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eLife Assessment

The findings in this paper provide solid support for a hypothesis that has valuable
implications at the intersection of value-based and social decision-making. The findings
suggest that the brain processes rewards received for effort differently when they are
earned for themselves versus someone else.
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Abstract

Engaging in prosocial behavior requires effort, yet people are often averse to exerting effort for
others’ benefit. However, it remains unclear how effort exertion affects subsequent reward
evaluation during prosocial acts. Here, we combined high-temporal-resolution
electroencephalography with a paradigm that independently manipulated effort and reward for
self and others to elucidate the neural mechanisms underlying the reward after-effect of prosocial
effort expenditure. We found dissociable reward after-effects for self-benefiting and other-
benefiting effort. For self-benefiting rewards, the reward positivity (RewP) increased with effort
demand, suggesting an effort-enhancement effect. In contrast, for other-benefiting rewards, the
RewP decreased as effort increased, demonstrating an effort-discounting effect. Critically, this
dissociation was contingent upon high reward magnitude and modulated by individual
differences in effort discounting, yet remained distinct from performance evaluation. Our findings
reveal distinct neural computations for self- and other-benefiting efforts, offering new insights
into how prior effort expenditure shapes reward evaluation during prosocial behavior.

1 Introduction

(Raposa et al., 2016 () well-being and serve as a powerful force enhancing social cohesiveness
and group bonding (Fehr & Fischbacher, 2003 ). According to the cost-benefit framework
(Contreras-Huerta et al., 2020(%), people help others either because they are highly sensitive to
others’ welfare or because they are less sensitive to their own costs. However, prior studies have

type: effort, a non-contextual factor that represents the physical or cognitive resources required
for goal-directed behavior (Shenhav et al., 2017 @). Indeed, prosocial behavior in everyday life
requires the investment of varying amounts of effort, whether helping a colleague proofread a
paper or holding an elevator for a stranger. In this study, we examined how effort exertion affects
subsequent reward evaluation during prosocial acts.
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Effort is typically considered costly and aversive. All else being equal, people usually follow a “law
of less work” (Hull, 1943 %) and prefer lower over higher task demands (Kool et al., 2010 %),
manifesting as effort discounting (Westbrook et al., 2013 @). Due to its inherent aversiveness,
effort serves as an ideal proxy for cost in studying prosocial behavior. Recent studies have
characterized the psychological and neurobiological mechanisms underlying prosocial effort. In
these studies, participants repeatedly decide whether to invest effort to gain financial rewards for
themselves or others. A consistent finding is that participants are less willing to exert effort to

benefit others than themselves, specifically when the required effort is high. This prosocial apathy

and individual differences in broad affective traits (Contreras-Huerta et al., 2022 % ). Moreover,
prosocial acts are invigorated to a lesser degree during effort exertion than identical self-
benefiting ones (Lockwood et al., 2017 ; Lockwood et al., 2022 %). Neuroimaging and brain lesion
studies have revealed that prosocial effort costs are tracked by neural activity in the anterior
cingulate gyrus, anterior insula, and ventromedial prefrontal cortex (Forbes et al., 2024 (%;
Lockwood et al., 2024 (3; Lockwood et al., 2022 3). While these studies have focused on how people
choose to exert effort during decision making and energize their actions during effort exertion,
they have largely ignored another important aspect of effort expenditure: the reward after-effect
of effort expenditure.

The reward after-effect of effort expenditure refers to a temporary tuning toward or amplification
of reward-related motivation following effort exertion (Inzlicht et al., 2018 %; Kelley et al., 2019®).
Specifically, people assign more value to rewards they have put effort into and are more reluctant
to share monetary rewards earned through greater effort (Arkes et al., 19947 ; Norton et al.,

2012 (2). The effort-adds-value phenomenon is observed across species (Lydall et al., 2010Z;
Pompilio et al., 2006 (@), suggesting that it is biologically hard-wired. Echoing these behavioral
findings, neuroimaging evidence has demonstrated that prior effort investment increases brain
activity in reward-related neural circuits including the anterior cingulate cortex, orbitofrontal
cortex, and ventral striatum (Dobryakova et al., 2017 % ; Hernandez Lallement et al., 2014%;
Wagner et al., 2013 @). Further evidence comes from studies focusing on the reward positivity
(RewP) of the event-related potential (ERP) component. The RewP, a reliable neural signature of
reward sensitivity, has its neural sources in the anterior cingulate cortex (Hauser et al., 2014 2).
Some studies found that RewP amplitude increased following the exertion of high-effort versus
low-effort behavior for reward feedback (Bogdanov et al., 2022 (%; Harmon-Jones et al., 2024 % ;
Ma et al., 2014(& ; Umemoto et al., 2023 3; Yi et al., 2020@). While this framework has been used
extensively to understand how effort expenditure influences reward processing during self-
benefiting behaviors, surprisingly, it has not yet been applied to understand the reward after-
effect of effort expenditure during prosocial acts.

In this study, we aimed to investigate the reward after-effect of prosocial effort, focusing on the
RewP elicited during reward evaluation after effort expenditure. Previous studies examining how
people vicariously process others’ rewards suggest a critical role of the RewP in prosocial behavior
(Kwak et al., 20207 ; San Martin et al., 2016 (). In these experiments, participants performed
simple gambling or speeding reaction-time tasks to win monetary rewards for themselves and
others. A consistent finding is that the RewP is attenuated for reward feedback benefiting others
relative to oneself, including charity programs (San Martin et al., 2016 (%), beneficiaries with closer

rewards in these studies were earned with minimal effort. Crucially, previous research has never
considered the impact of prior effort costs.

To address this issue, we recorded the RewP in a prosocial effort task where participants exerted
varying levels of physical effort to earn monetary rewards for themselves or an anonymous other
person. We hypothesized an effort-discounting effect on the RewP when exerting effort for others,
indicated by a reduced RewP as required effort increased. Conversely, we expected an effort-
enhancement effect on the RewP when participants put in effort for themselves, shown by a more
positive RewP as required effort increased. Further, we predicted that this dissociation would be
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contingent upon reward system activation. To provide a comprehensive characterization of
prosocial effort, we subsequently examined participants’ decision-making tendencies in a
prosocial decision-making task where they chose to exert effort to benefit either themselves or
others. We hypothesized that participants would exhibit reduced willingness to invest effort for
others (i.e., prosocial apathy), and this behavioral tendency would modulate the neural after-
effects of effort exertion.

2 Results

In this study, participants completed a role assignment task (Fi

%) to become the decider in

an anonymous other person. The five effort levels were fully crossed with the five reward
magnitudes, creating 25 unique combinations. Following the effort task, participants completed a
prosocial decision-making task (Figure 1D (2) where they chose between a high-effort option
(more effort for a larger reward) and a baseline option (no effort for a smaller reward). The high-
effort options comprised the same 25 unique effort-reward combinations presented in the
prosocial effort task. In both tasks, half of the trials benefited participants themselves, while the
other half benefited others. We measured participants’ neural responses to rewards obtained
following effort exertion for themselves and others in the prosocial effort task, as well as their
willingness to exert prosocial effort in the decision-making task. Additionally, to validate the
manipulation, we collected participants’ ratings of perceived difficulty, invested effort, and liking
for each effort level across both beneficiary conditions.

2.1 Investing effort for others is less motivating than for self in the
prosocial effort task

The mean maximum effort level (i.e., the average button-press count across three 6000-ms trials;
see details in Procedure) was 36.06 (SD = 4.95, range = 26.33-46.00; Figure 2A ). Participants
achieved comparably high success rates in both self-benefiting (M = 97%) and other-benefiting
trials (M = 96%). A mixed-effects logistic regression model of response success indicated that
success rates decreased as effort demands increased (b = -4.77, p < 0.001). However, no other

effects reached significance (ps > 0.245). Regarding response speed (button presses per second),

Notably, participants also responded faster for themselves than for others (b = -0.07, p < 0.001).
Full regression estimates for the response success and speed models are provided in
Supplementary Table S1 2.

To validate our experimental manipulation, we examined participants’ subjective ratings as a
function of effort level and beneficiary using linear mixed-effect regression models. As expected
demanding (b = 1.90, p < 0.001), and less likable (b = -1.79, p < 0.001). They felt less effort (b = -0.32,
p = 0.019) and more disliking (b = -0.62, p = 0.001) for other-benefiting trials compared to self-
benefiting trials. However, they perceived no differences in task difficulty between self-benefiting
and other-benefiting trials (b = 0.19, p = 0.260). Moreover, the liking rating data exhibited a
significant interaction between recipient and effort (b = -0.28, p = 0.023). Follow-up simple slopes
analyses revealed that the discounting effect of effort on the liking rating was more pronounced
when the beneficiary was others (b = -1.93, 95% CI = [-2.28, -1.58], p < 0.001) compared to when it
was themselves (b = -1.65, 95% CI = [-2.00, -1.30], p < 0.001). The full regression estimates for rating
data are provided in Supplementary Table S2 & . Together, our rating and behavioral data suggest
that the effort manipulation was successful. Furthermore, participants were less motivated to
invest effort for others than for themselves at both subjective and behavioral levels, despite
similar success rates.
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Figure 1. Experimental tasks.

(A) The role assignment task. Participants were introduced to another anonymous person and designated as a decider to
invest physical effort for monetary rewards for themselves and others. (B) The prosocial effort task. Participants exerted
physical effort (2-6 levels) to earn a potential reward of varying amounts (¥0.2, ¥0.4, ¥0.6, ¥0.8, or ¥1.0) for themselves and
others. Successful effort had a 50% chance of yielding a reward. (C) Effort levels. The physical task required participants to
rapidly press a button with their non-dominant pinky finger within 6000 ms. Effort level was visualized as the height of a
vertical bar (10%, 30%, 50%, 70%, or 90% of the participant’s calibrated maximum effort). The blank bar indicated no effort.

Neuroscience

(D) The prosocial decision-making task. Participants chose between a high-effort option (more effort for a larger reward) and

a baseline option (no effort for a smaller reward). ISI = i

nterstimulus interval; ITI = intertrial interval.
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Figure 2. Behavioral and rating results of the prosocial effort task.

(A) Distribution of the maximum effort level (i.e., the average button-press count across three 6000-ms trials) across
participants. (B-C) Response speed (button presses per second) data. Participants responded faster for themselves than for
others. Response speed also increased as effort demands increased. (D) Rating data. Participants felt less effort and more
disliking when exerting effort for others than for themselves. Error bars represent the within-subject standard error of the
mean.
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2.2 Effort adds reward value for self but discounts reward value for
others in the prosocial effort task

In the prosocial effort task, the RewP was evident as a relative positivity over frontocentral areas
with recipient, effort, magnitude, valence, and their interactions as predictors. The full regression
estimates for RewP data are shown in Figure 4AC3 . As predicted, the RewP was significantly larger
for self-benefiting relative to other-benefiting trials (b = -0.68, p = 0.012) and for gain versus
nongain feedback (b = -1.08, p < 0.001), and became more positive as reward magnitude increased

(b =0.42, p = 0.003).

We observed a significant three-way interaction among recipient, magnitude, and valence (b =
0.86, p = 0.038). Subsequent simple slopes analyses (Figure 4B (2 ) revealed distinct neural patterns
based on the beneficiary. When the beneficiary was self, the RewP became more positive as
reward magnitude increased for both gain feedback (b = 0.75, 95% CI = [0.31, 1.19], p < 0.001) and
nongain feedback (b = 0.46, 95% CI = [0.02, 0.90], p = 0.039). In contrast, when the beneficiary was
others, the RewP became more positive as reward magnitude increased for nongain feedback (b =
0.51, 95% CI = [0.07, 0.95], p = 0.022), but not for gain feedback (b = -0.02, 95% CI = [-0.46, 0.42], p =

0.923).

Crucially, we observed a significant two-way interaction between recipient and effort (b = -0.55, p
=0.009), which was further qualified by a significant three-way interaction among recipient,
effort, and magnitude (b = -0.49, p = 0.019). The predicted effects of the three-way interaction
among recipient, effort, and magnitude are shown in Figure 4C 2. Visual inspection suggested that
when reward magnitude was low, the RewP was insensitive to invested effort across self-
benefiting and other-benefiting trials. However, as reward magnitude increased, the effect of
effort expenditure on the RewP diverged depending on the beneficiary. To confirm these
observations statistically, we conducted post-hoc simple slopes analyses at 1 standard deviation
(SD) below (“Low”) and above (“High”) the mean reward magnitude. At low reward magnitude,
the RewP did not vary with effort level, regardless of whether the beneficiary was self (b = 0.01,
95% CI = [-0.42, 0.44], p = 0.958) or others (b = -0.05, 95% CI = [-0.48, 0.39], p = 0.829). In contrast, a
striking dissociation emerged at high reward magnitude. When the beneficiary was self, the RewP
tended to be more positive as effort level increased (b = 0.42, 95% CI = [-0.01, 0.85], p = 0.056),
suggesting an effort-enhancement effect. Conversely, when the beneficiary was others, the RewP
became less positive as effort level increased (b = -0.63, 95% CI = [-1.05, -0.20], p = 0.004),
indicating an effort-discounting effect.

To rule out the possibility that the differential vigor between self- and other-benefiting trials drove
the Recipient x Effort and Recipient x Effort x Magnitude interactions on the RewP, we conducted
two control analyses by including trial-by-trial response speed and subjective effort ratings as
separate covariates in the RewP model. Neither response speed (b = -0.07, p = .641) nor effort
rating (b = 0.10, p = .186) predicted RewP amplitudes, and the critical Recipient x Effort and
Recipient x Effort x Magnitude interactions remained significant and essentially unchanged (see
Supplementary Table S3 @ for full regression estimates).

To establish the specificity of our RewP findings, we examined the parietal P3 in response to
performance feedback (i.e., effort-completion cues; see Supplementary Figure S1 & for the ERP
waveforms and topographic maps) using a linear mixed-effect regression model with recipient,
effort, magnitude, and their interactions as predictors. We found a main effect of effort on the P3
in response to effort-completion cues, with its amplitudes increasing with prior effort levels (b =
0.72, p < 0.001). Importantly, this sensitivity to effort was invariant across beneficiary conditions,
as indicated by a nonsignificant interaction between recipient and effort (b = -0.19, p = 0.285). No
other significant effects were observed (see Supplementary Table S4 % for full regression
estimates).
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Figure 3. Grand-average ERP waveforms and topographic maps of the RewP as a function of recipient (self
vs. other) and valence (gain vs. non-gain) separately for effort (A) and reward (B) trials.

Gray shaded bars represent time windows used for quantification.
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Figure 4. RewP results in the prosocial effort task.

(A) Estimated beta weights for the mixed-effects model predicting RewP amplitudes. The RewP model was specified as:
Amplitude ~ Recipient * Effort * Magnitude * Valence + (Recipient + Effort+ Magnitude | Participant). (B) Fixed effects of
reward magnitude on the RewP as a function of recipient and valence during reward evaluation, showing a significant three-
way interaction. (C) Fixed effects of effort and reward on the RewP as a function of recipient during reward evaluation. The
left graph displays the fixed effects with effort and reward as continuous predictors, whereas the right graph shows fixed
effects of effort at 1 SD below and above the mean reward magnitude. An effort-enhancement effect emerged when
participants invested effort for themselves, whereas an effort-discounting effect occurred when they exerted effort for

others. This dissociable after-effect was present only when reward magnitude was high. Shaded areas depict 95% confidence
intervals. *p < .05, **p < .01, ***p < .001.
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2.3 Reward is devalued by effort to a higher degree for others than
for self in the prosocial decision-making task

mixed-effects regression model with recipient, magnitude, and both linear and quadratic terms for
effort, along with their interactions, as predictors. The analysis yielded significant main effects of
effort (linear: b = 38.91, p = 0.003; quadratic: b = -64.89, p < 0.001) and magnitude (b = -54.88, p <
0.001). Crucially, we observed significant interactions between recipient and effort (b = -41.49, p =
0.001), as well as between recipient and magnitude (b = 44.86, p = 0.020). Simple slopes analyses
indicated that decision times increased with effort in self-benefiting trials (b = 59.70, 95% CI =
[32.87, 86.50], p < 0.001) but not in other-benefiting trials (b = 18.30, 95% CI = [-8.55, 45.10], p =
0.182). Similarly, higher reward magnitude facilitated response speed more substantially in self-
benefiting trials (b = -77.30, 95% CI = [-105.70, -48.90], p < 0.001) than in other-benefiting trials (b =
-32.50, 95% CI = [-60.80, -4.20], p = 0.024). Furthermore, both the linear and quadratic effects of
effort were qualified by significant interactions with reward magnitude (linear interaction: b =
33.23, p < 0.001; quadratic interaction: b = 15.14, p = 0.040). Simple slopes analyses of the linear
term showed that decision times increased with effort at high reward magnitude (M + 1SD: b =
72.10, 95% CI = [45.30, 98.90], p < 0.001) but not at low reward magnitude (M - 1SD: b = 5.61, 95% CI
=[-21.20, 32.40], p = 0.682). Decomposition of the quadratic interaction revealed that the non-linear
curvature of the effort effect was more pronounced at low reward magnitude (M - 1SD: b =
-160.10, 95% CI = [-218.30, -101.90], p < 0.001) than at high reward magnitude (M + 18D: b = -99.50,
95% CI = [-157.60, -41.40], p = 0.001). Full regression estimates for decision-time data are provided
in Supplementary Table S5.

We fitted participants’ choice behavior using a mixed-effects logistic regression model with
participants were less willing to invest effort as effort levels increased (b = -2.54, p < 0.001) and
more willing as reward magnitude increased (b = 2.11, p < 0.001). They were also less willing to
exert effort for others than for themselves (b = -1.74, p < 0.001). This recipient effect was modified
by a significant interaction between recipient and magnitude (b = -0.56, p < 0.001). Simple slopes
analyses revealed that the incentive effect of reward on willingness to exert effort was less
pronounced when the beneficiary was another person (b = 1.83, 95% CI = [1.36, 2.31], p < 0.001)
compared to when it was participants themselves (b = 2.39, 95% CI = [1.89, 2.90], p < 0.001). We also
found a significant interaction between effort and magnitude (b = 0.15, p = 0.028). Follow-up
simple slopes analyses revealed that the discounting effect of effort on willingness was more
pronounced at low reward magnitude (M — 1SD: b = -2.69, 95% CI = [-3.09, -2.29], p < 0.001) than at
high reward magnitude (M + 1SD: b = -2.38, 95% CI = [-2.82, -1.94], p < 0.001). Full regression
estimates for choice data are shown in Supplementary Table S6 (. These findings were further
corroborated by a parabolic discounting model (see Materials and methods). As shown in Figure

= -3.78) compared to self-benefiting choices (M = -4.48, p < 0.001). Furthermore, a higher
discounting rate for others was associated with a higher discounting rate for oneself (r = 0.52, p <
0.001), suggesting a domain-general motivation that influences effort discounting across
beneficiary contexts.

2.4 Neural after-effects of prosocial effort from the prosocial effort
task are modulated by effort discounting rate from the effort
decision-making task

To bridge our neural findings with behavioral preferences, we examined whether individual

differences in effort discounting (quantified by the discounting parameter K) from the prosocial
decision-making task modulated the neural after-effects of effort (as indexed by the RewP) in the
prosocial effort task. To this end, we added participants’ K values (log-transformed and z-scored)
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Figure 5. Behavioral and discounting results of the prosocial decision-making task.

(A-B) Participants took longer to make decisions as effort level increased in self trials but not in other trials (A). Increased
reward magnitude decreased the decision time more pronouncedly in self trials than in other trials (B). (C-D) Participants
were less willing to invest effort for others than for themselves. (E) Effort exertion discounted rewards to a higher degree
when the beneficiary was others compared to when it was themselves (left and middle). A higher discounting rate for others
was associated with a higher discounting rate for self (right). The black circles overlaid on the boxplots indicate the mean
across participants. Shaded areas depict 95% confidence intervals. Note that seven participants had an accuracy rate of less
than 60% on catch trials, but this did not influence the results of the prosocial decision-making task. Moreover, two
participants had negative original K values.
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to the above-described RewP model as a fixed effect predictor, allowing it to interact with all other
predictors of interest. Full regression estimates for the resultant model are provided in
Supplementary Table S7 .

We observed a significant four-way interaction among recipient, effort, magnitude, and K value (b
=0.58, p = 0.013). Crucially, this higher-order interaction was robust, as it was replicated when we
replaced individual K values with high-effort choice proportions from the prosocial decision-
making task (b = -0.58, p = 0.014; see Supplementary Table S7(%). To decompose this complex
interaction, we performed simple slopes analyses separately for self-and other-benefiting trials at
high and low levels of reward magnitude and discounting rate (+1 SD). As shown in Fig
self-benefiting trials, the effort-enhancement effect on the RewP was significant only for
participants with high discounting rates at low reward magnitude (b = 1.02, 95% CI = [0.22, 1.82], p
=0.012). In contrast, participants with low discounting rates exhibited no significant effort effect (b
=-0.37,95% CI = [-0.89, 0.15], p = 0.159). At high reward magnitude, simple slopes analyses
detected no significant effort effects for either high (b = 0.35, 95% CI = [-0.44, 1.14], p = 0.383) or low
(b =0.45, 95% CI = [-0.07, 0.97], p = 0.093) discounting individuals. For other-benefiting trials,
participants with low discounting rates exhibited a significant effort-discounting effect at high
reward magnitude (b = -0.97, 95% CI = [-1.74, -0.20], p = 0.014). In contrast, no significant effort
effects were observed for participants with high discounting rates at either high (b = -0.45, 95% CI
=[-0.97, 0.08], p = 0.098) or low (b = -0.16, 95% CI = [-0.69, 0.38], p = 0.564) reward magnitudes, nor
for participants with low discounting rates at low reward magnitude (b = 0.14, 95% CI = [-0.64,
0.92], p = 0.729).

3 Discussion

Many prosocial behaviors require effort investment, yet people are often reluctant to exert effort
for others’ benefit relative to their own. In this study, we examined how effort expenditure
influences subsequent reward evaluation during prosocial acts, addressing a critical gap in
previous research. We found dissociable reward after-effects of effort exertion between self-
benefiting and other-benefiting acts: prior effort potentiated reward evaluation when the
beneficiary was oneself but attenuated it when the beneficiary was another person. Moreover, this
dissociation occurred specifically when the potential reward magnitude was large and was
modulated by individual differences in effort discounting, yet remained independent of
performance evaluation.

In our study, despite perceiving no differences in task difficulty and achieving comparable success
rates for themselves and others, participants took longer to exert effort, reported less effort, and
disliked the task more as the required effort increased when helping others. Participants exhibited
a higher discounting rate for choices benefiting others versus those benefiting themselves, and
their decision time was less influenced by effort and reward levels when the beneficiary was
others compared to when it was themselves. These findings are largely consistent with previous
studies, demonstrating a prosocial apathy when physical effort is required to help others
(Contreras-Huerta et al., 2020®).

Our most important finding is the dissociation of the reward after-effect of effort expenditure
between self-benefiting and other-benefiting trials. When the beneficiary was oneself, the RewP
was potentiated as prior invested effort increased. In contrast, when the beneficiary was others,
the RewP was attenuated as prior invested effort increased. Given that the RewP is considered a
enhancement effect for self-benefiting acts but an effort-discounting effect for other-benefiting
acts. The effort-enhancement effect aligns with previous studies where effort is exerted to obtain
rewards for oneself (Bogdanov et al., 20222 ; Ma et al., 2014 @ ; Umemoto et al., 20237; Yi et al.,
2020(2). Several theories have been proposed to interpret this effect. For instance, prior effort
expenditure may enhance the subjective value of a reward through cognitive dissonance
reduction (i.e., effort justification) to alleviate the psychological discomfort resulting from having
engaged in unpleasant effort (Aronson & Mills, 1959 (@) or via the psychological contrast between
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Figure 6. Cross-task modulation results.

Individual differences in effort discounting (log-transformed K) estimated from the prosocial decision-making task modulated
the neural after-effects of effort exertion in the prosocial effort task. For self-benefiting trials, high-discounting individuals
exhibited an effort-enhancement effect on the RewP specifically at low reward magnitude; conversely, for other-benefiting
trials, low-discounting individuals exhibited an effort-discounting effect only at high reward magnitude. Fixed effects are
visualized at +1 SD from the mean.
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While these perspectives adequately explain the effort-enhancement effect for self-benefiting acts,
they fall short in explaining the discounting effect observed here for other-benefiting acts.
According to these views, the more aversive state elicited by investing effort for others should lead
to stronger justification or a more intense psychological contrast, which consequently should
increase the reward value to a greater degree. However, we observed an effort-discounting effect
when it came to prosocial acts. This discounting effect may result from the heightened salience of
opportunity costs in helping others, that is, the value of the next-best use of the effort devoted to
the current task (Kurzban et al., 2013 @).

Interestingly, the dissociable after-effect of effort expenditure occurred only when reward
magnitude was high. When reward magnitude was low, prior invested effort did not affect the
RewP across self-benefiting and other-benefiting trials. These results suggest that the dissociable
effort after-effect relies on the involvement of the motivational system, which might be activated
only when potential reward is high. This possibility was further supported by our P3 data in
response to effort-completion cues during performance evaluation. Specifically, participants
exhibited an increased P3 when seeing a feedback stimulus informing them that the required
effort has been achieved, whether the beneficiary was themselves or others. As the P3 is thought
to reflect motivational salience based on feedback evaluation (Nieuwenhuis et al., 2005 ), our
results suggest that participants could derive value from their successful effort completion
independently of the reward outcome. Unlike reward evaluation, the effort-enhancement effect on
the P3 is associated with intrinsic motivation such as pride and achievement stemming from
successful performance (Bowyer et al., 20217 ; Jiang & Zheng, 2023 ). Together, our data
establish that the dissociation in the after-effect of prosocial effort occurs only when reward
motivation is sufficiently activated.

While previous research on prosocial effort has focused exclusively on cognitive processes before
and during effort expenditure (Contreras-Huerta et al., 2020 @), our findings provide a
comprehensive picture of prosocial effort. We not only replicated the greater effort discounting for
prosocial acts compared to self-benefiting acts but also demonstrated a dissociable after-effect of
prosocial effort. Our results suggest that the difference between self-benefiting and other-
benefiting effort is quantitative before and during effort expenditure but qualitative after effort
expenditure. This after-effect of prosocial effort, together with the established discounting effect
before effort exertion, offers a new perspective for facilitating prosocial behavior. When working
for oneself, effort expenditure not only prospectively discounts but also retrospectively increases
the subjective value of reward, a phenomenon referred to as the effort paradox (Inzlicht et al.,

specifically by individuals highly sensitive to effort costs (high K), particularly when external
rewards are low. This finding strongly supports a cognitive dissonance account: those who find
effort most aversive are most compelled to inflate the value of small rewards to justify their
exertion (Aronson & Mills, 1959 @).

In contrast, for prosocial acts, this justification mechanism appears absent. Instead, we observed a
persistent effort discounting before, during, and after effort expenditure, which was most
pronounced in individuals with low effort sensitivity low K) when reward magnitude was high.
This seemingly paradoxical pattern might be interpreted through the lens of disadvantageous
inequity aversion (Fehr & Schmidt, 1999 (). Specifically, the combination of high personal effort
and high monetary reward for another person creates a salient disparity between the participant’s
incurred cost and the recipient’s gain. Although low-K individuals are behaviorally willing to
tolerate this cost, their neural valuation system may nonetheless track the “unfairness” of this
asymmetry, thereby attenuating the neural reward signal (Tricomi et al., 20102 ). These insights
suggest that facilitating prosocial behavior may require not just lowering costs, but potentially
framing outcomes to trigger the effort justification mechanisms that drive the effort paradox
observed in self-benefiting acts (Inzlicht & Campbell, 2022 ). Consistent with this view, a
promising direction for future studies is to manipulate the social distance of the recipient. This
approach will help determine whether the after-effect of effort expenditure could shift from an
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effort-discounting effect to an effort-enhancement effect when the beneficiary is a close other,
such as a friend or family member, thereby bridging the gap between self- and other-oriented
motivation (Jones & Rachlin, 2006 @).

One limitation of this study concerns the potential confound between temporal delay and effort
level. Because higher effort levels required more time to complete, effort expenditure might not
have directly affected subsequent reward evaluation but instead increased participants’ delay
discounting. If this were the case, one would expect a similar discounting effect on the RewP for
self-benefiting trials, as the RewP amplitude typically decreases as the time to receive a reward
increases (Zheng et al., 2023 2). Moreover, temporal delay is unlikely to account for our findings
given the relatively small difference in duration between the lowest and highest effort levels in
our task (Weinberg et al., 2012 ). Nonetheless, future work is needed to strictly control for
duration to rule out this possibility. Another concern is that participants exhibited less vigor when
working for others, as indicated by slower response speed and lower subjective effort ratings for
other- versus self-benefiting trials. Although our control analyses confirmed that neither covariate
predicted RewP amplitudes and the critical interactions remained significant, covariates may not
fully capture the effects of differential motivation, and this alternative explanation cannot be
entirely ruled out.

In conclusion, our results demonstrate that the neural evaluation of reward outcomes is
dynamically shaped by the prior cost of effort in a beneficiary-dependent manner. We identified a
critical qualitative dissociation: whereas self-benefiting effort paradoxically enhances reward
valuation, other-benefiting effort induces a persistent reward devaluation. Crucially, this
divergence represents a distinct valuation process that emerges specifically at high reward
magnitude, is modulated by individual differences in effort discounting, and operates
independently of performance evaluation. These findings imply that the effort paradox where
labor adds value is restricted to self-benefiting acts. Consequently, promoting prosocial behavior
may require not just reducing physical costs, but reframing prosocial outcomes to trigger the
justification mechanisms that naturally support self-benefiting exertion.

4 Materials and methods

All data and code used for this study are available on OSF at https://osf.io/bvpa2/%. This study was
not preregistered.

4.1 Participants

Forty-seven right-handed university students were recruited for this study through local
advertisements. Seven participants were excluded from data analysis due to the following
reasons: five never chose to work on either self-benefiting or other-benefiting trials, one had a
success rate of 35% on the maximum effort level during the prosocial effort task, and one doubted
the impact of their actions on the other participant. The final sample consisted of 40 participants
(20 females; M = 21.55 years, SD = 2.65). To characterize the statistical sensitivity of our design, we
conducted a simulation-based sensitivity analysis on the RewP model using the simr v1.0.7
package (Green & MacLeod, 2016 (2). For each fixed effect in the linear mixed-effects model, we
determined the minimum smallest detectable effect size (unstandardized regression coefficient) at
80% power (a =.05), given the current sample size, number of trials, and variance components
estimated from the fitted model (Supplementary Table S8 (%). All participants had normal or
corrected-to-normal vision and reported no psychiatric or neurological disorders. They received
¥25 for participation and a bonus of ¥29-¥37 based on their task performance. Each participant
provided written informed consent, and this study was approved by a local Institutional Review
Board.

4.2 Procedure

Upon arrival at the lab, participants undertook a role assignment task, leading them to believe that
they would complete two EEG tasks with a partner. Afterwards, they performed a prosocial effort
task and a prosocial decision-making task while their EEG was recorded. Following the EEG tasks,
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participants used a 9-point Likert scale (ranging from 1 = not at all to 9 = very much) to rate their
perceived difficulty, invested effort, and liking at each effort level when exerting effort for
themselves and others during the tasks.

The role assignment task. This task was adapted from a previous study (Lockwood et al., 2017 (%).
Participants were led to one side of a door and informed that a second participant (who was in
fact a confederate) was also involved in this study (Figure 1AC2). The confederate, of the same
gender as the participant, was then escorted by a different experimenter to the opposite side of the
door. Both the participant and confederate were handed a black glove and instructed not to speak
for anonymity. They acknowledged each other’s presence by waving their gloved hands, without
ever being seen by each other. The experimenter then tossed a coin to determine who would
choose a ball from a box first. Their roles (a receiver vs. a decider) were assigned based on the
outcome. Unbeknownst to participants, they were always designated as the decider, responsible
for performing tasks for themselves and others. The confederate was assigned the role of the
receiver, responsible solely for completing tasks for themselves. To prevent potential effects of
social norms such as reciprocity (Gintis et al., 20032), both the participant and confederate were
informed that they would not be aware of each other’s performance and would leave the lab at
different times.

The prosocial effort task. This task was designed to measure participants’ neural responses to
rewards obtained after investing physical effort for themselves and others (Figure 1B 2). Before
the task, participants completed three trials in which they were asked to press a button as rapidly
as possible with their non-dominant pinky finger for 6000 ms. The maximum effort level was
operationalized as the average button-press count across the three trials. In the prosocial effort
task, each trial began with a cue for 1500 ms, indicating whether it was self-benefiting or other-
benefiting. Participants exerted physical effort to earn rewards for themselves in self-benefiting
trials and for others in other-benefiting trials. Self and other trials were highlighted in different
colors (blue and red) throughout the trial, which was counterbalanced across participants. After a
jittered interval (900-1100 ms), a pie chart with a number below it appeared for 1500 ms, showing
the required effort level (10%, 30%, 50%, 70%, or 90% of their maximum effort level) and the
potential reward (¥0.2, ¥0.4, ¥0.6, ¥0.8, or ¥1.0), respectively (Figure 1C(%). The five effort levels
were fully crossed with the five reward magnitudes, creating 25 unique combinations. Following
another jittered interval (900-1100 ms), participants entered the effort-execution phase, making
the required button presses with their non-dominant pinky finger within 6000 ms. After this phase
and another jittered interval (900-1100 ms), a feedback stimulus was shown for 1000 ms,
indicating whether the required effort level was achieved. If participants succeeded, a tick was
presented, signaling that they were eligible to win the cued reward. If they failed, a cross was
displayed, followed by a new trial after a jittered interval of 900-1100 ms. After a 2500-ms interval,
a feedback stimulus was displayed for 1000 ms, indicating whether participants received the
reward or not. Gains and nongains were equally likely and delivered pseudorandomly. Each trial
ended with an interval varying between 900 and 1100 ms. The task consisted of 200 trials (100 for
self-benefiting and 100 for other-benefiting, respectively) divided into eight blocks of 25 trials,
with a self-determined break between blocks. Eight practice trials familiarized participants with
the task before the formal experiment.

The prosocial decision-making task. This task was designed to measure participants’ willingness
to exert effort for themselves and others (Figure 1D (). Participants made decisions between a
baseline no-effort option for ¥0.1 and a high-effort option for a greater reward. The high-effort
options were the same as those in the prosocial effort task, including 25 unique effort-reward
combinations. Participants had 3500 ms to decide using their left or right index finger. The chosen
option was highlighted with a green border for 300 ms. Failure to respond within the time limit
resulted in ¥0 and a 1000-ms warning message of “Please respond within 3500 ms”. Each trial
ended with a jittered interval of 900-1100 ms. The task consisted of 150 trials, with each high-
effort option occurring six times. Half of the trials benefited participants themselves, while the
other half benefited others. To ensure that participants stayed focused on the task, we included 20
catch trials (10 for each beneficiary condition) where participants confirmed the effort and

Zheng and Tang, 2024 eLife 13:RP103566. https://doi.org/10.7554/eLife.103566.3 15 of 29


https://doi.org/10.7554/eLife.103566.3
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/neuroscience

::"0.:‘ eLife Neuroscience

reward levels of the previous high-effort option. To ensure that our task was incentive-compatible,
participants were told that they would complete their chosen effort option on 16 randomly
selected trials (8 for each beneficiary condition) to determine their final reimbursement. They
were instructed to consider each decision carefully because each trial choice would be selected.
Before the experiment, participants completed 10 practice trials for familiarization. After the task,
participants exerted their effort required for their choices in the 16 selected trials. Finally, they
were asked to report whether they believed they were earning rewards for the other participant
(i.e., the receiver).

4.3 EEG recording and processing

EEG data were recorded using 28 Ag/AgCl channels placed on an elastic cap based on the
international 10-20 system. Two additional channels were positioned on the left and right
mastoids. The EEG were recorded with a reference channel placed between Cz and CPz. Horizontal
and vertical electrooculograms were recorded from two pairs of channels over the external canthi
of each eye and the left suborbital and supraorbital ridges, respectively. EEG signals were
amplified using a Neuroscan Grael 4K amplifier with a low-pass filter of 100 Hz in DC acquisition
mode and digitized at a rate of 512 samples per second. Channel impedances were maintained
below 5 KQ.

The EEG data were analyzed using EEGLAB v2021.0 (Delorme & Makeig, 2004 ?) and ERPLAB
v8.10 (Lopez-Calderon & Luck, 2014 (%) toolboxes in MATLAB 2020b (MathWorks, US). The signals
were rereferenced to the average of the left and right mastoids and filtered with a bandpass of
0.1-35 Hz using a zero phase-shift Butterworth filter (12 dB/octave roll-off). Channels with poor
quality or excessive noise were interpolated using the spherical interpolation algorithm, and
portions of EEG containing extreme voltage offsets or break periods were removed. Ocular
artifacts were removed using an infomax independent component analysis on continuous EEG
with the help of the ICLabel algorithm (Pion-Tonachini et al., 20192 ). Epochs were then extracted
from -200 to 1000 ms relative to feedback onset, with the prestimulus average activity as the
baseline. An automatic artifact detection algorithm was applied to remove epochs with a voltage
difference exceeding 50 uV between sample points or 200 yuV within a trial, a maximum voltage
difference less than 0.5 pV within 100-ms intervals, or a slow voltage drift with a slope greater
than + 100 uV. On average, 97.71% of trials were retained for statistical analysis. Single-trial RewP
amplitude was measured as mean voltage from 300 to 400 ms relative to reward feedback onset
(i.e.,, reward delivery) over frontocentral channels (FC3, FCz, FC4). We also measured the parietal
P3 (300-440 ms; averaged across P3, Pz, and P4) in response to performance feedback (i.e., effort
completion), given its relationship with motivational salience (Bowyer et al., 2021 % ; Ma et al.,
2014 (2). Measurement parameters (time windows and channel sites) were determined from the
grand-averaged ERP waveforms and topographic maps collapsed across all conditions, which was
thus orthogonal to the conditions of interest (Luck & Gaspelin, 2017 2). Data were averaged across
the selected electrode clusters to improve signal-to-noise ratio and reliability.

4.4 Data analysis

Single-trial data were exported into R v4.2.2 for statistical analyses. Key statistical analyses utilized
mixed-effects regression models with random intercepts and slopes (unstructured covariance
matrix), implemented in the Ime4 package v1.1.31 (Bates et al., 2015). For the prosocial effort
task, we analyzed response success data using a mixed-effects logistic regression model with a
binomial link function. We analyzed response speed (i.e., button presses per second) and ERP data
using linear mixed-effects regression models. These models included recipient, effort, magnitude,
valence, and their interactions as predictors. For the prosocial decision-making task, we fitted
decision time data using a linear mixed-effects regression model and choice data using a mixed-
effects logistic regression model with a binomial link function. The choice model included
recipient, effort, magnitude, and their interactions as predictors. For the decision time model,

effort and decision time. Therefore, we included both linear and quadratic terms for effort, along
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with recipient, magnitude, and their interactions, as predictors. We fitted post-experimental rating
data separately using a linear mixed-effect regression model with recipient, effort, and their
interactions as predictors. For all models, we contrast-coded categorical regressors (recipient: -0.5
for self and +0.5 for other; valence: -0.5 for gain and +0.5 for nongain) and z-scored continuous
regressors (effort and magnitude) within participants. For each model, we fitted the maximal
random-effects structure and, when the model was overparameterized, used singular value
decomposition to simplify the random-effects structure until the model converged. For linear
mixed-effect models, p-values were calculated using Satterthwaite’s approximation for degrees of
freedom. For mixed-effect logistic models, p-values were obtained using Wald Z-tests. To
decompose significant interaction, we performed follow-up pairwise comparisons on estimated
marginal means. We excluded trials with failed responses (3.34%) in the prosocial effort task and
trials with no responses (0.91%) in the prosocial decision-making task from statistical analyses.

To quantify how participants devalued rewards by effort exertion for themselves and others, we
fitted their choices in the prosocial decision-making task separately for self-benefiting and other-
benefiting trials with a parabolic function:

SV =R — KE?

Where SV represents the subjective net value of the high-effort option with a given reward
(R) and effort (E). The discount parameter K characterizes the degree to which the reward is
discounted by required effort. A higher K value indicates that the reward is devalued by the
effort to a higher degree. The derived SV of the high-effort and baseline no-effort options
were compared and transformed into the probability of choosing the high-effort option
through a SoftMax function:

eP*SVhigh effort

P high effort = e5Vig effort ¢ Vhigh effort

where P represents the slope of the logistic function, which is a participant-specific
parameter and reflects the sensitivity to SV differences between options (Collins & Shenhav,
20222). The parabolic model with two separate K parameters for self and other trials has

been validated in previous studies using a similar task (Lockwood et al., 2021 @; Lockwood et
al., 2022 @). We normalized the K values by taking the natural logarithm (i.e., logK) and

compared these logK values between self and other trials using a paired-¢ test.
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Figure S1.Grand-average ERP waveforms and topographic maps of the P3 as a function of recipient (self vs.

other) separately for effort (A) and reward (B) trials. Gray shaded bars represent time windows used for
quantification.

Zheng and Tang, 2024 eLife 13:RP103566. https://doi.org/10.7554/eLife.103566.3 18 of 29


https://doi.org/10.7554/eLife.103566.3
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/neuroscience

z;'.:‘ eLife Neuroscience

Table S1. Results of a linear mixed-effects model predicting response success (left) and response speed
(right) in the prosocial effort task

Response success Response speed

Predictors b 95% CI p b 95% CI p
Intercept 8.71 6.79,10.63 <0.001 5.15 4.91,5.39 <0.001
Recipient (R) -0.46 -2.34,1.42 0.632  -0.07 -0.11, -0.04 <0.001
Effort (E) -4.77 -6.14,-3.41  0.001 0.56 0.47, 0.64 <0.001
Magnitude (M) 0.45 -0.31,1.20  0.246  0.01 -0.00, 0.02 0.128
RE 0.07 -1.29,1.42 0923 0.02 -0.00, 0.05 0.074
R:M 0.40 -1.11, 1.90 0.606  -0.00 -0.03, 0.02 0.847
E:M -0.24 -0.79, 0.31 0.400 0.01 -0.01, 0.02 0.276
R:EM -0.18 -1.28, 0.92 0.748  0.00 -0.03, 0.03 0.965
Observations 8000 8000

Notes: The final model for response success data was specified as Response success ~ Recipient
* Effort * Magnitude + (Recipient + Effort | Participant) and for response speed data as:
Response speed ~ Recipient * Effort * Magnitude + (Recipient + Effort | Participant). Both effort
and magnitude levels were standardized before being entered into the model. For response
success, b values are expressed in log-odds units from a logistic mixed-effects model, whereas
for response speed, b values are estimates from a linear mixed-effects model. Statistically
significant p values (< 0.05, two-sided) are shown in bold. CI = confidence interval.

Table S2. Results of linear regression models predicting rating data of difficulty, effort, and liking

Difficulty Effort Liking
Predictors b 95% CI p b 95% CI p b 95% CI p
Intercept 3.96 3.66,4.25 <0.001 5.17 463,570  <0.001 6.39 6.00,6.78  <0.001
Recipient (R)  0.19  -0.14,0.51 0.260 -0.32  -0.58,-0.06 0.019 -0.62 -0.98,-0.26  0.001
Effort (E) 2.38 2.19,2.57 <0.001 1.90 154,226  <0.001 -1.79 -2.11,-1.46 <0.001
RE 007 -0.16,0.30 0.548 -0.11 -0.30,0.09  0.270  -0.28 -0.51,-0.04  0.023
Observations 400 400 400

Notes. The final model for rating data was specified as: Rating ~ Recipient * Effort + (Recipient
+ Effort | Participant). Effort level was standardized before being entered into the model.
Statistically significant Pvalues (< 0.05, two-sided) are shown in bold. CI = confidence interval.

Table S3. Results of RewP models with response speed (left) and effort rating (right) as a covariate

RewP (including response speed) RewP (including effort rating)

Predictor b 95% CI P b 95% CI p
Intercept 2.93 1.93,395  <0.001 2.42 1.16,3.68  <0.001
Recipient (R) -0.69 -1.20,-0.18  0.011 -0.65  -1.17,-0.13  0.015
Effort (E) -0.01 -0.32,0.29  0.923 -0.25 -0.63,0.12  0.187
Magnitude (M) 0.42 0.15,0.70  0.003 0.42 0.15,0.70  0.003
Valence (V) -1.08 -1.49,-0.68  <0.001 -1.08  -1.49,-0.68 <0.001
Speed/Effort rating -0.07 -0.34,0.20 0.614 0.10 -0.05,0.25  0.186
RE -0.55 -0.96,-0.14  0.009 -0.54  -0.95,-0.13  0.010
R:M -0.39 -0.79,0.02  0.062 -0.38 -0.79,0.02  0.063
E:M -0.04 -0.25,0.16  0.687 -0.04 -0.25,0.16  0.688
RV 0.59 -0.22,1.40  0.152 0.59 -0.22,1.40  0.153
E:V -0.19 -0.60,0.22  0.371 -0.19 -0.60,0.23  0.375
M:V 0.13 -0.28,0.53  0.544 0.13 -0.28,0.53  0.545
R:EE:M -0.49 -0.90,-0.08  0.019 -0.49  -0.90,-0.08 0.019
RE:V 0.69 -0.13,1.51  0.099 0.69 -0.13,1.51  0.100
R:IM:V 0.86 0.05,1.66  0.038 0.86 0.05,1.67  0.038
EM:V 0.07 -0.34,049  0.725 0.07 -0.34,049  0.722
R:EEM:V 0.69 -0.14,1.51  0.103 0.68 -0.14,1.51  0.105
Observations 7566 7566

Notes. The final model was specified as: Amplitude ~ Recipient * Effort * Magnitude * Valence
+ (Recipient + Effort + Magnitude | Participant). Response speed was standardized before
modeling. However, effort ratings were centered rather than standardized, as three participants
showed no variance in their ratings (reporting the same value across all levels), which would
have caused standardization to yield NaN values.
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Table S4. Results of a linear mixed-effects model predicting P3 amplitudes in response to performance
feedback in the prosocial effort task

Predictor b 95% CI P
Intercept 1.31 0.74, 1.88 <0.001
Recipient (R) -0.15 -0.48,0.19 0.393
Effort (E) 0.72 0.45, 0.99 <0.001
Magnitude (M) 0.01 -0.16, 0.18 0.904
R:E -0.19 -0.53,0.16 0.285
R:M 0.17 -0.16, 0.51 0.319
E:M -0.13 -0.30, 0.04 0.131
R:EM 0.00 -0.34, 0.34 0.984
Observations 7469

Notes. The final model was specified as: Amplitude ~ Recipient * Effort * Magnitude + (Effort |
Participant). Both effort and magnitude levels were standardized before being entered into the
model. Statistically significant p values (< 0.05, two-sided) are shown in bold. CI = confidence
interval.

Table S5. Results of a linear mixed-effects models predicting decision times in the prosocial decision-
making task

Predictors b 95% CI p
Intercept 1470.46 1373.63, 1567.29 <0.001
Recipient (R) 37.14 -10.02, 84.30 0.121
Effort (E) 38.91 14.23, 63.59 0.003
Effort? (E?) -64.89 -90.90, -38.89 <0.001
Magnitude (M) -54.88 -76.17, -33.59 <0.001
RE -41.49 -65.66, -17.31 0.001
R:E? 11.25 -17.69, 40.19 0.446
R:M 44.86 7.00, 82.72 0.020
E:M 33.23 21.14, 45.32 <0.001
EzM 15.14 0.66, 29.62 0.040
R:EM 16.46 -7.72, 40.64 0.182
R:EzM -4.42 -33.38, 24.53 0.765
Observations 5945

Notes: The final model was specified as: Decision times ~ Recipient * Effort * Magnitude +
Recipient * Effort? * Magnitude + (Recipient + Effort + Effort? + Magnitude | Participant). Both
effort and magnitude levels were standardized before being entered into the model. Statistically
significant p values (< 0.05, two-sided) are shown in bold. CI = confidence interval.

Table S6. Results of a mixed-effects logistic regression model predicting decision choices in the prosocial
decision-making task

Predictors b 95% CI p
Intercept 2.29 1.53,3.04 <0.001
Recipient (R) -1.74 -2.23,-1.14 <0.001
Effort (E) -2.54 -2.93,-2.14 <0.001
Magnitude (M) 2.11 1.64,2.59 <0.001
RE -0.18 -0.46, 0.10 0.216
R:M -0.56 -0.82, -0.31 <0.001
E:M 0.15 0.02, 0.29 0.028
R:EM -0.12 -0.36,0.11 0.303
Observations 5945

Notes: The final model was specified as: Decision choices ~ Recipient * Effort * Magnitude +
(Recipient + Effort + Magnitude | Participant). Both effort and magnitude levels were
standardized before being entered into the model. The b values are expressed in log-odds units.
Statistically significant p values (< 0.05, two-sided) are shown in bold. CI = confidence interval.
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logK value High-effort choice proportion

Predictor b 95% CI p b 95% CI p
Intercept 2.88 1.86, 3.90 <0.001 2.83 1.81, 3.86 <0.001
Recipient (R) -0.45 -1.09, 0.19 0.166 -0.42 -1.04,0.20 0.180
Effort (E) 0.00 -0.27,0.27 0.990 0.00 -0.26, 0.27 0.975
Magnitude (M) 0.42 0.13,0.72 0.006 0.40 0.12,0.69 0.007
Valence (V) -1.16 -1.60,-0.71  <0.001 -1.10 -1.54,-0.67  <0.001
logK (K)/Choice (C) -0.35 -0.85,0.15 0.163 0.36 -0.14, 0.87 0.153
RE -0.72 -1.18,-0.26  0.002 -0.73 -1.18,-0.27  0.002
R:M -0.41 -0.87,-0.04  0.077 -0.32 -0.77,0.13 0.160
E:M -0.16 -0.38, 0.07 0.177 -0.15 -0.37,0.08 0.197
RV 0.20 -0.68, 1.09 0.655 0.45 -0.42,1.32 0.307
E:V -0.37 -0.82,0.08 0.106 -0.34 -0.78, 0.10 0.134
M:V 0.18 -0.26, 0.63 0.418 0.20 -0.23, 0.64 0.361
R:K/C 0.41 -0.21, 1.03 0.185 -0.60 -1.22,0.02 0.057
E:K/C 0.19 -0.07, 0.45 0.144 -0.23 -0.49, 0.03 0.077
M:K/C 0.02 -0.25,0.29 0.875 0.08 -0.19, 0.34 0.573
V:K/C 0.44 0.00, 0.89 0.050 -0.21 -0.65, 0.24 0.363
R:E:M -0.39 -0.84, 0.06 0.093 -0.41 -0.85, 0.04 0.072
R:E:V 0.47 -0.43, 1.37 0.307 0.53 -0.35, 1.42 0.240
R:M:V 1.26 0.37,2.14 0.005 1.13 0.26, 2.00 0.011
E:M:V -0.09 -0.54, 0.37 0.710 0.01 -0.44, 0.45 0.979
R:E:K/C -0.27 -0.74,0.20 0.262 0.34 -0.12, 0.81 0.149
R:M:K/C 0.01 -0.46, 0.48 0.973 -0.13 -0.60, 0.34 0.594
E:M:K/C -0.08 -0.31,0.14 0.471 0.10 -0.13,0.33 0.380
R:V:K/C 0.10 -0.79, 0.99 0.820 -0.14 -1.04,0.75 0.752
E:V:K/C 0.34 -0.11, 0.80 0.139 -0.25 -0.71, 0.20 0.272
M:V:K/C -0.43 -0.87,0.02 0.060 0.38 -0.07, 0.83 0.094
R:EEM:V 0.43 -0.47, 1.33 0.350 0.58 -0.31, 1.46 0.203
R:E:M:K/C 0.58 0.12,1.03 0.013 -0.58 -1.04,-0.12  0.014
R:E:V:K/C 0.82 -0.09, 1.72 0.077 -0.86 -1.78,0.05 0.063
R:M:V:K/C -0.66 -1.56, 0.23 0.145 0.44 -0.46, 1.33 0.341
E:M:V:K/C 0.06 -0.40, 0.52 0.794 -0.13 -0.59, 0.33 0.581
R:E:M:V:K/C 0.71 -0.20, 1.62 0.128 -0.39 -1.31, 0.53 0.406
Observations 7375 7566

Notes. The final model was specified as: Amplitude ~ Recipient * Effort * Magnitude * Valence
* logK/Choice + (Recipient + Effort + Magnitude | Participant). Higher logK values are
associated with lower high-effort choice proportions.

Table S7. Results of RewP models with discounting rate (logK) and high-effort choice proportions from as

fixed predictors
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Regression equation ~ Tested effect P Original effect Smallest effect
(b+ SE) (b
RewP ~ Recipient x  Recipient (R) 0.012 -0.68 + 0.26 -0.73
Effort x Magnitude  Effort (E) 0.624 -0.06 +0.12 -0.34
x Valence Magnitude (M)  0.003 0.42 £0.14 0.39
Valence (V) <0.001 -1.08 +0.21 -0.56
RE 0.009 -0.55+0.21 -0.55
R:M 0.062 -0.39+£0.21 -0.55
E:M 0.685 -0.04 +0.11 -0.28
R:V 0.153 0.59 +0.41 1.12
E:V 0.372 -0.19+0.21 -0.57
M:V 0.546 0.12 +£0.21 0.57
R:E:M 0.019 -0.49+0.21 -0.56
RE:V 0.099 0.69 +0.42 1.11
R:M:V 0.038 0.86 +0.41 1.12
E:M:V 0.721 0.08 +0.21 0.56
R:EM:V 0.105 0.68 +0.42 1.10

Notes. The smallest effect size refers to the minimum detectable unstandardized regression
coefficient (b) detectable with 80% power. For simplicity, only the fixed-effect structure is
displayed in the regression equation column. Statistically significant p values (< .05, two-sided)
are shown in bold. SE = standard error.

Table S8. Simulation-based sensitivity analysis for fixed effects in the RewP model
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Data availability

Data and code that support the findings of this study are available on Open Science Framework at
https://osf.io/bvpa2/ 2.
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Summary:

The Authors test the hypotheses, using and effort-exertion and an effort-based decision-
making task, while recording brain dynamics with EEG, that the brain processes reward
outcomes for effort differentially when they earned for themselves versus others.

Strengths:

The strengths of this experiment include what appears to be a novel finding of opposite
signed effects of effort on the processing of reward outcomes when the recipient is self versus
others. Also, the experiment is well-designed, the study seems sufficiently powered, and the
data and code are publicly available.

Weaknesses:

There is some concern about the fact that participants report feeling less subjective effort, but
also more disliking of tasks when they were earning rewards for others versus self. The
concern is that participants worked with less vigor during self-versus-others trials and this
may partly account for a key two-way Recipient x Effort interaction on the size of the Reward
Positivity EEG component. Of note, participants took longer to complete tasks when working
for others. While it is true that, in all cases, participants met the requisite task demands (they
pressed the required number of buttons) they did so more sluggishly when earning rewards
for others. The Authors argue that this reflects less motivation when working for others,
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which is a plausible explanation. The Authors also try to rule out this diminished vigor as a
confounding explanation by showing that the two way interaction remains even when
including reaction times (and also self-reported task liking) as a covariate. Nevertheless, it is
possible that covariates do not fully account for the effects of differential motivation levels
which would otherwise explain the two-way interaction. As such, I think a caveat is
warranted regarding this particular result.
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Reviewer #2 (Public review):

Summary:

Measurements of the reward positivity, an electrophysiological component elicited during
reward evaluation, have previously been used to understand how self-benefitting effort
expenditure influences processing of rewards. The present study is the first to complement
those measurements with electrophysiological reward after-effects of effort expenditure
during prosocial acts. The results provide solid evidence that effort adds reward value when
the recipient of the reward is the self but discounts reward value when the beneficiary is
another individual.

Strengths:

An important strength of the study is that amount of effort, the prospective reward, the
recipient of the reward, and whether the reward was actually gained or not were
parametrically and orthogonally varied. In addition, the researchers examined whether the
pattern of results generalized to decisions about future efforts. The sample size (N=40) and
mixed-effects regression models are also appropriate for addressing the key research
questions. Those conclusions are plausible and adequately supported by statistical analyses.
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outcomes for effort differentially when they earned for themselves versus others.

Strengths:

The strengths of this experiment include what appears to be a novel finding of opposite
signed effects of effort on the processing of reward outcomes when the recipient is self
versus others. Also, the experiment is well-designed, the study seems sufficiently
powered, and the data and code are publicly available.

Weaknesses:

There is some concern about the fact that participants report feeling less subjective
effort, but also more disliking of tasks when they were earning rewards for others versus
self. The concern is that participants worked with less vigor during self-versus-others
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trials and this may partly account for a key two-way Recipient x Effort interaction on the
size of the Reward Positivity EEG component. Of note, participants took longer to
complete tasks when working for others. While it is true that, in all cases, participants
met the requisite task demands (they pressed the required number of buttons) they did
so more sluggishly when earning rewards for others. The Authors argue that this reflects
less motivation when working for others, which is a plausible explanation. The Authors
also try to rule out this diminished vigor as a confounding explanation by showing that
the two way interaction remains even when including reaction times (and also self-
reported task liking) as a covariate. Nevertheless, it is possible that covariates do not fully
account for the effects of differential motivation levels which would otherwise explain the
two-way interaction. As such, I think a caveat is warranted regarding this particular
result.

We thank Reviewer #1 for the continued positive assessment and for continuing to highlight
the caveat regarding the potential influence of differential vigor on the observed RewP
interaction effects.

We agree that a caveat is warranted. As detailed in our previous response (R5), we had
already conducted control analyses addressing this concern; however, we acknowledge that
these results were not incorporated into the manuscript itself. We have now addressed this
by adding the covariate analyses to the Result section, along with an explicit caveat in the
Discussion.

Before describing the specific revisions, we would like to offer a minor clarification: the
covariates in our control analyses were trial-by-trial response speed and self-reported effort
ratings, rather than task liking ratings as noted in the summary above. Neither response
speed nor effort rating predicted RewP amplitudes, and the critical Recipient x Effort and
Recipient x Effort x Magnitude interactions remained significant and essentially unchanged.
However, as the reviewer rightly pointed out, covariates may not fully capture the effects of
differential motivation. Specifically, we have made the following revisions:

First, we added the covariate control analyses to the Result section: “To rule out the
possibility that the differential vigor between self- and other-benefiting trials drove the
Recipient x Effort and Recipient x Effort x Magnitude interactions on the RewP, we conducted
two control analyses by including trial-by-trial response speed and subjective effort ratings as
separate covariates in the RewP model. Neither response speed (b =-0.07, p = .641) nor effort
rating (b = 0.10, p = .186) predicted RewP amplitudes, and the critical Recipient x Effort and
Recipient x Effort x Magnitude interactions remained significant and essentially unchanged
(see Supplementary Table S3 for full regression estimates)” (page 12, para. 1).

Second, we added a caveat to the Discussion section acknowledging this alterative
explanation, which reads, “Another concern is that participants exhibited less vigor when
working for others, as indicated by slower response speed and lower subjective effort ratings
for other- versus self-benefiting trials. Although our control analyses confirmed that neither
covariate predicted RewP amplitudes and the critical interactions remained significant,
covariates may not fully capture the effects of differential motivation, and this alternative
explanation cannot be entirely ruled out” (page 22, para. 2, lines 9-12; page 23, para. 1).

Reviewer #2 (Public review):
Summary:

Measurements of the reward positivity, an electrophysiological component elicited
during reward evaluation, have previously been used to understand how self-benefitting
effort expenditure influences processing of rewards. The present study is the first to
complement those measurements with electrophysiological reward after-effects of effort
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expenditure during prosocial acts. The results provide solid evidence that effort adds
reward value when the recipient of the reward is the self but discounts reward value
when the beneficiary is another individual.

Strengths:

An important strength of the study is that amount of effort, the prospective reward, the
recipient of the reward, and whether the reward was actually gained or not were
parametrically and orthogonally varied. In addition, the researchers examined whether
the pattern of results generalized to decisions about future efforts. The sample size
(N=40) and mixed-effects regression models are also appropriate for addressing the key
research questions. Those conclusions are plausible and adequately supported by
statistical analyses.

We sincerely appreciate Reviewer #2’s positive evaluation of our manuscript and thank the
reviewer for recognizing the strength of our experimental design and analysis approach.
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