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A B S T R A C T   

The cerebellum generates internal prediction models and actively compares anticipated and actual outcomes in 
order to reach a desired end state. In this process, reward can serve as a reinforcer that shapes internal prediction 
models, enabling context-appropriate behavior. While the involvement of the cerebellum in reward processing 
has been established in animals, there is no detailed account of which cerebellar regions are involved in reward 
anticipation and outcome processing in humans. To this end, an activation likelihood estimation meta-analysis of 
functional neuroimaging studies was performed to investigate cerebellar functional activity patterns associated 
with reward anticipation and outcome processing in healthy adults. Results showed that reward anticipation (k 
= 31) was associated with regional activity in the bilateral anterior lobe, bilateral lobule VI, left Crus I and the 
posterior vermis, while reward outcome (k = 16) was associated with regional activity in the declive and left 
lobule VI. These findings demonstrate distinct involvement of the cerebellum in reward anticipation and 
outcome processing as part of a predictive coding routine.   

1. Introduction 

The cerebellum is a brain structure located in the posterior fossa and 
is well known for its involvement in motor function (Manto et al., 2012; 
Stoodley et al., 2012; Stoodley and Schmahmann, 2009) and more 
recently also for contributing to higher order mental functions (E et al., 
2014; Schmahmann, 2019; Stoodley et al., 2012; Stoodley and 
Schmahmann, 2009). Within the domain of motor learning, the cere
bellum generates internal forward models to predict motor sequences, 
which are then compared to the actual sensory feedback following ac
tion execution (Blakemore et al., 2001; Ebner and Pasalar, 2008; Ito, 
2008; Wolpert et al., 1995, 1998). A mismatch between the predicted 
and actual outcome gives rise to a prediction error signal which is used 
by the cerebellum to update the internal model and improve motor 
performance (Shadmehr et al., 2010; Wolpert et al., 1995). The ability of 
the brain to generate predictions (inferences) and test those predictions 
against outcomes is crucial for controlling and guiding 
situation-appropriate behaviors. The process of minimizing the differ
ence between expectation and outcome is part of a routine called pre
dictive coding and serves to maintain bodily homeostasis (Friston, 

2010). The central idea behind predictive coding is the formation of 
internal models that are used to reach a desired end state (e.g., learning a 
motor skill) and reduce uncertainty (Friston, 2010). Prior research has 
shown that the cerebellar involvement in predictive coding extends to 
higher order mental functions (for a review see Koziol et al., 2014). This 
idea fits the universal cerebellar transform hypothesis which posits that 
the cerebellum performs a single, generic computation on information 
supporting motor-, cognition- and emotion-related functions (Schmah
mann et al., 2019, but see Diedrichsen et al., 2019, for an alternative 
account). In the active process of bridging the gap between the current 
and desired (future) end state, reward serves as a positive reinforcer that 
shapes internal models, enabling context-appropriate behavior. Reward 
is imperative to guiding movement, cognition and emotion, providing a 
common signal underlying these processes. Reward anticipation refers 
to the phase in which the prospect of a reward becomes evident as 
signaled by a cue. The absence of an anticipated reward generates a 
prediction error and indicates the need to adjust the internal model with 
the aim to minimize the prediction error, allowing for more accurate 
predictions about future rewards in connection to behavior. 

A neurofunctional link between the cerebellar cortex and reward 
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processing has been demonstrated on the cellular level in the animal 
brain (for a review see Kostadinov and Häusser, 2022). Granule cells 
have been shown to be implicated in encoding anticipation, outcome 
and unexpected omission of reward (Wagner et al., 2017). Activation of 
Purkinje cells (PCs) caused by excitation of the mossy fiber-granule 
cell-parallel fiber pathway (Apps and Garwicz, 2005) is argued to 
carry learning-contingent reward error signals during visuomotor 
learning (Sendhilnathan et al., 2020). In addition to the mossy fibers 
that innervate granule cells, climbing fibers directly activate PCs upon 
presentation of a cue signaling a forthcoming large relative to a small 
reward (Larry et al., 2019) and following the delivery of unexpected 
rewards (Heffley and Hull, 2019). In agreement with the classic cere
bellar learning theory (Albus, 1971; Ito and Kano, 1982; Marr, 1969), 
climbing fibers may drive learning by detecting mismatches between 
reward anticipation and outcome (Kostadinov et al., 2019). Further
more, climbing fibers facilitate learning through long-term depression at 
parallel fiber-PC synapses (Albus, 1971; Ito and Kano, 1982; Marr, 
1969). This modulates the PC inhibitory effect on the deep cerebellar 
nuclei (DCN), providing a communication channel between the cere
bellum and reward-dedicated extracerebellar regions. Optogenetic 
stimulation of fibers that run from the DCN to the ventral tegmental area 
(VTA), for example, increases activity of VTA neurons and causes a 
strong preference for exploring locations that were accompanied by 
optogenetic stimulation in mice (Carta et al., 2019). Further evidence for 
the connection between the cerebellum and reward comes from results 
showing that silencing the dentate nucleus in mice through optogenetic 
stimulation of PCs lowers firing rates in neocortical motor neurons and 
reduces running speed and licking in anticipation of reward (Chabrol 
et al., 2019). 

In line with these basic neuroscience studies, results from whole- 
brain functional neuroimaging meta-analyses of human studies point 
towards a role of the cerebellum in reward processing as well (Wilson 
et al., 2018; Jauhar et al., 2021). In one meta-analysis, neural activation 
patterns during the monetary incentive delay task were examined across 
fifteen studies in healthy volunteers (Wilson et al., 2018). Results 
showed activity of the striatum, insula, thalamus, amygdala, anterior 
cingulate gyrus and the supplementary motor area (SMA) during reward 
anticipation, regions that are part of the brain’s salience network (Seeley 
et al., 2019). In addition, right-sided cerebellar activation in lobules I-V 
was observed. While the anterior cerebellum is not considered part of 
the salience network, this result does suggest a role for the cerebellum in 
motivational salience and reward-based learning (Wilson et al., 2018). 
Involvement of the anterior cerebellum in reward processes and asso
ciated motor preparation is further illustrated by its connections to the 
basal ganglia (Pierce and Péron, 2022) and results from other 
meta-analyses on emotion and motivation (Habas, 2022a). In another 
more recent meta-analytic study, neural activity associated with mon
etary reward anticipation and outcome to predictive rewards was con
trasted to a no-win condition and a less than anticipated reward 
condition in healthy adult volunteers (Jauhar et al., 2021). Results from 
pooled data of forty-five eligible studies showed activation in the ventral 
striatum, cingulate cortex, SMA, insula and several clusters in the 
anterior (lobules IV-V) and posterior cerebellum (lobule VI and Crus I). 
While the relevance and meaning of the cerebellar activation during 
reward anticipation were not discussed in detail, the activated cerebellar 
regions are in agreement with the earlier discussed optogenetic stimu
lation findings in mice (Carta et al., 2019) and what is currently known 
about their functional connections to the extracerebellar regions of the 
salience and cortico-striatal network (Habas, 2022b). In contrast, ana
lyses of the pooled data of twenty-eight studies on reward outcome 
yielded significant activation in the ventral striatum and the cingulate 
cortex, but not in the cerebellum (Jauhar et al., 2021). The lack of 
cerebellar activation appears at odds with animal research showing 
reward outcome-related activation of the cerebellum on the cellular 
level (Wagner et al., 2017; Sendhilnathan et al., 2020). 

Furthermore, distinct cerebellar regions involved during monetary 

reward anticipation and outcome processing have been found in in
dividuals with psychiatric disorders. For example, individuals with 
major depressive disorder (MDD) display decreased regional activity in 
the right lobules IV-VI in comparison to healthy controls (Yang et al., 
2022), while individuals with schizophrenia show reduced activation of 
the anterior vermis during monetary reward anticipation (Leroy et al., 
2020). Upon reward delivery, individuals with MDD show hypo
activation of left lobule VI and Crus I (Yang et al., 2022), while increased 
activity is seen in the left anterior cerebellum and left lobule VI of in
dividuals with schizophrenia (Zeng et al., 2022). Although the effects 
found in the group of schizophrenia patients are likely to be influenced 
by medication use, involvement of the cerebellum during the different 
reward processing phases is nonetheless notable and concurs with 
documented alterations in reward sensitivity in MDD and schizophrenia 
(Halahakoon et al., 2020; Whitton et al., 2015). 

Despite the growing body of neuroscientific research on the cere
bellum in reward processing, its specific contribution to reward antici
pation and outcome remains understudied. To this end, an activation 
likelihood estimation (ALE) meta-analysis of functional neuroimaging 
studies was performed to investigate cerebellar functional activity pat
terns of reward anticipation and outcome processing in healthy adults. 
Distinct patterns of activity were expected for the reward anticipation 
and outcome condition, as reward anticipation likely relies on predic
tion and preparatory feedforward processes, whereas reward outcome 
depends on evaluative feedback processes. 

2. Methods 

2.1. Literature search and study selection 

To identify studies eligible for inclusion, the databases PubMed and 
Web of Science were searched on February 21, 2022, using the terms 
(‘reward*’) AND (‘fMRI’ OR ‘functional MRI’ OR ‘functional magnetic 
resonance imaging’) AND (‘task*’ OR ‘paradigm*’ OR ‘game*’) AND 
(‘money’ OR ‘monetary’) in the query. The terms ‘task* ’ and ‘money* ’ 
were used to restrict the search to studies that employed a reward- 
related task with money as reward, without limiting the search to one 
particular monetary reward task, such as the monetary incentive delay 
task. The monetary incentive delay task (Knutson et al., 2000) estab
lishes for each trial whether a reward will be given, followed by par
ticipants’ speeded response to a learned visual cue and feedback on 
whether performance was sufficient. This task design allows for the 
segregation of reward anticipation and outcome, the two stages that are 
at the center of the present meta-analysis (Wilson et al., 2018). 

The initial search yielded 794 results in PubMed and 801 results in 
Web of Science. After removing duplicates, 886 unique records were 
identified. Eighty six records were excluded based on the title as those 
were obviously not related to the topic (e.g., addiction, smoking cessa
tion treatment), leaving 800 articles for full-text screening. English- 
language functional magnetic resonance imaging (fMRI) studies in 
healthy adults were selected if they included a reward anticipation or 
reward outcome contrast as main effect. We did not include contrasts 
that compared different reward magnitudes (e.g., a high compared to 
low reward) or that compared reward with loss. Moreover, studies were 
selected if they reported significant hemodynamic cerebellar activity in 
the reward-specific contrast. Although our search comprised whole- 
brain analyses, we subsequently treated the cerebellum as a region of 
interest by only including coordinates from this region. This approach is 
similar to a previous ALE meta-analysis focusing on the cerebellum 
(Klaus and Schutter, 2021). Usually, meta-analyses focusing on the 
cerebellum already include ‘cerebell* ’ as a search term in the query. 
However, cerebellar activity is not always mentioned in the title or 
abstract but can be reported in the supplementary materials. By not 
including ‘cerebell* ’ as a search term in the query, we were able to 
identify eligible studies that would otherwise not have been discovered. 

If a study assessed the effect of a drug or stress manipulation on 
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reward anticipation and/or outcome, the main effect was included in 
case of an absent interaction effect with the stress or drug manipulation. 
In case of a significant interaction effect, only the control (i.e., placebo 
or no-stress) group was included. If a study sample consisted of both 
adults and underage participants, only the adult sample (> 18 years) 
was included in the analysis if cerebellar coordinates were reported for 
the adult group separately. Likewise, if a study sample consisted of both 
non-healthy and healthy participants, only the healthy participant group 
was included in the analysis if cerebellar coordinates were reported for 
the healthy participant group separately. One study (Kirk et al., 2015) 
reported two reward anticipation contrasts for two separate healthy 
samples. If cerebellar activity was mentioned in the paper and/or was 
evident in figures but the coordinates were not reported, we reached out 
to the corresponding author to request the cerebellar coordinates. Of the 
thirteen requests, coordinates for three studies were received and were 
included in the meta-analysis. Ten studies (Benningfield et al., 2014; 
Boecker-Schlier et al., 2017; Graf et al., 2018; Jung et al., 2011; Koll
mann et al., 2017; Kumar et al., 2014; Murao et al., 2017; Schott et al., 
2007; Schouw et al., 2013; Scult et al., 2017) could not be included 
because we were unable to retrieve the cerebellar coordinates. 

Fig. 1 depicts the PRISMA flowchart of the study selection procedure. 
Forty-four studies were included in the final analysis, including 31 
studies for the reward anticipation condition and 16 studies for the 
reward outcome condition. Three included studies reported significant 
cerebellar activation in both the reward anticipation and outcome 
contrast. The absence of a reward-specific contrast or significant cere
bellar activation in these contrasts were the main reasons for exclusion.  
Table 1 summarizes all studies included in the meta-analysis. 

2.2. ALE meta-analysis 

An ALE meta-analysis estimates convergence of activity across fMRI 
studies (Eickhoff et al., 2009). Foci reported in individual studies are 
treated as spatial probability distributions centered at a coordinate, 
accounting for spatial uncertainty resulting from differences in sample 
sizes and between-template variability (Eickhoff et al., 2009). True 
convergence is then differentiated from random clustering by testing the 
ALE results against a spatial null distribution. Significant clusters were 
identified by applying a cluster-level family-wise error threshold of 
p < .01 and a cluster-forming threshold of p < .001, using 5000 

permutations. Analyses were performed in Montreal Neurological 
Institute (MNI) reference space using NiMARE (version 0.0.10, 
https://github.com/neurostuff/NiMARE). Coordinates originally re
ported in Talairach space were converted into MNI space using the 
Lancaster transform icbm2tal (Lancaster et al., 2007). Since analyses 
were restricted to cerebellar coordinates, we used a mask corresponding 
to the cerebellum as defined in the MNI structural atlas (Collins et al., 
1995; Mazziotta et al., 2001) in FSL (Smith et al., 2004). This mask was 
the null space in all analyses, allowing for a region of interest-specific 
analysis of reported activation peaks (see Klaus and Schutter, 2021). 

To estimate publication bias, we computed the fail-safe N per study, 
defined as 5 × number of included studies + 10 (Rosenthal, 1979) for 
the reward anticipation (N = 170) and reward outcome condition 
(N = 90). Using the create_coordinate_set function in NiMARE, we then 
created 170 and 90 random foci, added them to the respective datasets, 
and repeated the analyses. If the clusters are still present, then this is 
indicative for a sufficiently robust ALE finding (Chen et al., 2022). 

Results were visualized in Mango (version 4.1, http://rii.uthscsa. 
edu/mango/mango.html) by overlaying the ALE results onto a standard 
MNI template (colin27_T1_seg_MNI.nii; http://www.brainmap.org/ale/ 
Colin27_T1_seg_MNI.nii.gz). Additionally, results were plotted on cere
bellar flatmaps using the SUIT toolbox (Diedrichsen and Zotow, 2015) in 
MATLAB (version R2020b). 

3. Results 

Table 2 reports the ALE results for the reward anticipation and 
reward outcome condition. 

3.1. Reward anticipation 

Thirty-one studies investigating reward anticipation reported 58 foci 
in 918 participants. The ALE analysis for reward anticipation yielded 
two cerebellar clusters (top panel of Fig. 2). The peak coordinate of the 
largest cluster was located in right lobules I-IV. This cluster extended to 
bilateral lobule V, right lobule VI, and the posterior vermis (i.e., declive, 
tuber, pyramid and uvula). The peak coordinate of the second cluster 
was located in left lobule VI and this cluster extended to left Crus I. Both 
clusters were still observed after adding 170 random foci. 

Fig. 1. PRISMA flowchart of the study selection procedure.  
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Table 1 
Overview of studies included in the meta-analysis.  

Study N (female) Age (M ± SD)a Task Performance-dependent 
reward (success rate)b 

Number of 
coordinates included 

Reward anticipation      
Abler et al. (2007)c 8 (4) 31.3 ± 8.8 MIDT Yes (60%) 1 
Adcock et al. 

(2006) 
12 (3) NA (18–35 *) MIDT Yes (66%) 1 

Apaydın et al. 
(2018) 

18 (11) 25.8 ± 5.8 Temporal attention task Yes 1 

Bayard et al. (2020) 29 (15) 28.94 ± 6.47 MIDT Yes (50%) 8 
Behan et al. (2015) 20 (11) 23.05 (18–35 *) Monetary incentive delay- 

Go/NoGoTask 
Yes 2 

Bjork et al. (2008) 23 (11) 32 ± 8 MIDT Yes (66%) 1 
Bjork et al. (2010) 24 (12) 29.3 ± 5.7 MIDT Yes (66%) 1 
Dhingra et al. 

(2021)c 
63 (27) 37 ± 11 MIDT Yes (67%) 2 

Dillon et al. (2010)c 32 in reward anticipation contrast (16). 
31 in reward outcome contrast. 

21.68 ± 3.35 MIDT No 1 

Fauth-Bühler et al. 
(2014) 

89 (0) 36.2 ± 9.4 Effort-dependent 
instrumental motivation task 

Yes 3 

Grimm et al. (2021) 45 (23) 22.81 ± 2.71 MIDT Yes 1 
Herbort et al. 

(2016) 
23 (23) 25.78 ± 5.75 MIDT Yes (66%) 3 

Ikeda et al. (2019) 15 (8) 31.7 ± 4.2 MIDT Yes (66%) 2 
Juckel et al. (2012) 13 (2) 25.69 ± 4.84 MIDT Yes 1 
Kaufmann et al. 

(2013) 
19 (11) 34.9 ± 11.8 MIDT Yes (66%) 1 

Kirk et al. (2015) 78 (35) 40.2 ± 10.3 (meditators), 36.5 ± 9.7 (controls) MIDT Yes Controls (2), 
meditators (2) 

Knutson et al. 
(2001) 

9 (7) 26.45 ± 5.85 MIDT Yes (66%) 1 

Knutson et al. 
(2003) 

12 (6) 31 (NA) MIDT Yes (66%) 1 

Libedinsky et al. 
(2011) 

22 (0) 22.7 ± 3.2 MIDT Yes (60%) 1 

Montoya et al. 
(2014) 

20 (0) 23 ± 3.4 MIDT Yes 1 

Murphy et al. 
(2017) 

33 (6) 42 ± 8.6 MIDT Yes (66%) 1 

Ossewaarde et al. 
(2011) 

28 (28) 22.8 (18–38 *) MIDT Yes (33%) 2 

Pfabigan et al. 
(2014) 

25 (13) 23.8 ± 3.6 MIDT Yes (50%) 3 

Saji et al. (2013) 18 (10) 29.6 ± 6.94 MIDT Yes (66%) 2 
Schlagenhauf et al. 

(2008) 
10 (1) 31.8 ± 8.7 MIDT Yes (67%) 2 

Schneider et al. 
(2018) 

46 (25) 28.08 ± 4.17 MIDT Yes (50%) 4 

Schreiter et al. 
(2016) 

20 (12) 41.45 ± 7.33 MIDT Yes 1 

Spaniol et al. 
(2015) 

31 (18) 25.44 ± 3.79 (younger adults), 68.47 ± 5.38 (older adults) MIDT Yes (66%) 2 

Treadway et al. 
(2013) 

38 (18) 22 (18–34 *) MIDT Yes (66%) 2 

Van Leeuwen et al. 
(2019) 

73 (0) 33.1 ± 2 (control-no stress), 35.4 ± 2 (control-stress), 33.4 ± 2.6 (siblings of 
schizophrenia patients-no stress), 32.6 ± 1.7 (siblings of schizophrenia patients- 
stress) 

MIDT Yes (55%) 1 

(continued on next page) 
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Table 1 (continued ) 

Study N (female) Age (M ± SD)a Task Performance-dependent 
reward (success rate)b 

Number of 
coordinates included 

Yan et al. (2016) 22 (11) 19.78 ± 0.8 MIDT Yes (66%) 1 
Reward outcome      
Abler et al. (2007)c 8 (4) 31.3 ± 8.8 MIDT Yes (60%) 1 
Camara et al. 

(2009) 
17 (10) 21.6 ± 2.6 Monetary gambling task No 2 

Dhingra et al. 
(2021)c 

63 (27) 37 ± 11 MIDT Yes (67%) 1 

Dhingra et al. 
(2020) 

54 (24) 40 ± 14 MIDT Yes (67%) 2 

Dillon et al. (2010)c 32 in reward anticipation contrast (16). 
31 in reward outcome contrast. 

21.68 ± 3.35 MIDT No 1 

Ernst et al. (2005) 14 (6) 26.7 ± 5 Wheel of Fortune task No 2 
Fujiwara et al. 

(2009) 
17 (5) NA (20–29 *) Free-choice task Yes 1 

Gaillard et al. 
(2019) 

23 (14) 24.7 ± 0.9 Fribourg reward task Yes 1 

Katahira et al. 
(2015) 

25 (12) 24.44 ± 5.28 Decision-making task Yes (65%) 1 

Koch et al. (2008) 28 (17) 24.6 ± 5.5 Trial-and-error learning task Yes 1 
Kube et al. (2018) 23 (11) 30 ± 5 Probabilistic reinforcement 

learning task 
Yes (70%) 2 

Mucci et al. (2015) 22 (12) 31.91 ± 8.49 MIDT Yes (66%) 1 
Vaidya et al. (2013) 18 (9) 27.72 ± 1.36 MIDT Yes (66%) 2 
Van de Steen et al. 

(2020) 
368 (199) 29 (22–36 *) Monetary Incentive 

Gambling task 
No 3 

Yao et al. (2020) 27 (0) 22 ± 1.92 MIDT Yes (67%) 1 
Zhornitsky et al. 

(2021) 
45 (16) 41.8 ± 8.4 MIDT Yes (67%) 1 

MIDT = Monetary Incentive Delay task. NA = not available.  
a Age range reported if age mean and/or SD were not indicated. 
b Reported if available. 
c Both the reward anticipation and outcome contrast were included for this study. 

E.S. Kruithof et al.                                                                                                                                                                                                                              



Neuroscience and Biobehavioral Reviews 149 (2023) 105171

6

3.2. Reward outcome 

Sixteen studies investigating reward outcome reported 23 foci in 783 
participants. The ALE analysis yielded one cluster (bottom panel of 
Fig. 2). The peak coordinate of the cluster was located in the declive and 
this cluster extended to left lobule VI. This cluster was still observed 
after adding 90 random foci. 

4. Discussion 

Reward is an important signal for learning and behavioral adapta
tion. To examine the involvement of specific cerebellar regions in 
reward processing, we performed an ALE meta-analysis on fMRI studies 
to map regional cerebellar activity associated with reward anticipation 
and outcome processing in healthy adult volunteers. Results showed 
dissociable cerebellar substrates for reward anticipation and outcome. 
More specifically, reward anticipation was associated with regional ac
tivity in the bilateral anterior lobe, bilateral lobule VI, left Crus I and the 
posterior vermis, while reward outcome was associated with regional 
activity in the declive and left lobule VI. 

4.1. Reward anticipation 

The largest cluster had its peak coordinate in right lobules I-IV and 
extended to bilateral lobule V, right lobule VI and the posterior vermis (i. 
e., declive, tuber, pyramid and uvula). Given the involvement of the 
anterior lobe in sensorimotor functions (Stoodley et al., 2012; Stoodley 

and Schmahmann, 2009), activity in these regions is suggested to relate 
to preparations for an upcoming motor response. In reward tasks that 
involve reward anticipation, a target is presented after the anticipation 
phase. Participants are instructed to respond to the target by pressing a 
button. Doing so in time usually leads to reward in the majority of trials. 
According to the cerebellar somatotopic map, activity patterns overlap 
with regions involved in facial (e.g., eyes) as well as right arm, hand and 
finger movements (Boillat et al., 2020; Grodd et al., 2001). These body 
parts can be assumed to be involved during reward anticipation, but 
more readily play a role in response to target presentation (e.g., button 
press with the right hand). This supports the idea of preparatory 
motor-related activity in cerebellar lobules during reward anticipation, 
which is linked to the future usage of the body parts represented in these 
areas. Cerebellar forward models predict the sensory consequences of 
movement based on an efference copy of the motor command (Blake
more et al., 2001; Miall and Wolpert, 1996; Wolpert et al., 1998). Thus, 
the efference copy represents a motor signal that precedes the move
ment (Miall and Wolpert, 1996) and allows comparison of the sensory 
feedback (e.g., through proprioception) to sensory predictions resulting 
specifically from one’s own movement (Pynn and DeSouza, 2013; 
Wolpert et al., 1995). A similar principle may apply to the identification 
of mismatches between reward anticipation and outcome. This infor
mation can then be used to update the internal model in order to 
improve motor performance (Shadmehr et al., 2010; Wolpert et al., 
1995). As such, the cluster of activity in the anterior lobe is proposed to 
represent the efference copy necessary for reinforcement learning. 

The largest cluster extended to right lobule VI. Lobule VI is part of the 

Fig. 2. ALE results for reward anticipation (top) and reward outcome (bottom) overlaid on the Colin27 template (left) and mapped onto a cerebellar flatmap (right; 
Diedrichsen and Zotow, 2015). 

Table 2 
ALE results for reward anticipation and reward outcome.      

Peak MNI coordinates  

Condition Cluster Cluster size (mm3) T X Y Z Location of cluster 

Reward anticipation 1 10,589 3.7 8 -50 0 Right lobules I-IV 
Left lobules I-IV 
Bilateral lobule V 
Right lobule VI 
Posterior vermis (declive, tuber, pyramid and uvula)  

2 2997 3.7 -30 -60 -18 Left lobule VI        
Left Crus I 

Reward outcome 1 433 2.05 -4 -68 -16 Declive 
Left lobule VI  
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brain’s salience network (Habas et al., 2009; Sang et al., 2012), impli
cated in detecting and responding to relevant internal and external 
stimuli (Seeley, 2019). Upon detection of the salient event, the salience 
network recruits attentional resources to facilitate task-relevant 
behavior (Menon and Uddin, 2010; Peters et al., 2016). It coordinates 
brain network dynamics by deactivating the default mode network 
(DMN) and activating the central executive network in response to a 
salient event (Goulden et al., 2014; Sridharan et al., 2008). A failure to 
deactivate the DMN is associated with lapses of externally focused 
attention (Weissman et al., 2006) and impaired inhibitory control on a 
stop-signal task (Bonnelle et al., 2012), demonstrating how the salience 
network influences behavior. In the context of reward anticipation, right 
lobule VI as part of the salience network may be involved in the regu
lation of attentional resources following the salient cue, enabling fast 
responses to relevant stimuli. 

In addition, involvement of the posterior vermis (i.e., declive, tuber, 
pyramid and uvula) was observed during reward anticipation. The vermis 
is involved in emotion processing and has therefore also been termed the 
‘limbic cerebellum’ (Baumann and Mattingley, 2012; Schmahmann et al., 
2007). Moreover, owing to its connections to the hypothalamus and 
reticular formation (Sprague and Chambers, 1954; Wen et al., 2004; Zhu 
et al., 2006), the vermis is implicated in the regulation of autonomic 
arousal (Demirtas-Tatlidede et al., 2011; Maschke et al., 2000). Accord
ing to the somatic marker hypothesis, autonomic signals (i.e., somatic 
markers such as heart rate) to different outcome scenarios can be used to 
(implicitly) guide decision-making (Damasio, 1994). Anticipatory auto
nomic responses to maladaptive behavioral strategies function as a 
teaching signal which shape advantageous behavioral choices over time 
(Bechara et al., 1996, 1997). The somatic marker hypothesis can be linked 
to predictive coding in the context of interoception (i.e., awareness of 
bodily signals; Seth et al., 2012). Within the framework of interoceptive 
predictive coding, emotional states are proposed to arise from predictions 
about interoceptive signals (Seth et al., 2012). The role of the vermis in 
emotion processing and the regulation of autonomic arousal suggests that 
the posterior medial part of the cerebellum is implicated in interoceptive 
predictive coding. The cerebellum is proposed to receive reward signals 
from the basal ganglia, thereby associating particular actions with a 
reward value to drive learning (Kostadinov and Häusser, 2022). Specu
latively, the posterior vermis may hold a representation of somatic 
markers, which may be used by the cerebellum in the generation of for
ward models to select the motor response that will most likely lead to 
reward. 

The second cluster had its peak coordinate in left lobule VI and 
extended to left Crus I. Left lobule VI as well as adjacent Crus I are, like 
right lobule VI and right Crus I, part of the salience network (Habas 
et al., 2009; Sang et al., 2012). Similar to the right-sided cluster in right 
lobule VI, this left-lateralized cluster is arguably involved in the detec
tion of salient cues and the allocation of attentional resources. 

Next to the involvement of right lobules I-VI, left lobules IV-VI and 
left Crus I that was also found for reward anticipation in previous meta- 
analyses (Jauhar et al., 2021; Wilson et al., 2018), our meta-analysis 
identified additional involvement of the posterior vermis. The 
meta-analyses are similar with respect to the healthy adult sample and 
the focus on monetary reward. However, in contrast to previous 
whole-brain meta-analyses, the current study used the cerebellum as the 
null space, thereby likely increasing the statistical sensitivity to detect 
clusters in the vermis. 

As mentioned earlier, there is evidence that individuals with 
schizophrenia and MDD show abnormal cerebellar activity associated 
with reward anticipation as compared to healthy controls (Leroy et al., 
2020; Yang et al., 2022). Individuals with MDD showed reduced activity 
in the anterior lobe and right lobule VI during reward anticipation (Yang 
et al., 2022). While a possible confounding role of medication cannot be 
excluded, the affected regions concur with the results of our 
meta-analysis. Moreover, a recent coordinate-based meta-analysis of 
functional neuroimaging studies reported decreased activity in the 

anterior vermis (culmen) during reward anticipation in individuals with 
schizophrenia as compared to healthy controls (Leroy et al., 2020). Since 
schizophrenia is associated with difficulties in using reward signals to 
select and perform goal-directed actions (Barch and Dowd, 2010; Gold 
et al., 2008; Strauss et al., 2014), the decreased anticipatory activity in 
the culmen may suggest deficiencies in reward learning. The blunted 
vermal activity may be a consequence of reduced input from the dopa
minergic neurons in the basal ganglia (Kostadinov and Häusser, 2022). 
Support for this possibility comes from studies showing striatal 
under-activation during reward anticipation in both individuals with 
schizophrenia as well as in individuals with MDD (Arrondo et al., 2015; 
Leroy et al., 2020; Yang et al., 2022; Zeng et al., 2022). 

4.1.1. Functional connectivity 
To explore possible functional connections between the clusters 

observed in the current studies and other extracerebellar regions, we 
used Neurosynth (https://neurosynth.org/locations/) to generate 
resting-state maps based on peak coordinates obtained in the ALE ana
lyses as voxel-based seeds. The peak coordinate in right lobules I-IV 
showed functional connections to the rostral anterior cingulate cortex 
(ACC; Fig. 3A). A recent study in mice showed that the rostral ACC 
predicts future states given a particular chosen action and monitors 
whether outcomes match these predictions (Akam et al., 2021). More
over, the rostral ACC is suggested to use learned values of actions 
(Kennerley et al., 2006) and action-state transitions (Akam et al., 2021) 
to guide subsequent choices, thus controlling action selection. Similarly, 
the cerebellar anterior lobe predicts consequences of actions using the 
efference copy to compare outcomes against expectations. In case of a 
prediction violation, the resulting error signal is then arguably used to 
update the internal model to improve the anticipated outcome of sub
sequent actions. 

To provide a more representative picture of the functional connec
tions of this large cluster, we selected two additional coordinates in right 
lateral lobule VI (x = 24, y = − 62, z = − 20) and the posterior vermis (i. 
e., pyramid; x = 0, y = − 68, z = − 34). Right lateral lobule VI showed 
positive functional connections to the thalamus, anterior insula, dorsal 
ACC, amygdala and dorsal striatum (Fig. 3B), regions which are part of 
the brain’s salience network (Habas et al., 2009; Seeley et al., 2007). 
This observation supports the idea that this region is part of the network 
involved in the detection of potentially relevant information during 
reward anticipation. The peak coordinate in the pyramid showed posi
tive functional connections to the anterior insular cortex (Fig. 3C), 
which contains a meta-representation of interoceptive (bodily) states 
that contributes to subjective feelings (Craig, 2003, 2009). Activity in 
the anterior insula was positively associated with interoceptive aware
ness in a heartbeat detection task (Critchley et al., 2004; Pollatos et al., 
2007; Zaki et al., 2012), also preceding disadvantageous behavioral 
choices (Werner et al., 2013). To minimize interoceptive prediction er
rors with the goal of reaching bodily homeostasis, the anterior insula, 
together with the ACC, engages subcortical regions (such as the brain
stem) as targets for visceromotor control (Seth, 2013). As such, the 
anterior insula is able to detect as well as regulate physiological changes. 
The connections of the pyramid with the anterior insular region provide 
a neural basis for interoceptive predictive coding during reward antic
ipation through the processing of somatic markers. 

The peak coordinate of the second cluster in left lobule VI showed 
positive functional connections to the thalamus, anterior insula and 
SMA (Fig. 3D). Similar to right lobule VI from the first cluster, this im
plies involvement in the brain’s salience network (Habas et al., 2009; 
Seeley et al., 2007). In addition, the peak coordinate of the second 
cluster in left lobule VI showed negative functional connections to the 
prefrontal cortex (PFC), PCC and precuneus. This could suggest salience 
network-mediated deactivation of the DMN (which includes the medial 
PFC, PCC and precuneus; Raichle et al., 2001; Yeo et al., 2011) to 
facilitate attention towards external salient events (Goulden et al., 2014; 
Menon and Uddin, 2010; Peters et al., 2016; Sridharan et al., 2008). 
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Fig. 3. Resting-state functional connectivity maps of the ALE results for reward anticipation generated via Neurosynth. Warm colors indicate a positive correlation of 
the seed with the associated brain region and cool colors indicate a negative correlation of the seed with the associated brain region. Color bars represent the strength 
of the correlation. Pearson correlation coefficients were thresholded at 0.1 for positive correlations and − 0.1 for negative correlations. A) Resting-state functional 
connectivity map using the peak coordinate of cluster 1 (x = 8, y = − 50, z = 0) in right lobules I-IV as seed. This coordinate has positive functional connections to the 
cuneus, precuneus, thalamus and rostral and subgenual ACC and negative functional connections to the angular gyrus, middle temporal gyrus, anterior insula, 
superior frontal gyrus and dorsolateral PFC. B) Resting-state functional connectivity map using a coordinate in right lobule VI of cluster 1 (x = 24, y = − 62, z = − 20) 
as seed. This coordinate has positive functional connections to the thalamus, dorsal striatum, amygdala, anterior and posterior insula, SMA and dorsal ACC and 
negative functional connections to the angular gyrus, posterior cingulate cortex (PCC), and fusiform gyrus. C) Resting-state functional connectivity map using a 
coordinate in the pyramid of cluster 1 (x = 0, y = − 68, z = − 34) as seed. This coordinate has positive functional connections to the thalamus, anterior insula and 
SMA and negative functional connections to the angular gyrus, precuneus and PCC. D) Resting-state functional connectivity map using the peak coordinate of cluster 
2 (x = − 30, y = − 60, z = − 18) in left lobule VI as seed. This coordinate has positive functional connections to the occipital cortex, cuneus, thalamus, supramarginal 
gyrus, anterior insula, primary motor cortex and SMA and negative functional connections to the precuneus, middle temporal gyrus, PCC, caudate, rostral ACC, 
subgenual ACC and PFC. 
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4.2. Reward outcome 

Our results revealed one cluster in the declive and left lobule VI for 
reward outcome. Left lobule VI is involved in processing sensorimotor 
errors (Fautrelle et al., 2011) which are used to update the forward 
model (Tseng et al., 2007). When processing reward prediction errors, 
activity in the declive was specific for learning from one’s own actions as 
compared to observing the actions of others, suggesting that this region 
is involved in the integration of self-generated actions with reward 
outcome information (Kobza and Bellebaum, 2015). These findings 
suggest that the cluster of activity in the declive and left lobule VI re
flects action-perception coupling, which arguably contributes to the 
updating and fine-tuning of the internal model as 
stimulus-action-reward associations are learned (Kostadinov and 
Häusser, 2022). 

Individuals with MDD typically show lower left-sided activity in 
lobule VI and Crus I during reward outcome as compared to healthy 
controls (Yang et al., 2022). As these regions are part of the brain’s 
salience network, this may indicate a reduction in feedback-related 
reward signals, which has a negative effect on learning 
stimulus-action-reward associations. This may suggest a role of the 
cerebellum in the relations between depression, reduced reward sensi
tivity and anhedonia. The finding that individuals with MDD show dif
ficulties in using reward feedback signals to adjust their behavior 
accordingly (Pizzagalli et al., 2008; Vrieze et al., 2013) may hint at a 
possible cerebellar dysfunction in mood disorders (Schutter, 2022). By 
contrast, increased left-sided activity in the anterior cerebellum and 
lobule VI during reward outcome have been observed in individuals 
with schizophrenia in comparison to neurotypical controls (Zeng et al., 
2022). The increased activity in the cerebellum may comprise an 
extension to the limbic-striatal over-responsiveness to reward outcome, 
arguably reflecting the presumed motivational significance of hedonic 
experience associated with reward-seeking behavior in individuals with 
schizophrenia (Zeng et al., 2022). Interestingly, our meta-analysis 
revealed reward outcome-related activation of a cluster encompassing 
the declive and left lobule VI, whereas, in contrast to individuals with 
schizophrenia, no activation was observed in the anterior lobe of healthy 
volunteers. The fact that left anterior lobe activation was seen in healthy 
volunteers during reward anticipation may hint at possible impairments 
in using external feedback (reward) signals to form outcome-based as
sociations and construct internal models (i.e., model-based learning). 

4.2.1. Functional connectivity 
The peak coordinate of the reward outcome cluster showed positive 

resting-state functional connections to the basal ganglia (i.e., putamen), 
anterior insula and dorsal ACC (Fig. 4). Like the declive, these regions 
have been shown to be involved in integrating action with reward 
outcome specifically when reward feedback depended on one’s own 
actions as compared to the actions of someone else (Kobza and Belle
baum, 2015). The putamen as part of the dorsal striatum maintains in
formation about action-reward associations, allowing reinforcement of 
future actions that will lead to reward (Balleine et al., 2007; O’Doherty 
et al., 2004). In the process of learning sensorimotor-reward contin
gencies, cerebellar internal models are proposed to convey predictive 
action signals to the basal ganglia to aid in the reinforcement of these 
actions (Kostadinov and Häusser, 2022). These findings support the idea 
that the declive and left lobule VI integrate perception of reward with 
action to refine the internal model. This allows the cerebellum to 
interact with the basal ganglia to reinforce actions that will yield 
reward. 

4.3. Limitations 

The relatively low number of studies included in the reward outcome 
analysis increases the likelihood of both type I and type II errors (Button 
et al., 2013; Christley, 2010). Therefore, the reward outcome results 
should be interpreted with caution. Interestingly, the whole-brain 
approach used in the meta-analysis by Jauhar et al. (2021) did not 
find a cerebellar cluster for reward outcome (as opposed to reward 
anticipation). This may suggest that cerebellar involvement in reward 
outcome is more difficult to demonstrate compared to reward antici
pation. Future studies will need to address this discrepancy to uncover 
the exact contribution of the cerebellum in this process. 

Secondly, the fact that in the individual studies the focus was not the 
cerebellum and as a result may suffer bias by not being part of the field of 
view during image acquisition and/or not being rigidly preprocessed is a 
limitation of our study. Given the rapidly growing empirical evidence of 
cerebellar involvement in a multitude of social and affective functions, 
including in psychiatric disorders, we implore researchers to pay more 
attention to this often overlooked brain structure. 

Fig. 4. Resting-state functional connectivity map based on the peak coordinate of the cluster in the ALE analysis for reward outcome (x = − 4, y = − 68, z = − 16) 
generated via Neurosynth. Warm colors indicate a positive correlation of the seed with the associated brain region and cool colors indicate a negative correlation of 
the seed with the associated brain region. Color bars represent the strength of the correlation. Pearson correlation coefficients were thresholded at 0.1 for positive 
correlations and − 0.1 for negative correlations. The peak coordinate has positive functional connections to the brainstem, cuneus, thalamus, supramarginal gyrus, 
putamen, globus pallidus, anterior insula, dorsal ACC and SMA and negative functional connections to the angular gyrus, precuneus, PCC and medial PFC. 
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4.4. Future directions 

Several future directions arise that could help to further understand 
the functional significance and meaning of the cerebellum in reward 
processing. A meta-analysis of fMRI studies on loss anticipation and 
outcome in healthy volunteers found activity in left lobule VI during loss 
anticipation in the monetary incentive delay task (Dugré et al., 2018). 
Activation of left lobule VI during both reward and loss anticipation may 
suggest that this region subserves a more general role in processes un
derlying motivational relevance, attention and executive functions. 
Bilateral activation of lobule VI and Crus I along with prefrontal and 
parietal cortical areas have been found during cognitively demanding 
tasks (Stoodley et al., 2012). Furthermore, left lobular VI activity has 
been linked to spatial tasks (Stoodley et al., 2012) which in the current 
context could be interpreted as heightened attention to the location of 
the anticipated outcome. The question how reward-specific the clusters 
found in the cerebellum are needs further research, as well as which 
particular mental process(es) these activations actually represent. 

Related to the previous point, to further clarify the cerebellar 
involvement in reward anticipation and outcome, it may be interesting 
to examine the impact of uncertainty, reward type and size, such as the 
subjective experience of reward defined as (i.e., the absence of an 
anticipated punishment) or the subjective experience of punishment 
when the size of the reward outcome is smaller than anticipated. A task- 
related factor that may contribute to uncertainty-related activity in the 
cerebellum in the context of reward processing is whether reward 
outcome is performance-dependent or not. When reward outcome is not 
coupled to performance, cerebellar prediction mechanisms (e.g., the 
efference copy) that promote reward learning will be relied upon less 
during the reward anticipation phase. In the absence of a performance- 
dependent reward, patterns of activity during reward outcome are ex
pected to be present less in regions that are implicated in action- 
outcome coupling. Alternatively, clusters might be more prominent 
particularly in areas that are involved in liking (i.e., the hedonic plea
sure associated with rewards). Dissociating the effects of performance- 
dependent and non-performance-dependent rewards was not feasible 
in this meta-analysis due to the low number of studies where rewards did 
not depend on performance (k = 1 for reward anticipation and k = 4 for 
reward outcome). Future research is needed to clarify the influence of 
performance-dependent and non-performance-dependent rewards to 
cerebellar activity associated with reward anticipation and outcome. 
With regard to reward type, an important issue is the extent to which the 
present results can be extrapolated to reward types other than money, 
including primary reinforcers such as food and sex, as well as secondary 
social rewards such as a receiving a compliment, interpersonal bonding 
and humor. A meta-analysis showed common activation of the amyg
dala, striatum, insula and ventromedial PFC across monetary, food, and 
erotic reward studies (Sescousse et al., 2013). Moreover, another more 
recent meta-analysis demonstrated prediction error signals in the 
midbrain during cognitive and reward learning tasks, and in the insular 
cortex for perceptual, social, cognitive, and reward prediction errors 
(Corlett et al., 2022). These findings suggest overlapping brain regions 
associated with different reward modalities. However, distinct brain 
regions for reward type have also been observed, which for monetary 
rewards include the ventral striatum and anterior orbitofrontal cortex, 
for erotic rewards the hypothalamus and extrastriate body area, and for 
food rewards the somatosensory cortex (Sescousse et al., 2013). 
Furthermore, a functional organization along a posterior-anterior axis 
has been demonstrated in the orbitofrontal cortex, with the anterior 
portion responding to secondary (monetary) rewards and the posterior 
portion responding to primary rewards (Kringelbach and Rolls, 2004; 
Sescousse et al., 2010, 2013). Taken together, evidence on whether 
monetary and non-monetary rewards recruit distinct or shared brain 
regions remains inconclusive. Therefore, findings from the present study 
should be interpreted primarily in the context of monetary reward only. 
Also, the effect of liking and wanting (i.e., the motivational drive to 

obtain rewards) may be of interest to further specify the functional 
significance of cerebellar activity. In addition, examining the differential 
involvement of the cerebellum in model-based and model-free learning 
may shed further light on how the cerebellum and its regions are 
involved in reward processing across different contexts (Pierce and 
Péron, 2022). 

Finally, future studies in clinical populations may provide insights 
into reward-related symptoms in psychiatric disorders and how the 
symptoms relate to distinct patterns of cerebellar activity associated 
with reward anticipation and outcome. For example, positive symptoms 
of schizophrenia can go accompanied by an altered sense of agency (e.g., 
delusions of control), which could result from an impairment in pre
dicting the reward outcome of self-generated actions (Synofzik et al., 
2010; Voss et al., 2010; Welniarz et al., 2021). A disrupted sense of 
agency as observed in individuals with schizophrenia is argued to be 
rooted in faulty efference copy mechanisms in the cerebellum (Pinheiro 
et al., 2020; Thakkar et al., 2021), which could potentially hamper 
reward learning based on self-generated actions (Xiao et al., 2023). 
Lastly, a translational approach may help to integrate the analyses and 
results on the cellular (animal) and system’s (human) level and provide 
a unified account of cerebellar workings on the micro- and macroscopic 
level. 

5. Conclusion 

The present meta-analysis revealed distinct patterns of activity 
associated with reward anticipation and outcome in the cerebellum. The 
findings can be conceptualized within a cerebellum-oriented framework 
of predictive coding, where the cerebellum is involved in prediction and 
associated feedforward processes during reward anticipation and eval
uative feedback processed during reward outcome. 
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Sescousse, G., Redouté, J., Dreher, J.C., 2010. The architecture of reward value coding in 
the human orbitofrontal cortex. J. Neurosci. 30 (39), 13095–13104. https://doi.org/ 
10.1523/JNEUROSCI.3501-10.2010. 

Sescousse, G., Caldú, X., Segura, B., Dreher, J.C., 2013. Processing of primary and 
secondary rewards: a quantitative meta-analysis and review of human functional 
neuroimaging studies. Neurosci. Biobehav. Rev. 37, 681–696. https://doi.org/ 
10.1016/j.neubiorev.2013.02.002. 

Seth, A.K., 2013. Interoceptive inference, emotion, and the embodied self. Trends Cogn. 
Sci. 17 (11), 565–573. https://doi.org/10.1016/j.tics.2013.09.007. 

Seth, A.K., Suzuki, K., Critchley, H.D., 2012. An interoceptive predictive coding model of 
conscious presence. Front. Psychol. 2, 395. https://doi.org/10.3389/ 
fpsyg.2011.00395. 

Shadmehr, R., Smith, M.A., Krakauer, J.W., 2010. Error correction, sensory prediction, 
and adaptation in motor control. Annu. Rev. Neurosci. 33, 89–108. https://doi.org/ 
10.1146/annurev-neuro-060909-153135. 

Smith, S.M., Jenkinson, M., Woolrich, M.W., Beckmann, C.F., Behrens, T.E., Johansen- 
Berg, H., Matthews, P.M., 2004. Advances in functional and structural MR image 
analysis and implementation as FSL. NeuroImage 23, S208–S219. https://doi.org/ 
10.1016/j.neuroimage.2004.07.051. 

Spaniol, J., Bowen, H.J., Wegier, P., Grady, C., 2015. Neural responses to monetary 
incentives in younger and older adults. Brain Res. 1612, 70–82. https://doi.org/ 
10.1016/j.brainres.2014.09.063. 

Sprague, J.M., Chambers, W.W., 1954. Control of posture by reticular formation and 
cerebellum in the intact, anesthetized and unanesthetized and in the decerebrated 
cat. Am. J. Physiol. -Leg. Content 176, 52–64. 

Sridharan, D., Levitin, D.J., Menon, V., 2008. A critical role for the right fronto-insular 
cortex in switching between central-executive and default-mode networks. Proc. 
Natl. Acad. Sci. 105 (34), 12569–12574. https://doi.org/10.1073/ 
pnas.0800005105. 

Stoodley, C.J., Schmahmann, J.D., 2009. Functional topography in the human 
cerebellum: a meta-analysis of neuroimaging studies. NeuroImage 44, 489–501. 
https://doi.org/10.1016/j.neuroimage.2008.08.039. 

Stoodley, C.J., Valera, E.M., Schmahmann, J.D., 2012. Functional topography of the 
cerebellum for motor and cognitive tasks: an fMRI study. NeuroImage 59 (2), 
1560–1570. https://doi.org/10.1016/j.neuroimage.2011.08.065. 

Strauss, G.P., Waltz, J.A., Gold, J.M., 2014. A review of reward processing and 
motivational impairment in schizophrenia. Schizophr. Bull. 40 (2), S107–S116. 
https://doi.org/10.1093/schbul/sbt197. 

Synofzik, M., Thier, P., Leube, D.T., Schlotterbeck, P., Lindner, A., 2010. Misattributions 
of agency in schizophrenia are based on imprecise predictions about the sensory 
consequences of one’s actions. Brain 133, 262–271. https://doi.org/10.1093/brain/ 
awp291. 

Thakkar, K.N., Mathalon, D.H., Ford, J.M., 2021. Reconciling competing mechanisms 
posited to underlie auditory verbal hallucinations. . Philos. Trans. R. Soc. B 376, 
20190702. https://doi.org/10.1098/rstb.2019.0702. 

Treadway, M.T., Buckholtz, J.W., Zald, D., 2013. Perceived stress predicts altered reward 
and loss feedback processing in medial prefrontal cortex. Front. Hum. Neurosci. 7, 
180. https://doi.org/10.3389/fnhum.2013.00180. 

Tseng, Y.W., Diedrichsen, J., Krakauer, J.W., Shadmehr, R., Bastian, A.J., 2007. Sensory 
prediction errors drive cerebellum-dependent adaptation of reaching. 
J. Neurophysiol. 98, 54–62. https://doi.org/10.1152/jn.00266.2007. 

Vaidya, J.G., Knutson, B., O’Leary, D.S., Block, R.I., Magnotta, V., 2013. Neural 
sensitivity to absolute and relative anticipated reward in adolescents. PLoS One 8 
(3), e58708. https://doi.org/10.1371/journal.pone.0058708. 

Van de Steen, F., Krebs, R.M., Colenbier, N., Almgren, H., Marinazzo, D., 2020. Effective 
connectivity modulations related to win and loss outcomes. NeuroImage 207, 
116369. https://doi.org/10.1016/j.neuroimage.2019.116369. 
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