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Abstract

Reward and punishment motivate decision making and behavioral changes. Numerous studies
have examined regional activities during anticipation and outcome of win and loss in the
monetary incentive delay task (MIDT). However, the great majority of studies reported findings
of anticipation or outcome and of win or loss alone. It remains unclear how the neural

correlates share and differentiate amongst these processes. We conducted an Activation Likelihood
Estimation meta-analysis of 81 studies of the MIDT (5,864 subjects), including 24 published
since the most recent meta-analysis, to identify and, with conjunction and subtraction, contrast
regional responses to win anticipation, loss anticipation, win outcome, and loss outcome. Win and
loss anticipation engaged a shared network of bilateral anterior insula (Al), striatum, thalamus,
supplementary motor area (SMA), and precentral gyrus. Win and loss outcomes did not share
regional activities. Win and loss outcome each engaged higher activity in medial orbitofrontal
cortex (mOFC) and dorsal anterior cingulate cortex. Bilateral striatum and right occipital cortex
responded to both anticipation and outcome of win, and right Al to both phases of loss. Win
anticipation vs. outcome engaged higher activity in bilateral Al, striatum, SMA and precentral
gyrus and right thalamus, and lower activity in bilateral mOFC and posterior cingulate cortex

as well as right inferior frontal and angular gyri. Loss anticipation relative to outcome involved
higher activity in bilateral striatum and left Al. These findings collectively suggest shared and
distinct regional responses during monetary wins and losses. Delineating the neural correlates
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of these component processes may facilitate empirical research of motivated behaviors and
dysfunctional approach and avoidance in psychopathology.
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1. Introduction

Reward- and punishment-driven decision making is fundamental to adaptive behaviors
(Jean-Richard-Dit-Bressel et al., 2018; O’Doherty et al., 2017). Dysfunctional reward
seeking and/or punishment avoidance have been implicated in many neuropsychiatric
disorders (Whitton et al., 2015). For instance, patients with depression showed lower
sensitivity to rewards, impaired reward learning, and higher sensitivity to negative feedbacks
(Admon and Pizzagalli, 2015; Eshel and Roiser, 2010). In contrast, antisocial personality
disorder is characterized by elevated reward seeking and blunted punishment avoidance
(Raine, 2018). Investigators have developed a variety of behavioral paradigms, including
passive exposure to valenced stimuli, instrumental learning and reward-related decision-
making (Richards et al., 2013), as well as the monetary incentive delay task (MIDT) to study
the neural bases of reward/punishment processing in health and illness.

As one of the most widely used paradigms, the MIDT allows investigations to distinguish
between win and loss as well as between phases of anticipation and consummation/outcome
(Balodis and Potenza, 2015; Knutson et al., 2001). For example, as compared to the

control group, patients with major depressive disorder showed lower activation in the ventral
striatum during the win vs. neutral outcomes in the MIDT (Carl et al., 2016). Adults with
attention-deficit/hyperactivity disorder vs. healthy subjects showed lower activation in the
ventral striatum during anticipation of win vs. neutral outcomes, but elevated activation

in the orbitofrontal cortex (OFC) in response to win vs. neutral outcomes (Strohle et al.,
2008). In healthy individuals, the striatum and thalamus showed higher activation during
anticipation of win vs. neutral outcomes (Dhingra et al., 2020; Dhingra et al., 2021; Knutson
et al., 2001). The medial OFC (mOFC), on the other hand, showed higher responses to

win vs. neutral outcomes (Knutson et al., 2001; Treadway et al., 2013). Anticipation of

loss vs. neutral outcomes engaged the ventral striatum, lateral thalamus, supplementary
motor cortex, and insula (Bjork et al., 2010; Wu et al., 2014). Loss vs. neutral outcomes
involved higher activations in the insula, inferior, middle, and superior frontal gyri, and
superior parietal lobule (Maresh et al., 2014; Murray et al., 2020). Thus, previous studies
have suggested potentially shared and distinct responses to the anticipation and outcome of
wins and losses in the MIDT. Systematic reviews and meta-analyses of the studies can help
in identifying the shared and distinct correlates.

A few meta-analyses of the MIDT have been published to investigate regional activations
associated with win and loss processing. These meta-analyses have largely focused on

the anticipation phase, likely because the great majority of fMRI studies reported solely
the peak coordinates of win and loss anticipation in whole-brain analyses. An earlier meta-
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analysis demonstrated higher activation in the nucleus accumbens during win relative to
loss anticipation and in the anterior insula during both win and loss (vs. nil) anticipation
(Knutson and Greer, 2008). A more recent meta-analysis of 35 whole-brain (445 subjects)
and 13 region-of-interest (ROI; 254 subjects) studies highlighted shared response to loss
anticipation and outcome (Dugre et al., 2018). Specifically, bilateral striatum, anterior
insula, anterior cingulate cortex (ACC), and amygdala showed higher likelihood of
activation during both loss anticipation and outcome. Oldham et al. (2018) identified
regional responses to anticipation of wins (49 studies; 1,082 participants) and losses (32
studies; 681 participants), as well as to outcome of wins (22 studies; 691 participants).
Specifically, the striatum, insula, amygdala, and thalamus showed higher activation when
participants anticipated wins or losses (vs. nil), and the mOFC were recruited only during
win outcomes. Notably, none of the meta-analyses have systematically distinguished the
shared or distinct correlates of valence and processing stage, namely win anticipation,
loss anticipation, win outcome, and loss outcome. Distinguishing win and loss processing
is clearly instrumental as the regional activities dictate opposing actions. Distinguishing
anticipation and outcome phases of regional activities is also critical, with each reflecting
the propensity to act and feedback about the action. These distinct component processes are
fundamental to psychological models of adaptive learning.

To address this gap in research, we took advantage of a total of 24 additional studies
published since the most recent and comprehensive meta-analysis of the MIDT (Oldham

et al., 2018). We performed Activation Likelihood Estimation to investigate the shared

and distinct neural correlates underlying anticipation and outcome phases of win and loss
processing and employed conjunction and subtraction analyses to identify regional activities
that may overlap or differ between events of different valences and/or processing stages.

We also performed the seed-based d-mapping to investigate the potential influences of
confounding factors, including age, sex ratio, duration of anticipation, win/loss magnitude,
and motion exclusion criteria in data preprocessing.

Methods

Literature search

Following the guidelines of “Preferred reporting items for systematic reviews and meta-
analyses (PRISMA)”, we searched the literature on PubMed for imaging studies of MIDT
with the key words “Monetary Incentive Delay Task” and “fMRI” and “NOT Review” and
“NOT Meta-analysis”. We identified 338 studies on March 8, 2022. We also searched on
Google Scholar and PsycNet (https://psycnet.apa.org/) using the same key words but found
no new studies. A flow-chart for the procedure to arrive at the final sample for meta-analysis
is shown in Fig. 1. Only non-duplicate articles in English language (n = 330) were chosen
for data mining if they included the following contrasts: anticipation of win vs. neutral
(“win anticipation” hereafter), anticipation of loss vs. neutral (“loss anticipation™), win vs.
neutral outcome (“win outcome”), or loss vs. neutral outcome (*“loss outcome”). Patient
studies were included if they contained data of healthy individuals. Likewise, medication or
behavioral treatment studies were included if data of pre-treatment scans in healthy controls
were available.
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Studies (n7=35) were removed based on the exclusion criteria, including life-time diagnosis
of schizophrenia, depressive disorder, bipolar or manic disorder, psychotic episodes,
obsessive-compulsive disorder, or post-traumatic stress disorder; treatment for mental
disorders in the past 12 months, or use of psychotropic medication; history of or current
neurological disorders, major medical conditions, substance use, or brain trauma. We did
not include studies (7= 63) that used ROI analyses, because the ALE algorithm assumes
that the activation foci are obtained through a whole-brain analysis (Muller et al., 2018).
One hundred and fifty-one studies were excluded because the coordinates of none of the
four contrasts were reported. If rewards with different magnitudes (e.g., $1 and $5) were
included in the MIDT, the coordinates for the contrasts with the rewards combined (if
available) or with the highest reward were used. A final pool of 81 studies of healthy
volunteers were included in the current meta-analysis. A complete list of the studies is
shown in Supplementary Table S1, where we described the sample size, sex ratio, age,
contrast availability, as well as scan and task parameters, including multi-band, duration
of anticipation, win/loss magnitude, average success rate, and availability of whole-brain
statistical maps. Among the 81 studies, 79, 42, 38, and 14 reported peak coordinates (foci)
of win anticipation, loss anticipation, win outcome, and loss outcome, respectively. We
converted all foci that were reported in Talairach space to MNI space using the Lancaster
transformation (Lancaster et al., 2007).

2.2. Activation likelihood estimation (ALE)

We used the GingerALE software package (version 3.0.2, http://brainmap.org/ale/) to
perform the ALE meta-analyses on coordinates in MNI space (Eickhoff et al., 2012;
Eickhoff et al., 2009; Turkeltaub et al., 2012). The non-additive algorithm was used to
reduce the bias of any single experiment (Turkeltaub et al., 2012). The ALE meta-analysis
followed four main steps: computation of ALE scores, establishing a null distribution for
statistical testing, thresholding, and cluster statistics, as described in detail in the GingerALE
Manual (http://brainmap.org/ale/manual.pdf).

We performed the ALE single dataset analysis of each contrast - win anticipation, loss
anticipation, win outcome, and loss outcome, using a cluster-forming threshold of voxel-
level p<0.001, uncorrected. Briefly, the non-additive ALE method was used to create a
modelled activation (MA) map for each experiment (Turkeltaub et al., 2012) and a statistical
whole-brain map was produced by combining all MA maps, where each voxel has an ALE
value indicating its probability of activation. The resulting supra-threshold clusters were
compared to a null distribution of cluster sizes established by 1,000 permutations of the
data, at a family-wise error(FWE) corrected threshold of p < 0.05. We also performed ALE
conjunction and subtraction analyses each to identify regional activities shared between
contrasts and distinct to individual contrasts. The conjunction was created using the voxel-
wise minimum value of the input ALE images as calculated in the single dataset analysis
and the results were evaluated with a cluster-forming threshold of p < 0.001 uncorrected
and a cluster-level threshold of p < 0.05 FWE corrected. The subtraction analysis was
performed by repeating the following procedure for 5,000 times (Eickhoff et al., 2011): 1)
GingerALE created simulated data by pooling the foci datasets and randomly dividing them
into two groups of the same size as the original data set; 2) an ALE score was calculated at
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each voxel for each group; and 3) the difference between ALE scores was computed. The
ALE values were collated across 5,000 permutations to yield an empirical null distribution
for statistical inference. A p-value was assigned to each voxel based on how many times
the difference in the null distribution exceeded the actual group difference. We applied a
threshold of p < 0.001 uncorrected with a minimum cluster size of 100 mm3 to identify
differences between any two contrasts, with a Z~score indicating the size of the differences
at each voxel.

Prior evidence suggests differences between adults and non-adults in neural activation
during reward and punishment processing; however, the findings are not consistent
(Silverman et al., 2015). In order to examine whether the two age groups involved similar
regional activities during win and loss processing, we also performed ALE meta-analyses
(single dataset, conjunction, and subtraction) for win anticipation, loss anticipation, win
outcome, and loss outcome based on studies of adults and of non-adults separately. Further,
in the typical MIDT, an automated adaptive timing algorithm is used to adjust target speed
for neutral and incentive trials to maintain a success rate of approximately 66% throughout
the experiment. However, some studies maintained a success rate = 66% and others < 66%
to meet specific research aims. An earlier study found that certainty about winning and
losing may impact the regional processes (Cooper and Knutson, 2008). Thus, to determine
whether the meta-analytic findings were influenced by the uncertainty, we grouped studies
by the success rate and performed single ALE analyses separately for those with a rate

> 66% and < 66%, followed by conjunction and subtraction analyses. We evaluated these
results with the same threshold as describe above.

2.3. Evaluation of publication bias

We performed a “Fail-Safe N (FSN)” analysis to evaluate potential publication bias (Acar
et al., 2018). We used the R program to generate a list of null studies with no statistically
significant activation, all with the number of peaks and sample size equal to those of
individual studies included in the original meta-analysis. The coordinates of these peaks
were randomly drawn from the mask used by the ALE algorithm. For each single dataset
analysis (i.e., win anticipation, loss anticipation, win outcome, and loss outcome), we
computed the minimum numbers of null studies required in the FSN analysis — 5 &+

10 with k& denoting the number of studies included in the original meta-analysis (Rosenthal,
1979). Specifically, at least 380, 200, 180, and 80 null studies were required for win
anticipation, loss anticipation, win outcome, and loss outcome, respectively. We combined
the original and these null studies and repeated the ALE meta-analyses. If the ALE findings
remain significant, it means that results are sufficiently robust and are supported by at least
the desired minimum of contributing studies. If adding a minimum of null studies alters the
significant results of original ALE analyses, this indicates that meta-analytic results may not
be robust when bias due to missing (noise) studies in the meta-analysis is present.

2.4. Seed-based d-mapping (SDM) analyses

Variability across studies in age, sex ratio, duration of anticipation, win/loss magnitude, and
motion exclusion criteria in data preprocessing may confound the results. We performed
meta-regressions using the SDM approach to examine whether and how these factors may
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influence the findings. SDM uses reported peak coordinates to recreate, albeit to a limited
extent, the original maps of each study (Radua and Mataix-Cols, 2009; Radua et al., 2010).
A standard random-effect variance weighted meta-analysis for each voxel is then executed.
To ensure that the confounding factors were not biasing the results, we ran the SDM
meta-analyses both without and with the covariates included.

Specifically, the data were pre-processed, and the coordinates of cluster peaks were selected
according to SDM inclusion criteria for each study. The lower and upper bounds of possible
effect size images were estimated. The most likely effect size and its standard error were
estimated, with imputations by adding noise to these estimations within the bounds. Each
imputed dataset was meta-analyzed and the imputed meta-analyzed datasets were combined
following Rubin’s rules. Finally, subject images were recreated for a standard permutation
test, in which the process was repeated for 1,000 times with each set of permuted images
and the maximum statistic of the final image was saved; the distribution of these maxima
was used to correct for FWE in multiple comparisons. Linear models were then estimated to
explore the potential effects of covariates of interest. Subsequently, the meta-analytic mean
was calculated. If any covariate showed significant effect in the linear models, the meta-
analytic means would be re-calculated with the specific covariate(s) included. Correction for
FWE was attained by running a subject-base permutation test for 1,000 times to achieve

a distribution of the maximum statistic. This distribution was then used to threshold the
meta-analysis images obtained in the mean calculations, resulting in a corrected p-value
map. We applied a voxel-wise threshold of p < 0.001 FWE-corrected with a minimum
cluster size of 100 voxels, with an SDM-Z scores indicating the size of activation at each
voxel.

We assessed the heterogeneity of the findings, with higher values of 2 statistic indicating
greater heterogeneity. For each contrast we also evaluated publication bias with the Egger’s
tests for asymmetry in the funnel plots of the peak activation of the largest cluster (Egger et
al., 1997). Specifically, we tested for small-study effect and excess significance. The former
examined whether there was asymmetry in the funnel plot (i.e., larger effect size in smaller
studies), suggesting that smaller studies were published only if large effect sizes were found.
The latter examined whether the number of studies with statistically significant results

was larger than expected, which could indicate that studies were only published if they
found statistically significant results. Both heterogeneity and publication bias analyses were
performed for the meta-analytic findings from the analyses without and with covariates.

3. Results

3.1. Single dataset analyses

The results of ALE analyses of individual contrasts are shown in Fig. 2. We found higher
activation likelihood during win anticipation in bilateral midbrain regions (including red
nucleus and superior colliculus), middle frontal gyri (MFG), supplementary motor area
(SMA), anterior insula (Al), precentral gyri, occipital cortex (OC), thalamus, amygdala, and
striatum (Fig. 2A). Loss anticipation showed greater activation likelihood in bilateral SMA,
Al, precentral gyri, thalamus, and striatum, and right amygdala (Fig. 2B). Win outcome
revealed clusters in bilateral mMOFC, rostral anterior cingulate cortex (rACC), posterior

Neuroimage. Author manuscript; available in PMC 2023 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 7

cingulate cortex (PCC), striatum, and OC, left superior frontal gyrus, and right inferior
frontal gyrus (Fig. 2C). Loss outcome showed a large cluster in the Al extending to lateral
posterior OFC, and temporal pole in the right hemisphere, and bilateral superior colliculus
and dorsal ACC (Fig. 2D). The clusters are summarized in Supplementary Table S2.

The publication bias was evaluated for individual contrasts, with additional null studies
included in the ALE analyses. The ALE maps evaluated at the same threshold
(Supplementary Figure S1) showed similar but fewer clusters in comparison with the
original meta-analyses except that there were no significant findings for win outcome. The
clusters are summarized in Supplementary Table S5. The findings indicated that the results
for win anticipation, loss anticipation, and loss outcome were robust whereas the results for
win outcome were subject to publication bias.

3.2. Conjunction and subtraction analyses

As shown in Fig. 3A, win and loss anticipation shared activities in bilateral striatum, Al,
precentral gyri, SMA, and thalamus. No clusters shared activities significantly between win
and loss outcome. Win anticipation and outcome in conjunction showed clusters in bilateral
striatum and right OC (Fig. 3C). Loss anticipation and outcome in conjunction involved a
small cluster of activity in the right Al extending to lateral OFC (Fig. 3D). The clusters
identified in conjunction analyses are summarized in Supplementary Table S3.

Win and loss anticipation showed no significant differences in activity. Win relative to

loss outcome showed higher activation likelihood in bilateral mOFC (Fig. 4B). Loss
relative to win outcome revealed no significant differences. Win anticipation vs. outcome
showed higher activity in bilateral Al (but predominantly right Al), striatum, SMA, and
precentral gyri, and right thalamus. Win outcome vs. anticipation, on the contrary, activated
bilateral mOFC and PCC, as well as right inferior frontal and angular gyri (Fig. 4C).

Loss anticipation relative to outcome involved bilateral striatum, and left Al, while loss
outcome vs. anticipation showed no significant differences (Fig. 4D). The clusters identified
in subtraction analyses are summarized in Supplementary Table S4.

3.3. Post-hoc ALE analyses

We performed post-hoc ALE analyses to investigate the age effects on the meta-analytic
findings. Most studies included in the current meta-analysis are of adults (n = 66). Ten
studies recruited subjects < 18 years and five recruited a mixed sample. Note that two

of these five studies reported group results of adolescents and adults separately whereas

the other three studies did not show results by age group. Overall, as compared to the
findings with adult and non-adult studies combined, meta-analysis with adult studies only
showed similar clusters (Supplementary Figures S2a, S3a, and S4; and Tables S6a), whereas
non-adult studies showed key structures, including the striatum, Al, and ACC, but broadly
much fewer and smaller clusters (Supplementary Figures S2b and S3b; and Tables S6b),
which may result from the small number of studies included in each dataset/contrast.

In addition, we examined whether the meta-analytic results depended on the success rate
over the MIDT experiment. Of the 81 studies included in meta-analyses, 50 showed higher
average success rate (= 66%), 17 showed lower rate (< 66%), and 14 did not report success
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rate. Overall, as compared to the findings with all studies combined, the findings with
studies of higher success rate showed similar clusters (Supplementary Figures S5a, Séa, and
S7a; and Tables S7a), and the studies of lower success rate showed the striatum, Al, and
thalamus, but broadly much fewer and smaller clusters (Supplementary Figures S5h, S6éb,
and S7b; and Tables S7b), which again may result from the small number of studies.

3.4. SDM analyses

We performed SDM in meta-regressions of potential confounding factors, including age,
sex ratio, duration of anticipation, win/loss magnitude, and motion exclusion criteria in
data preprocessing. Without covariates, the meta-analytic findings of SDM (Supplementary
Figure S8a and Table S8b) are largely comparable with ALE findings. Meta-regressions
showed significant win/loss magnitude effects on win and loss anticipation; age, win/loss
magnitude, anticipation duration, and mation criterion effects on win outcome; and sex
ratio effects on loss outcome (Supplementary Table S8a). Therefore, we included these
confounding factors as covariates for each contrast in post-hoc SDM analyses. The results
remained largely unaltered (Supplementary Figure S8b and Table S8b).

For the findings of meta-analyses without covariates, the / statistics showed small
heterogeneity for win anticipation (4.67%), loss anticipation (5.66%), win outcome (0.28%),
and loss outcome (1.05%). The funnel plots are shown in Supplementary Figure 9a. The
results did not show asymmetry for win anticipation, win outcome, or loss outcome.

Neither tests for small-study effect (bias < 0.36; p’s=> 0.173) or for excess of significance
were significant (p’s= 0.890) for these contrasts, indicating no publication bias. For loss
anticipation, the funnel plots showed some asymmetry, and the test for excess of significance
was not significant, whereas the test for small-study effect was significant (bias = 1.08; p=
0.035), indicating that the findings may be biased since smaller studies were published with
larger effect sizes.

We also tested heterogeneity and publication bias for the findings of meta-analyses with
covariates. The £ statistics showed small heterogeneity for win anticipation (9.53%), loss
anticipation (3.47%), win outcome (0.28%), and loss outcome (0.06%). The funnel plots
did not show asymmetry for any contrast (Supplementary Figure 9b). Neither the tests for
small-study effect (bias < 0.25; p’s= 0.258) nor the tests for excess of significance were
significant (p’s= 0.786).

4. Discussion

To our knowledge, this is the first sufficiently powered meta-analysis of whole-brain
MIDT studies to investigate regional brain responses to the anticipatory and consummatory
phases of win and loss processing. The processes engaged both shared and distinct neural
correlates, in line with previous findings (Dugre et al., 2018; Knutson and Greer, 2008;

Liu et al., 2011; Oldham et al., 2018). With a larger number of studies included for
meta-analysis, we observed regional activities, particularly those related to loss outcome,
that were not reported previously (see Table 1 for comparisons). Further, with conjunction
and subtraction analyses, we identified regional activities that were significantly different
between valences and across processing stages. Specifically, win and loss anticipation both
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engaged the fronto-striatal-thalamic networks; in contrast, win and loss outcomes shared no
regional activities. The mOFC and dACC play specific roles each in processing win and loss
outcome. Win anticipation and outcome both engaged bilateral ventral striatum (VS) and the
right-hemispheric OC, whereas loss anticipation and outcome both involved higher activity
in the right lateral OFC and Al. Win anticipation vs. outcome involved higher activity in
their shared fronto-striatal-thalamic network and lower activity in mOFC, PCC, and right
AG, regions of the default mode network. Notably, win anticipation vs. outcome involved
higher activity in bilateral but predominantly right Al, whereas loss anticipation vs. outcome
involved higher left Al activity. In the below, we provided an overview of the regional
activities with reference to previous studies (Section 4.1), discussed the shared (4.2) and
distinct (4.3) correlates as well as potential effects of confounding factors (4.4).

Neural correlates of win/loss anticipation and outcome

We replicated the findings for win and loss anticipation in the most recently published
meta-analysis of MIDT (Oldham et al., 2018), showing activations across a wide swath of
brain regions, including the amygdala, midbrain, striatum, Al, thalamus, SMA, precentral
gyrus, and OC. Moreover, we observed activation of other frontal cortical regions, including
the MFG for win anticipation. Encompassing behavioral tasks that included the MIDT,

a recent meta-analysis also showed activation of MFG and SMA during win anticipation
(Jauhar et al., 2021). Although the roles of the MFG in win/loss processing have not

been investigated systematically, prior studies implicated the MFG in motivated behaviors
(Bahlmann et al., 2015). The MFG was activated in reward (high > low) x cognitive load
(high > low) interaction during goal-directed behaviors (Pochon et al., 2002; Taylor et al.,
2004). Moreover, individual approach and avoidance traits were associated with activation
of left- and right- lateralized MFG, respectively, during Stroop conflicts (Spielberg et al.,
2011). Here, we observed bilateral MFG activation during win anticipation only; thus, the
behavioral contexts that support functional lateralization of the MFG remains to be clarified.

We observed that the rACC, inferior and superior frontal gyri, angular gyrus, and OC, in
addition to the striatum, amygdala, mOFC, and PCC as demonstrated by Oldham et al.
(2018), showed higher likelihood of activation for win vs. nil outcome. For loss vs. nil
outcome, we found activation in the temporal pole, lateral posterior OFC, Al, dACC, and
superior colliculus, predominantly in the right hemisphere. The latter findings contrasted
with bilateral putamen and globus pallidum reported in Dugre et al. (2018), which included
both whole-brain and ROI studies and employed effect-size SDM, instead of ALE, for
meta-analysis. Notably, we identified mOFC and lateral OFC each during win and loss
outcome, consistent with previous evidence that reward and punishment are represented
medially and laterally, respectively, in the OFC during reversal learning (O’Doherty et al.,
2001).

4.2. Shared neural correlates during win and loss processing

We found that both VS and dorsal striatum (DS) contribute substantially to win and loss
anticipation as well as to win outcome, in accord with Oldham et al. (2018). Previous
studies suggested functional heterogeneity within striatal subregions, with the VS involved
in encoding both positive and negative stimuli and the DS in associative and motor aspects
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of decision-making (Burton et al., 2015). Studies in rats also showed elevated neuronal
activities in the VS and DS each in association with the expectation of larger rewards

and behavioral responses to retrieve the reward (Burton et al., 2014; Roesch et al., 2009).
During Pavlovian conditioning, the VS was critical in learning motivationally salient stimuli,
independent of valence, to bias action selection (Jensen et al., 2007). Therefore, the VS may
encode salience during the anticipatory period and modulate motivational processes in the
DS to initiate the pursuit of reward or to avoid loss (Burton et al., 2015; Oldham et al.,
2018). The findings here and of previous studies that the striatum responds to anticipation
of wins and losses may reflect the fact that avoiding monetary loss is equivalent to winning
in the MIDT. Studies that distinguish reward and punishment (e.g., with electric shocks)
categorically may be needed to differentiate striatal responses to anticipation of positive and
negative outcomes.

Previous meta-analysis identified the VS and left amygdala as common correlates during
win anticipation and outcome at a threshold of p < 0.005 (Oldham et al., 2018). Our
conjunction analyses did not show the left amygdala at p < 0.001 but did at p < 0.005
(results not shown). Our findings further showed a higher likelihood of activation of right
OC in the conjunction of win anticipation and outcome. In addition to processing visual
information (Op de Beeck and Baker, 2010), the OC is involved in encoding emotional
salience and motivation (Geday et al., 2003; Sabatinelli et al., 2011), as during reward
conditioning (Kirsch et al., 2003) and passive exposure to pictures of food vs. objects (Schur
et al., 2009). The OC also showed higher activation during decision-making under risky
and uncertain but not certain conditions, suggesting its broad engagement in behavioral
responses to saliency (Blankenstein et al., 2017; Guo et al., 2013).

With conjunction analysis, we showed shared responses of the right Al (rAl) to loss
anticipation and outcome. The rAl showed stronger activation during risky vs. safe choices
in decision making and its activity during risky choices was significantly correlated with
the likelihood of selecting a safe response after punishment and with higher individual
scores of harm avoidance (Paulus et al., 2003). An MIDT study reported rAl activity during
anticipation of large (but not small) losses in association with individual traits of negative
(but not positive) emotional arousal (Wu et al., 2014). These along with the current findings
suggest an outsized role of the rAl in loss processing and behavioral avoidance.

4.3. Distinct neural correlates of win and loss processing

The mOFC play important roles in motivational and emotional regulation (Rempel-Clower,
2007; Rudebeck and Rich, 2018). Here, we demonstrated higher likelihood of activation of
the mOFC in response to win but not loss outcome. The differences in regional activities
were confirmed by the subtraction analysis of win > loss outcome, broadly in line with
mOFC response to reward but not punishment across multiple behavioral tasks (O’Doherty
et al., 2001; Rolls, 2019; Rolls et al., 2020). Subtraction analysis also showed that the
mOFC was more likely to be activated during win outcome vs. anticipation, as reported
earlier by Oldham et al (2018). This is consistent with the finding from behaving monkeys
that mOFC neurons rapidly encoded the value of a selected action and continued to signal
the outcome until after its delivery in a two-option gambling task (Strait et al., 2014). As

Neuroimage. Author manuscript; available in PMC 2023 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 11

discussed earlier, medial and lateral OFC respond to rewarding and punishing outcomes,
respectively. Although the subtraction analysis failed to reveal lateral OFC activity in loss
Vs. win outcome, investigators should revisit this issue as studies of MIDT accrue in the
literature.

We showed higher likelihood of activation of the dACC to loss outcome but not anticipation,
although subtraction analysis did not substantiate the differences. The dACC has been
implicated in integrating and learning the risk of an action to optimize decision-making
(Bush et al., 2002; Kennerley et al., 2006; Rushworth et al., 2004). The dACC showed
higher activation during decisions to quit vs. to chase losses (Campbell-Meiklejohn et al.,
2008), suggesting dACC’s role in processing negative outcomes for behavioral adjustment.
Prior studies also demonstrated co-activation of the rAl and dACC during the anticipation
of an electric shock (Chua et al., 1999). More broadly, both rAl and dACC showed higher
activation to social exclusion vs. inclusion in the Cyberball task (Moor et al., 2012). Here,
with the rAl responding to both loss anticipation and outcome and the dACC only to loss
outcome, future work may investigate how rAl and dACC dynamically interact in loss
processing for behavioral control.

The thalamus showed higher likelihood of activation during the anticipatory period only,
regardless of valence, although the phase specificity was confirmed for win but not loss with
the subtraction analyses of anticipation vs. outcome. Oldham et al. (2018) too observed
thalamic activity during win anticipation vs. outcome. Also in support were findings

that rodent thalamic neurons elevated firing as reward values increased during the delay
period, peaking before the delivery of reward, suggesting reward anticipation and prediction
(Komura et al., 2001). These findings are nonetheless surprising given the role of the
thalamus in processing and relaying sensory inputs to the cortex (Sherman and Guillery,
2006) and in salience detection (Matsumoto et al., 2001), irrespective of valence (Kirouac,
2015). Neurons in the thalamus of mice encoded the saliency of both appetitive or aversive
outcomes, and the inhibition of these thalamic responses suppressed appetitive or aversive
associative learning and extinction (Zhu et al., 2018). In dynamic causal modeling of the
MIDT data, an earlier work proposed a functional circuit of incentive processing where
anticipation of win or loss generated “alerting” signals in the thalamus that integrate with
interoceptive information conveyed by the Al to shape action selection in the striatum (Cho
et al., 2013). It was also proposed that the thalamus receives inputs from the striatum

and in turn projects to the PFC, thereby linking reward signals to “higher-order” cognitive
functions (Rademacher et al., 2010). In other studies, neuronal responses in the thalamus,
global pallidus, and ACC were parametrically modulated by reward levels only whereas
parametric responses to both reward and punishment were observed in bilateral insula,
caudate head, and OFC (Elliott et al., 2000). Thus, the thalamus shows higher likelihood

of activation during anticipation and the differences between anticipation and outcome
activities are most evident during reward processing. Future research may address the
effective connectivity within the thalamic-striatal-insular/frontal networks for both win and
loss processing, to better understand how the regional activities and connectivities support
motivated behavior, including those involved in drug seeking (Li et al., 2022; Naqgvi and
Bechara, 2009).
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We observed activation of the SMA for both win and loss anticipation, consistent with

a role of this medial frontal region in behavioral selection based on stimulus-reward
associations and representation of risky decisions involving a potential loss (Bickel et al.,
2009; Hartstra et al., 2010). The SMA encodes reward expectancy, as demonstrated with
neuronal recordings in monkeys (Campos et al., 2005; Lee, 2004). The SMA did not
appear to be engaged in the outcome phase of either win or loss processing, although this
difference was confirmed in win anticipation vs. outcome but not in loss anticipation vs.
outcome. These findings broadly support the role of the SMA in action preparation rather
than feedback evaluation after actions. In this role, the SMA may partake in integrating
contextual memory, including the outcomes of previous choices, with ongoing behavioral
contingencies (Nachev et al., 2008). Moreover, win anticipation vs. outcome involved higher
activity in their shared fronto-striatal-thalamic network and lower activity in mOFC, PCC,
and right AG, consistent with opposing patterns of activity of the executive control and
default mode networks (DMN; Raichle, 2015). These findings should also be considered
along with DMN regional reactivity to motivationally salient stimuli (Breiter et al., 2001;
Dohmatob et al., 2020; Mohanty et al., 2008; Pearson et al., 2011; Rogers et al., 2004).

In monkeys, neurons in the PCC showed transient phasic increases in firing during the
detection of salient environmental changes (Hayden et al., 2009), such as the delivery of
a reward (McCoy et al., 2003). In humans, the PCC responds to motivational salience of
the target in guiding shifts of spatial attention (Dohmatob et al., 2020). Indeed, here we
also observed higher mOFC, PCC, and right AG activity during win outcome vs. nil (Fig.
2), which appeared to drive the difference in these DMN regional activities between win
anticipation and outcome.

A few findings suggest functional lateralization of the Al. First, whereas both win and

loss anticipation engaged bilateral Al, loss outcome engaged the right Al only and win
outcome engaged neither right nor left Al. As a result, win anticipation vs. outcome involved
higher activity in bilateral but predominantly right Al, whereas loss anticipation vs. outcome
involved higher left Al activity. In earlier reviews Craig and colleagues suggested that the
right and left Al responds to aversive and to positive and affiliative emotions, respectively
(Craig, 2009; Craig, 2005). For instance, in healthy individuals, pleasant vs. unpleasant
music (Koelsch et al., 2006) as well as anticipation of (Simmons et al., 2004) and exposure
to (Straube and Miltner, 2011) emotionally aversive vs. neutral pictures activated the right
but not left Al. However, these findings contrast with other reports associating greater
responses of the left Al with visually aversive vs. neutral stimuli and higher negative valence
ratings of the stimuli (Caria et al., 2010) as well as meta-analysis linking predominantly
right and left insula activity each to approach/positive emotion and withdrawal/negative
emotion-related behaviors (Wager et al., 2003). The latter reports appeared to be consistent
with our finding that win anticipation vs. outcome involved higher activity in bilateral

but predominantly right Al, whereas loss anticipation vs. outcome involved higher left

Al activity. Together, these observations along with studies showing sensitivity of the Al

to uncertainty (Fan et al., 2014; Wu et al., 2021) suggest the potential importance in
considering the processing phase of anticipation and consummation in elucidating functional
lateralization of the Al.
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4.4. Potential effects of confounding factors

We grouped studies by age (68 adult vs. 12 non-adult studies) and performed post-hoc
subgroup ALE analyses for each contrast. Although the meta-analyses of non-adult studies
(m<15) were likely under-powered, we observed activation of the striatum and insula,

in accord with recent meta-analytic findings that adolescents vs. adults showed higher
likelihood for activation in the insula, striatum, amygdala, ACC, and OFC during reward
processing (Silverman et al., 2015). The findings support the roles of the striatum and
insula in win and loss processing regardless of age. As the reward circuits “mature” before
self-regulation circuits during this developmental period (Casey, 2015; Casey et al., 2008;
Chen et al., 2020), it would be of instrumental importance to investigate how win and

loss processes and their neural mechanisms evolve from adolescence to adulthood. We also
performed subgroup ALE analyses on studies with average success rate = 66% and < 66%,
respectively. The findings look similar but the clusters for studies with rate < 66% were
fewer and smaller, most likely due to the limited number of studies.

An advantage with SDM is that we can perform meta-regressions to explore the linear
effects of confounding factors on meta-analytic findings. We observed that the putamen

was involved in all processes except for loss outcome, where its activity appeared to

be accounted for by win/loss magnitude, in accord with striatal neuronal encoding of
expectation of reward magnitudes (Cromwell and Schultz, 2003). Besides the magnitude-
related effect, we also showed an age-related effect on the activation of right putamen during
win outcome, although this appeared at odds with our previous findings associating age

with higher prefrontal cortical, but not striatal, responses to the outcome of dollar win vs.
neutral (Dhingra et al., 2020). In the latter study, we revealed an age-related constriction

in sensitivity to win/loss magnitude — age incurs lower neural responses to anticipation of
higher monetary gain and higher responses to smaller loss, suggesting an interaction of age
and win/loss magnitude processing. The current findings add to the literature by highlighting
the potential roles of the right putamen in the interplay of age and reward magnitude
processing.

SDM findings for loss anticipation may be biased by the small-study effect. The potential
publication bias was no longer observed with loss magnitude included as a covariate,
suggesting that the factors confounding the meta-analytic findings may also affect the
estimation of publication bias. Further, we showed that the results for win outcome

were subject to publication bias in ALE but not SDM analyses, suggesting the need

of more nuanced approach to assessing publication bias in meta-analyses using different
methodologies.

4.5. Limitations of the study, other considerations, and conclusions

A few limitations should be acknowledged. Firstly, the studies reporting the contrasts

of loss events are fewer in number than those reporting win events, which may have
impacted the statistical power of ALE analyses. With more MIDT studies to investigate
the neural mechanism of loss processing, meta-analyses are to follow up on the roles of
shared and distinct regional response to wins and losses. Secondly, an earlier meta-analysis
distinguished VS sensitivity to reward magnitudes during both prediction and consumption
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and mOFC sensitivity only during consumption (Diekhof et al., 2012). Very few MIDT
studies reported coordinates for the contrasts of different magnitudes; thus, we were not
able to verify these differences. Thirdly, studies of relatively small sample sizes are limited
in showing the true effects (Button et al., 2013), which in turn may impact meta-analytic
findings (Pereira and loannidis, 2011). An additional challenge for ALE and SDM is that
no routines are available for correction of multiple testing, either with the same samples
evaluated for multiple contrasts or same contrasts included in multiple meta-analyses.
Finally, both ALE and SDM are limited by the inclusion of reported peak coordinates but
not spatial extent of the clusters in the analyses (Radua et al., 2012). With more and more
studies to upload the statistical parametric maps in publication, investigators would be able
to employ the effect size maps (i.e., effect-size SDM or ‘ES-SDM”) for more exhaustive and
accurate meta-analyses.

In conclusion, we demonstrated both shared and non-shared neural correlates of anticipatory
and consummatory win and loss processing. The findings highlighted that while win and
loss outcomes shared no regional activities, win and loss anticipation both engaged the
fronto-striatal-thalamic network; the mOFC and dACC play distinct roles each in processing
win and loss outcome; and win anticipation vs. outcome engaged bilateral but predominantly
right Al, whereas loss anticipation vs. outcome involved higher left Al activity.
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Studies identified through Additional studies identified
PubMed search through other sources
(n=1338) (n=0)

Studies excluded
(n=249)
Studies met the inclusion Patient studies with no coordinates
criteria (n = 330) for healthy controls (n = 35)
ROI analysis (n = 63)
Coordinates not presented (n = 151)

Studies included in meta-
analysis (n = 81)

Win anticipation Loss anticipation i Loss outcome
(n=79) (n=42) = (n=14)

Figure 1.
A flow-chart for the procedure to arrive at the final sample for meta-analysis, following

‘Preferred reporting items for systematic reviews and meta-analyses (PRISMA).’
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Figure 2.
ALE single dataset analyses. (A) Win anticipation; (B) Loss anticipation; (C) Win outcome;

and (D) Loss outcome. Note. The results were evaluated with a cluster-forming threshold of
£ <0.001 uncorrected and a cluster-level threshold of p < 0.05 FWE corrected. Color bars
represent ALE scores. L: left; R: right; ACC: anterior cingulate cortex; Al: anterior insula;
AG: angular gyrus; AMG: amygdala; dACC: dorsal ACC; IFG: inferior frontal gyrus;
IpOFC: lateral posterior orbitofrontal cortex; MFG: middle frontal gyrus; mOFC: medial
orbitofrontal cortex; OC: occipital cortex; PCC: posterior cingulate cortex; PCG: precentral
gyrus; rACC: rostral ACC; RN: red nucleus; SC: superior colliculus; SFG: superior frontal
gyrus; SMA: supplementary motor area; STR: striatum; TH: thalamus; TP: temporal pole;
VS: ventral striatum.
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Win & Loss anticipation
Al

Win & Loss outcome

Nil

Win anticipation & outcome

Figure 3.
ALE conjunction analyses: (A) Win and Loss anticipation; (B) Win and Loss outcome; (C)

Win anticipation and outcome; and (D) Loss anticipation and outcome. The results were
evaluated with a cluster-forming threshold of p < 0.001 uncorrected and a cluster-level
threshold of p< 0.05 FWE corrected. Color bars represent ALE scores. Nil: no significant
findings. R: right; Al: anterior insula; OC: occipital cortex; PCG: precentral gyrus; SMA:
supplementary motor area; STR: striatum; TH: thalamus.
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A Win vs. Loss anticipation

Z value Z value
Nil
WA > LA LA> WA

Win vs. Loss outcome

Win anticipation vs. outcome

VS DS Al RTH

Figure 4.
ALE subtraction analyses: (A) Win vs. Loss anticipation; (B) Win vs. Loss outcome; (C)

Win anticipation vs. outcome; and (D) Loss anticipation vs. outcome. Note: Subtraction
analyses were conducted with a significance level of p < 0.001 with a minimal cluster size
of 100 mm3. Color bars represent Zvalues. No significant findings (Nil) were found for WA
> LA, LA>WA, LO >WO, or LO >WA. WA: win anticipation; WO: win outcome; LA:
loss anticipation; LO: loss outcome. L: left; R: right; AG: angular gyrus; Al: anterior insula;
DS: dorsal striatum; IFG: inferior frontal gyrus; mOFC: medial orbitofrontal cortex; PCC:
posterior cingulate cortex; PCG: precentral gyrus; SMA: supplementary motor area; STR:
striatum; TH: thalamus; VS: ventral striatum.
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