𝑡) +  𝛾 ∗  𝑃(𝑡) ∗  𝐸(𝑡) 

This model (labelled “PE” - pressure model without effort discounting) therefore assumed a different 

computation due to the presence of effort. For this model we refit the choice stochasticity parameter  

In study 1 and 2 pressure was different on average depending on the block type. To account for this, 

we examined the possibility that participants would be sensitive to pressure in different ways in high vs 

low pressure blocks using two different pressure sensitivity parameters  and   depending on the block 

type in eq.7. This model (labelled “PEB” pressure model changing with blocks) used the choice 

stochasticity estimated in the no goal task.  

We also considered the possibility that participants would not combine advancement and time left into 

a pressure value and developed a model with two separate terms as in  

8) 𝑆𝑉(𝑡) = 𝑅(𝑡) − 𝑘0 ∗ 𝐸(𝑡)
2 + 𝛾1 ∗  (1 − 𝐴𝐷𝑉(𝑡)) + 𝛾2 ∗  𝑡 

where ADV(t) was the advancement towards the goal at trial t. This model (labelled “AT”) used the effort 

discounting and choice stochasticity parameters estimated in the no goal trials. 

We then considered the possibility that participants would only respond to time and incorporate both 

the past and the future time in their evaluation as in  

9) 𝑆𝑉(𝑡) = 𝑅(𝑡) −  𝑘0 ∗ 𝐸(𝑡)
2 +  𝛾1 ∗ (𝑛 + 1 − 𝑡) + 𝛾2 ∗  𝑡 
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Thus affording for the possibility that participants would be proactive in looking ahead to the trials left 

or reactive to the trials passed. This model (labelled “TT”) used the effort discounting and choice 

stochasticity parameters estimated in the no goal trials. 

Finally we considered the possibility that participants would ignore all the rewards and offers presented 

and work out their choices based on a heuristics. Up until a certain trial q they would choose the higher 

effort lower reward option 90% of the time. After trial q they would choose the high reward low effort 

option 90% of the time. q was therefore the only parameter fit for each participant. This model (labelled 

“CH” choice heuristic) had only one parameter q.  

To compare their performance, all models were fit based on 66% of the data (training set), and the 

performance of each model was tested on the remaining 33% (test set). For each model, the average 

Bayesian Information Criterion (BIC) and the percentage of correct choices (PCC) were then computed 

across the three test sets (3-fold cross-validation). The BIC was computed as in 

10) 𝐵𝐼𝐶 = 𝑘 log(𝑁) − 2 𝑁 ∗  𝐿𝐿 

Where k was the model specific number of parameters, N was the number of choices fit and LL was 

the maximised Log Likelihood of the model, computed as in 

11) 𝐿𝐿 =  ∑ log (𝑃𝑐ℎ𝑜𝑖𝑐𝑒(𝑡) 𝑏𝑙𝑜𝑐𝑘,𝑠𝑢𝑏𝑗𝑒𝑐𝑡
)

𝑡𝑟𝑖𝑎𝑙𝑠,𝑏𝑙𝑜𝑐𝑘𝑠,𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠

 

Where 𝑃𝑐ℎ𝑜𝑖𝑐𝑒(𝑡) was computed through equations 3 and 4 for each model. 

Model parameter recovery  

We assessed the degree to which we could reliably estimate model parameters given our fitting 

procedure. More specifically, we generated six simulated behavioural data sets (i.e., choices for 15 high 

pressure and 15 low pressure blocks of 8 trials) using the parameters selected pseudo-randomly on the 

range obtained in the original fit. For each simulated behavioural data set we ran the winning model PE 

this time trying to fit the generated data and identify the set of model parameters that maximized the 

log-likelihood in the same way we did for original behavioural data. To assess the recoverability of our 

parameters we repeated this procedure 10 times for each simulated data set. The recoverability of the 

parameters is shown in Fig. 3d where we computed the average correlation between the parameters 

used to simulate the data and the recovered parameters. 

MRI data collection  

We acquired the fMRI data using a 7T Siemens Magnetom MRI scanner (Siemens, Germany). 

Specifically, we collected functional Echo-Planar Imaging (EPI) data using a 32-channel head coil 

(repetition time: 1.5 s; echo time: 0.73 ms; number of slices: 93; number of voxels: XX × YY; in-plane 

resolution: 1.5 × 1.5 mm; slice thickness: 1.5 mm; flip angle: 66°). Altogether, we collected 1840 

volumes each, corresponding to thirty blocks of 8 trials each for a total of 240 trials in the main 

experimental task. Three participants saw their scan interrupted for technical problems and performed 

a lower number of blocks (21, 19 and 15 instead of 30, respectively). Anatomical images were acquired 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 31 

using a MPRAGE T1-weighted sequence that yielded images with a 0.7 × 0.7 × 0.7 mm resolution (160 

slices; number of voxels: 256 × 256; repetition time: 8.2 ms; echo time: 3.7 ms).  

fMRI pre-processing  

Pre-processing of our data was performed using the FMRIB’s Software Library (Functional MRI of the 

Brain, Oxford, UK) and included: head-related motion correction, slice-timing correction, highpass 

filtering (>100 s), and spatial smoothing (with a Gaussian kernel of 8 mm full-width at half maximum). 

To register our EPI image to standard space, we first transformed the EPI images into each individual’s 

high-resolution space with a linear six-parameter rigid body transformation. We then registered the 

image to standard space (Montreal Neurological Institute, MNI) using FMRIB’s Non-linear Image 

Registration Tool with a resolution warp of 8 mm.  

fMRI analyses  

We performed whole-brain statistical analyses of functional data using a multilevel approach within the 

generalized linear model (GLM) framework, as implemented in FSL through the FEAT module: Y = Xβ 

+ ε = β1X1 + β2X2 + ... + βNXN + ε where Y is a T ×1(T time samples) column vector containing the 

times series data for a given voxel, and X is a T × N (N regressors) design matrix with columns 

representing each of the psychological regressors convolved with a hemodynamic response function 

specific for human brains. β is a N × 1 column vector of regression coefficients and ε a T × 1 column 

vector of residual error terms. Using this framework we initially performed a first-level fixed effects 

analysis to process each individual experimental run which were then combined in a second level 

mixed-effects analysis (FLAME 1 + 2) to combine data across subjects, treating participants as a 

random effect. For all analysis, we performed a cluster inference using a cluster-defining threshold of 

|Z| > 3.8 with a FWE-corrected threshold of P = 0.001. Applying this framework, we performed the GLMs 

highlighted below. 

All GLMs included three unmodulated stick function regressors: (1) at the onset of the stimuli, (2) at 

the time of the choice (3) at the time the feedback appeared on the screen. Trials without pressure 

are defined as trials where pressure is negative according to equation 1, that is, when the goal had 

been already reached. 

GLM 1: Included a parametric regressor modulated by the trial-by-trial pressure experienced by 

participants at the time of the offer one modulated by the reward and effort (separately for trials with 

or without pressure) chosen at time of choice. 

GLM 2: Included parametric regressors for pressure, advancement and time left at time of choice and 

of feedback. 

GLM 3: Included parametric regressors for time left at time of choice, for reward and effort (divided by 

trials with or without pressure) at time of choice, and pressure and pressure prediction error at time of 

feedback 
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GLM 4: Included parametric regressors for pressure at time of offer, signed difference in value (as 

computed by the model) between the higher and lower effort option at time of choice, and 

advancement and time left at time of feedback. 

GLM 5: this GLM was identical to GLM 4 substituting the signed difference in value with an unsigned 

absolute difference in value between the two options. 

GLM 6 and 7: identical to GLM 4 and 5 but with the value computed by a standard effort discounting 

model (where effort is a cost). 

ROIs 

We drew masks of the cingulate regions based on anatomical maps36 of the cingulate cortex (with a 

threshold of 12) and of putamen following85. 

Extracting time-series data 

We extracted time-series data from subject-specific ROIs for a psycho-physiological interaction (PPI) 

analysis (see below). We back-projected these clusters from standard space into each individual's EPI 

(functional) space by applying the inverse transformations as estimated during registration (see fMRI 

pre-processing section). Finally, we computed average time-series data from all voxels in the back-

projected clusters in each subject to serve as a physiological regressor in the PPI analysis. For all the 

cingulate clusters, time series were averaged between the two bilateral clusters. 

PPI analysis 

Using the procedure described above, we extracted time-series data from individual clusters in 5 

cingulate regions and two subdivisions of Putamen, which served as a seed region (that is, the 

physiological regressor—PHY) for a PPI analysis. This analysis was primarily designed to investigate 

the potential interaction of the area encoding pressure and pressure prediction error. We constructed 

our psychological (PSY) task regressor as a parametric regressor boxcar regressor with a step function 

in the interval between stimulus onset and response time or for 1,5 second following the presentation 

of the feedback.  

Data availability  

The fMRI statistical maps from analyses and behavioural data generated in this study have been 

deposited in an Open Science Framework project. The raw fMRI data are protected and are not 

available due to data privacy laws. All data and code will be made available at the time of publication. 

 Code availability  

The code to generate the results and the figure, and the experimental paradigm, of this study is available 

in an Open Science Framework project. All code will be made available at the time of publication. 

Acknowledgements 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 33 

MAJA was funded by a Biotechnology and Biological Sciences Research Council David Phillips 

Fellowship (BB/R010668/2) and a Jacobs Foundation Fellowship. We would like to thank Patricia 

Lockwood for comments on the project, as well as members of the Motivation and Social Neuroscience 

and Social Decision Neuroscience labs for their support. 

 

References 

1. Lima, S.L., Valone, T.J., and Caraco, T. (1985). Foraging-efficiency-predation-risk trade-off in the 
grey squirrel. Animal Behaviour 33, 155–165. 

2. Hull, C.L. (1932). The goal-gradient hypothesis and maze learning. Psychological review 39, 25. 

3. Charnov, E.L. (1976). Optimal foraging, Marginal Value Theorem. Theoretical Population Biology 
9, 129–136. 

4. Zhu, M., Yang, Y., and Hsee, C.K. (2018). The Mere Urgency Effect. Journal of Consumer Research 
45, 673–690. 10.1093/jcr/ucy008. 

5. Deci, E.L., and Ryan, R.M. (2000). The “What” and “Why” of Goal Pursuits: Human Needs and the 
Self-Determination of Behavior. Psychological Inquiry 11, 227–268. 
10.1207/S15327965PLI1104_01. 

6. Herbert, D.L., Coveney, J., Clarke, P., Graves, N., and Barnett, A.G. (2014). The impact of funding 
deadlines on personal workloads, stress and family relationships: a qualitative study of Australian 
researchers. BMJ open 4, e004462. 

7. Charron, S., and Koechlin, E. (2010). Divided Representation of Concurrent Goals in the Human 
Frontal Lobes. Science 328, 360–363. 10.1126/science.1183614. 

8. Juechems, K., Balaguer, J., Ruz, M., and Summerfield, C. (2017). Ventromedial prefrontal cortex 
encodes a latent estimate of cumulative reward. Neuron 93, 705–714. 

9. Holroyd, C.B., Ribas-Fernandes, J.J.F., Shahnazian, D., Silvetti, M., and Verguts, T. (2018). Human 
midcingulate cortex encodes distributed representations of task progress. Proceedings of the 
National Academy of Sciences 115, 6398–6403. 10.1073/pnas.1803650115. 

10. Chong, T.T.-J., Apps, M., Giehl, K., Sillence, A., Grima, L.L., and Husain, M. (2017). 
Neurocomputational mechanisms underlying subjective valuation of effort costs. PLoS Biol 15, 
e1002598. 10.1371/journal.pbio.1002598. 

11. Lockwood, P.L., Wittmann, M.K., Nili, H., Matsumoto-Ryan, M., Abdurahman, A., Cutler, J., 
Husain, M., and Apps, M.A.J. (2022). Distinct neural representations for prosocial and self-
benefiting effort. Current Biology 32, 4172-4185.e7. 10.1016/j.cub.2022.08.010. 

12. Holroyd, C.B., and McClure, S.M. (2015). Hierarchical control over effortful behavior by 
rodent medial frontal cortex: A computational model. Psychol Rev 122. 10.1037/a0038339. 

13. Salamone, J.D., Correa, M., Farrar, A., and Mingote, S.M. (2007). Effort-related functions of 
nucleus accumbens dopamine and associated forebrain circuits. Psychopharmacology (Berl) 191, 
461–482. 10.1007/s00213-006-0668-9. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

14. Charnov, E.L. (1976). OPTIMAL FORAGING, MARGINAL VALUE THEOREM. Theoretical 
Population Biology 9, 129–136. 

15. Pessiglione, M., Vinckier, F., Bouret, S., Daunizeau, J., and Le Bouc, R. (2018). Why not try 
harder? Computational approach to motivation deficits in neuro-psychiatric diseases. Brain 141, 
629–650. 

16. Le Heron, C., Apps, M.A.J., and Husain, M. (2017). The anatomy of apathy: a neurocognitive 
framework for amotivated behavior. Neuropsychologia. 10.1016/j.neuropsychologia.2017.07.003. 

17. Husain, M., and Roiser, J.P. (2018). Neuroscience of apathy and anhedonia: a transdiagnostic 
approach. Nat Rev Neurosci 19, 470–484. 10.1038/s41583-018-0029-9. 

18. Hull, C. (1943). Principles of behavior. (Appleton-Century). 

19. Westbrook, A., and Braver, T.S. (2015). Cognitive effort: A neuroeconomic approach. Cogn 
Affect Behav Neurosci. 10.3758/s13415-015-0334-y. 

20. Kool, W., and Botvinick, M. (2018). Mental labour. Nature human behaviour 2, 899–908. 

21. Pessiglione, M., Vinckier, F., Bouret, S., Daunizeau, J., and Le Bouc, R. (2018). Why not try 
harder? Computational approach to motivation deficits in neuro-psychiatric diseases. Brain 141, 
629–650. 

22. Inzlicht, M., Shenhav, A., and Olivola, C.Y. (2018). The effort paradox: Effort is both costly 
and valued. Trends in cognitive sciences 22, 337–349. 

23. Müller, T., Klein-Flügge, M.C., Manohar, S.G., Husain, M., and Apps, M.A.J. (2021). Neural 
and computational mechanisms of momentary fatigue and persistence in effort-based choice. Nat 
Commun 12, 4593. 10.1038/s41467-021-24927-7. 

24. Emanuel, A., Katzir, M., and Liberman, N. (2022). Why do people increase effort near a 
deadline? An opportunity-cost model of goal gradients. Journal of Experimental Psychology: 
General. 

25. Harrington, M.E. (2012). Neurobiological studies of fatigue. Progress in Neurobiology 99, 93–
105. 

26. Norton, M.I., Mochon, D., and Ariely, D. (2012). The IKEA effect: When labor leads to love. 
Journal of consumer psychology 22, 453–460. 

27. Lockwood, Patricia.L., Hamonet, M., Zhang, S.H., Ratnavel, A., Salmony, F.U., Husain, M., and 
Apps, M.A.J. (2017). Prosocial apathy for helping others when effort is required. Nature Human 
Behaviour 1, s41562--017--0131. 

28. Klein-Flügge, M.C., Kennerley, S.W., Friston, K., and Bestmann, S. (2016). Neural signatures 
of value comparison in human cingulate cortex during decisions requiring an effort-reward trade-
off. Journal of Neuroscience 36, 10002–10015. 

29. Walton, M.E., Kennerley, S.W., Bannerman, D.M., Phillips, P.E.M., and Rushworth, M.F.S. 
(2006). Weighing up the benefits of work: Behavioral and neural analyses of effort-related 
decision making. Neural Networks 19, 1302–1314. 10.1016/j.neunet.2006.03.005. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

30. Pessiglione, M., Schmidt, L., Draganski, B., Kalisch, R., Lau, H., Dolan, R.J., and Frith, C.D. 
(2007). How the brain translates money into force: a neuroimaging study of subliminal 
motivation. Science 316, 904–906. 

31. Westbrook, A., Lamichhane, B., and Braver, T. (2019). The subjective value of cognitive effort 
is encoded by a domain-general valuation network. Journal of Neuroscience 39, 3934–3947. 

32. Vassena, E., Silvetti, M., Boehler, C.N., Achten, E., Fias, W., and Verguts, T. (2014). 
Overlapping neural systems represent cognitive effort and reward anticipation. PLoS One 9. 
10.1371/journal.pone.0091008. 

33. Holroyd, C.B., and Yeung, N. (2012). Motivation of extended behaviors by anterior cingulate 
cortex. Trends in Cognitive Sciences 16, 122–128. 10.1016/j.tics.2011.12.008. 

34. Kolling, N., Wittmann, M., and Rushworth, M.F. (2014). Multiple neural mechanisms of 
decision making and their competition under changing risk pressure. Neuron 81, 1190–1202. 

35. Hartmann, M.N., Hager, O.M., Reimann, A. V, Chumbley, J.R., Kirschner, M., Seifritz, E., 
Tobler, P.N., and Kaiser, S. (2015). Apathy but not diminished expression in schizophrenia is 
associated with discounting of monetary rewards by physical effort. Schizophrenia bulletin 41, 
503–512. 10.1093/schbul/sbu102. 

36. Neubert, F.-X., Mars, R.B., Sallet, J., and Rushworth, M.F.S. (2015). Connectivity reveals 
relationship of brain areas for reward-guided learning and decision making in human and monkey 
frontal cortex. Proc Natl Acad Sci U S A 112, E2695-2704. 10.1073/pnas.1410767112. 

37. Locke, E., and Latham, G. (1991). A Theory of Goal Setting & Task Performance. The 
Academy of Management Review 16. 10.2307/258875. 

38. Hauser, T.U., Eldar, E., and Dolan, R.J. (2017). Separate mesocortical and mesolimbic 
pathways encode effort and reward learning signals. Proc Natl Acad Sci U S A 114, E7395–E7404. 
10.1073/pnas.1705643114. 

39. Jarvis, H., Stevenson, I., Huynh, A.Q., Babbage, E., Coxon, J., and Chong, T.T.-J. (2022). Effort 
Reinforces Learning. J Neurosci 42, 7648–7658. 10.1523/JNEUROSCI.2223-21.2022. 

40. Lallement, J.H., Kuss, K., Trautner, P., Weber, B., Falk, A., and Fliessbach, K. (2014). Effort 
increases sensitivity to reward and loss magnitude in the human brain. Soc Cogn Affect Neurosci 
9, 342–349. 10.1093/scan/nss147. 

41. Hull, C.L. (1932). The goal-gradient hypothesis and maze learning. Psychological review 39, 
25. 

42. Devine, S., and Otto, A.R. (2022). Information about task progress modulates cognitive 
demand avoidance. Cognition 225, 105107. 

43. Bonezzi, A., Brendl, C.M., and De Angelis, M. (2011). Stuck in the Middle: The Psychophysics 
of Goal Pursuit. Psychol Sci 22, 607–612. 10.1177/0956797611404899. 

44. Amabile, T.M., and Kramer, S.J. (2011). The Progress Principle: Using Small Wins to Ignite 
Joy, Engagement, and Creativity at Work. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 36 

45. Harris, C.M., and Wolpert, D.M. (1998). Signal-dependent noise determines motor planning. 
Nature 394, 780–784. 10.1038/29528. 

46. Hayden, B.Y. (2018). Economic choice: the foraging perspective. Current Opinion in 
Behavioral Sciences 24, 1–6. 

47. Müller, T., Husain, M., and Apps, M.A.J. (2022). Preferences for seeking effort or reward 
information bias the willingness to work. Scientific Reports 12, 19486. 10.1038/s41598-022-
21917-7. 

48. Jurgelis, M., Chong, W.B., Atkins, K.J., Cooper, P.S., Coxon, J.P., and Chong, T.T.-J. (2021). 
Heightened effort discounting is a common feature of both apathy and fatigue. Scientific reports 
11, 1–12. 

49. Dweck, C.S. (2014). Self-theories: Their Role in Motivation, Personality, and Development 
(Psychology Press) 10.4324/9781315783048. 

50. Andrew J. Elliot, Carol S. Dweck, and David S. Yeager Handbook of Competence and 
Motivation: Second Edition: Theory and Application. Guilford Press. 
https://www.guilford.com/books/Handbook-of-Competence-and-Motivation/Elliot-Dweck-
Yeager/9781462536030. 

51. Müller, T., and Apps, M.A.J. (2018). Motivational fatigue: A neurocognitive framework for 
the impact of effortful exertion on subsequent motivation. Neuropsychologia. 
10.1016/j.neuropsychologia.2018.04.030. 

52. Steel, P. (2010). The Procrastination Equation: How to Stop Putting Things Off and Start 
Getting Stuff Done (Random House Canada). 

53. Rebetez, M., Rochat, L., Barsics, C., and Van der Linden, M. (2018). Procrastination as a Self-
Regulation Failure: The Role of Impulsivity and Intrusive Thoughts. Psychological reports 121. 
10.1177/0033294117720695. 

54. Sirois, F., and Pychyl, T. (2013). Procrastination and the Priority of Short-Term Mood 
Regulation: Consequences for Future Self. Social and Personality Psychology Compass 7, 115–127. 
10.1111/spc3.12011. 

55. Elston, T.W., and Bilkey, D.K. (2017). Anterior Cingulate Cortex Modulation of the Ventral 
Tegmental Area in an Effort Task. Cell Reports 19, 2220–2230. 10.1016/j.celrep.2017.05.062. 

56. Zenon, A., Sidibe, M., and Olivier, E. (2015). Disrupting the supplementary motor area makes 
physical effort appear less effortful. J Neurosci 35, 8737–8744. 10.1523/JNEUROSCI.3789-
14.2015. 

57. Parvizi, J., Rangarajan, V., Shirer, W.R., Desai, N., and Greicius, M.D. (2013). The Will to 
Persevere Induced by Electrical Stimulation of the Human Cingulate Gyrus. Neuron 80, 1359–
1367. 10.1016/j.neuron.2013.10.057. 

58. McGuire, J.T., and Kable, J.W. (2015). Medial prefrontal cortical activity reflects dynamic re-
evaluation during voluntary persistence. Nat Neurosci 18, 760–766. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

59. Pisauro, M., Fouragnan, E., Arabadzhiyska, D., Apps, M., and Philiastides, M. (2022). Neural 
implementation of computational mechanisms underlying the continuous trade-off between 
cooperation and competition. Nature Communications 13, 1–18. 

60. Shenhav, A., Botvinick, M.M., and Cohen, J.D. (2013). The expected value of control: an 
integrative theory of anterior cingulate cortex function. Neuron 79, 217–240. 
10.1016/j.neuron.2013.07.007. 

61. McGuire, J.T., and Botvinick, M.M. (2010). Prefrontal cortex, cognitive control, and the 
registration of decision costs. Proceedings of the National Academy of Sciences 107, 7922–7926. 

62. Kolling, N., Behrens, T., Wittmann, M.K., and Rushworth, M. (2016). Multiple signals in 
anterior cingulate cortex. Curr Opin Neurobiol 37, 36–43. 10.1016/j.conb.2015.12.007. 

63. Benn, Y., Webb, T.L., Chang, B.P.I., Sun, Y.-H., Wilkinson, I.D., and Farrow, T.F.D. (2014). The 
neural basis of monitoring goal progress. Front Hum Neurosci 8, 688. 
10.3389/fnhum.2014.00688. 

64. Vogt, B.A., Pandya, D.N., and Rosene, D.L. (1987). Cingulate cortex of the rhesus-monkey: I. 
Cytoarchitecture and thalamic afferents. Journal of Comparative Neurology 262, 256–270. 

65. Vogt, B.A., and Pandya, D.N. (1987). Cingulate cortex of the rhesus monkey: II. Cortical 
afferents. J Comp Neurol 262, 271–289. 10.1002/cne.902620208. 

66. Ullsperger, M., Fischer, A.G., Nigbur, R., and Endrass, T. (2014). Neural mechanisms and 
temporal dynamics of performance monitoring. Trends in Cognitive Sciences 18, 259–267. 
10.1016/j.tics.2014.02.009. 

67. Jocham, G., Neumann, J., Klein, T.A., Danielmeier, C., and Ullsperger, M. (2009). Adaptive 
Coding of Action Values in the Human Rostral Cingulate Zone. Journal of Neuroscience 29, 7489–
7496. 10.1523/jneurosci.0349-09.2009. 

68. Hayden, B.Y., Heilbronner, S.R., Pearson, J.M., and Platt, M.L. (2011). Surprise Signals in 
Anterior Cingulate Cortex: Neuronal Encoding of Unsigned Reward Prediction Errors Driving 
Adjustment in Behavior. Journal of Neuroscience 31, 4178–4187. 10.1523/jneurosci.4652-
10.2011. 

69. Alexander, W.H., and Brown, J.W. (2011). Medial prefrontal cortex as an action-outcome 
predictor. Nature Neuroscience 14, 1338-U163. 10.1038/nn.2921. 

70. Carver, C.S., Link to external site,  this link will open in a new tab, and Scheier, M.F. (1990). 
Origins and functions of positive and negative affect: A control-process view. Psychological 
Review 97, 19–35. 10.1037/0033-295X.97.1.19. 

71. Kunishio, K., and Haber, S.N. (1994). Primate cingulostriatal projection: limbic striatal versus 
sensorimotor striatal input. J Comp Neurol 350, 337–356. 10.1002/cne.903500302. 

72. Haber, S.N., Kunishio, K., Mizobuchi, M., and Lynd-Balta, E. (1995). The orbital and medial 
prefrontal circuit through the primate basal ganglia. J Neurosci 15, 4851–4867. 
10.1523/JNEUROSCI.15-07-04851.1995. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

73. Redgrave, P., Rodriguez, M., Smith, Y., Rodriguez-Oroz, M.C., Lehericy, S., Bergman, H., Agid, 
Y., DeLong, M.R., and Obeso, J.A. (2010). Goal-directed and habitual control in the basal ganglia: 
implications for Parkinson’s disease. Nat Rev Neurosci 11, 760–772. 10.1038/nrn2915. 

74. Alexander, G.E., and Crutcher, M.D. (1990). FUNCTIONAL ARCHITECTURE OF BASAL GANGLIA 
CIRCUITS - NEURAL SUBSTRATES OF PARALLEL PROCESSING. Trends in Neurosciences 13, 266–
271. 

75. Haber, S.N., and Fudge, J.L. (1997). The primate substantia nigra and VTA: Integrative 
circuitry and function. Critical Reviews in Neurobiology 11, 323–342. 

76. Husain, M., and Roiser, J.P. (2018). Neuroscience of apathy and anhedonia: a transdiagnostic 
approach. Nat Rev Neurosci 19, 470–484. 10.1038/s41583-018-0029-9. 

77. Ricciardi, L., Apps, M., and Little, S. (2023). Uncovering the neurophysiology of mood, 
motivation and behavioral symptoms in Parkinson’s disease through intracranial recordings. npj 
Parkinson’s Disease 9, 136. 

78. R G Morris, J J Downes, B J Sahakian, J L Evenden, A Heald, and T W Robbins (1988). Planning 
and spatial working memory in Parkinson’s disease. J Neurol Neurosurg Psychiatry 51, 757. 
10.1136/jnnp.51.6.757. 

79. McKinlay, A., Kaller, C.P., Grace, R.C., Dalrymple-Alford, J.C., Anderson, T.J., Fink, J., and 
Roger, D. (2008). Planning in Parkinson’s disease: A matter of problem structure? 
Neuropsychologia 46, 384–389. 10.1016/j.neuropsychologia.2007.08.018. 

80. Kolling, N., Behrens, T.E.J., Mars, R.B., and Rushworth, M.F.S. (2012). Neural Mechanisms of 
Foraging. Science 336, 95–98. 10.1126/science.1216930. 

81. Juechems, K., Balaguer, J., Herce Castañón, S., Ruz, M., O’Reilly, J.X., and Summerfield, C. 
(2019). A Network for Computing Value Equilibrium in the Human Medial Prefrontal Cortex. 
Neuron 101, 977-987.e3. 10.1016/j.neuron.2018.12.029. 

82. Spincemaille, P., Anderson, J., Wu, G., Yang, B., Fung, M., Li, K., Li, S., Kovanlikaya, I., Gupta, 
A., Kelley, D., et al. (2020). Quantitative susceptibility mapping: MRI at 7T vs. 3T. J Neuroimaging 
30, 65–75. 10.1111/jon.12669. 

83. Smets, E.M., Garssen, B., Bonke, B., and De Haes, J.C. (1995). The Multidimensional Fatigue 
Inventory (MFI) psychometric qualities of an instrument to assess fatigue. J Psychosom Res 39, 
315–325. 10.1016/0022-3999(94)00125-o. 

84. Chong, T.T.J., Apps, M., Giehl, K., Sillence, A., Grima, L.L., and Husain, M. (2017). 
Neurocomputational mechanisms underlying subjective valuation of effort costs. PLoS Biology 15. 
10.1371/journal.pbio.1002598. 

85. Viñas-Guasch, N., and Wu, Y.J. (2017). The role of the putamen in language: a meta-analytic 
connectivity modeling study. Brain Struct Funct 222, 3991–4004. 10.1007/s00429-017-1450-y. 

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/


 39 

Declaration of interests 

The authors declare no competing interests. 

Authors contribution 

M.A.P and M.A.J.A. designed the experiments. M.A.P and D.P collected the data for study 1 and 2. 

M.A.P and L.F. collected the data for study 3. M.A.P. analysed the data for study 1, M.A.P and D.P. 

analysed the data for study 2, M.A.P and L.F. analysed the data for study 3. M.A.P and M.A.J.A wrote 

the paper. All authors discussed the results and implications and commented on the manuscript at all 

stages. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.17.589910doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589910
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Neural and computational mechanisms of effort under the pressure of a deadline
	Recommended Citation

	tmp.1730137073.pdf.JGgtA

