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A B S T R A C T   

Understanding the underlying mechanisms that link psychopathology and physical comorbidities in schizo-
phrenia is crucial since decreased physical fitness and overweight pose major risk factors for cardio-vascular 
diseases and decrease the patients’ life expectancies. We hypothesize that altered reward anticipation plays an 
important role in this. We implemented the Monetary Incentive Delay task in a MR scanner and a fitness test 
battery to compare schizophrenia patients (SZ, n = 43) with sex- and age-matched healthy controls (HC, n = 36) 
as to reward processing and their physical fitness. We found differences in reward anticipation between SZs and 
HCs, whereby increased activity in HCs positively correlated with overall physical condition and negatively 
correlated with psychopathology. On the other handy, SZs revealed stronger activity in the posterior cingulate 
cortex and in cerebellar regions during reward anticipation, which could be linked to decreased overall physical 
fitness. These findings demonstrate that a dysregulated reward system is not only responsible for the symp-
tomatology of schizophrenia, but might also be involved in physical comorbidities which could pave the way for 
future lifestyle therapy interventions.   

1. Introduction 

Schizophrenia, a severe and chronic mental disorder characterized 
by a range of cognitive, emotional, and behavioral disturbances, has 
long been associated with numerous physical health complications 
(Ryan and Thakore, 2002). In recent years, research has been indicating 
a strong link between schizophrenia and metabolic abnormalities, 
including obesity and decreased physical fitness (Ostermann et al., 
2013), which – in turn - increase the risk of developing cardio-metabolic 
diseases, comprising type II diabetes or hypertension. While the pa-
tients’ quality of life is already greatly reduced by symptoms such as 
disorganized thinking, psychosis or anhedonia, this co-occurrence of 
mental and physical health conditions poses significant challenges for 
patients, as it can exacerbate their overall well-being and lower their life 
expectancies (Ryan and Thakore, 2002; Hennekens et al., 2005; Schmitt 
et al., 2018). 

Up to now, research has identified many potential mechanisms un-
derlying this association between schizophrenia and reduced physical 
fitness, in particular obesity. Antipsychotic medication plays an impor-
tant role as it has been shown to increase appetite and reduce sensation 

of satiety (Newcomer, 2007), thus resulting in weight gain, especially 
during the first 4 to 12 weeks of treatment (Tschoner et al., 2007). 
However, there is a growing body of evidence, indicating weight gain in 
drug-naive or first-episode psychosis patients (Thakore et al., 2002), 
shifting focus more to lifestyle, genetic factors and the illness neurobi-
ology itself that render patients more susceptible and vulnerable to 
gaining weight (Grimm et al., 2017; Minichino et al., 2017). Reward 
functioning has emerged as a promising avenue of investigation, as it is 
known to be impaired in individuals with schizophrenia and further 
associated with positive and negative symptomatology (Juckel et al., 
2006; Waltz et al, 2009). Dysfunctional reward processing in schizo-
phrenia can manifest as altered sensitivity to reward and punishment 
(Moustafa et al., 2015), impaired reinforcement learning (Deserno et al., 
2013), and disrupted functional connectivity patterns within reward 
circuitries (Koch et al., 2014; Sheffield et al., 2016). Research indicates 
that anhedonia, a core negative symptom of schizophrenia, is particu-
larly related to diminished responses during reward anticipation rather 
than the outcome phase - the receipt of the reward (Strauss et al., 2014; 
Wulff et al., 2020; Zeng et al., 2022). This further underlines the impact 
of motivational deficits of patients in terms of decision making and 
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seeking pleasure. Moreover, this motivational aspect of reward func-
tioning plays a vital role in shaping behaviors and responses to stimuli, 
including food intake and physical activity (Gorrell et al., 2022). 

Viewed from a molecular perspective, research has shown that the 
neurotransmitter dopamine plays a crucial role by mediating motivation 
towards rewards. While it is responsible for a variety of symptoms in 
schizophrenia – delusions and hallucinations amongst others – its dys-
regulation reduces the incentive properties of rewards in patients 
(McCutcheon et al., 2020). Due to its elevated background level, the 
phasic dopamine release during reward anticipation is overshadowed 
resulting in blunted striatal activity in patients with schizophrenia 
(Grace, 2016). Besides that, dopaminergic neurons, which originate in 
the ventral tegmental area, and its mesocorticolimbic projections to the 
ventral striatum and the ventromedial prefrontal cortex encode effort 
demands. This refers to the weighing of costs and benefits in 
decision-making and thus the motivational aspect controlling voluntary 
physical movement and eating behavior (Treadway et al., 2012; Ruiz--
Tejada et al., 2022), which both include a rewarding component to 
ensure reinforcement. This explains engaging in motor activity and 
consecutive physical health requires a certain motivational drive. 

However, no study has yet attempted to establish a link between 
altered dopaminergic reward processing, symptom severity and 
decreased physical fitness in schizophrenia. 

We propose that altered reward processing influences the way in-
dividuals with schizophrenia respond to external stimuli, leading to 
maladaptive behaviors such as overeating and sedentary lifestyles. 
Therefore, by making use of a frequently used and well-established 
functional magnetic resonance imaging task (fMRI-task) - the Mone-
tary Incentive Delay task (MID task; Knutson et al., 2000) - and a fitness 
test battery (Ruiz et al., 2011), we hypothesize that patients show a 
blunted activity in the reward system during reward anticipation, which 
further correlates with reduced physical fitness and increased symptom 
severity, compared to healthy controls. 

Ultimately, a comprehensive understanding of the complex interplay 
between altered reward functioning, obesity, and decreased physical 
fitness is crucial to identify potential targets for future therapeutic life-
style interventions that can improve the overall health and well-being of 
patients. 

2. Methods 

2.1. Participants 

We matched 43 patients with schizophrenia (SZ) and 36 healthy 
controls (HC) as to sex and age. Demographics can be taken from 
Table 1. SZs were mainly recruited from the department of Psychiatry, 
Psychosomatic Medicine and Psychotherapy of the university clinic in 
Frankfurt am Main, Germany and psychiatric institutions of surrounding 
areas using flyers and web pages. Psychiatric diagnoses were based on 
DSM-V criteria and established by registered psychiatrists. SZs were 
included in the study if the following criteria were met: 1) diagnosis of 
schizophrenia; 2) no intake of benzodiazepines within the last two 
weeks; 3) history of stable medication for at least 4 weeks; 4) no physical 
impairments that would hinder the performance in the fitness test; 5) no 
history of neurological disorders; 6) no current alcohol or drug abuse; 7) 
no magnetic resonance imaging (MRI) contraindications. Inclusion 
criteria for HCs were the same, except for criteria 1) no history of psy-
chiatric disorders in which case criterion 3 also becomes invalid. All 
participants provided written consent to the study protocol, approved by 
the institutional review board of the Goethe University Frankfurt. The 
study was registered at the German clinical study register (www.drks. 
de) with the number DRKS00023907. 

2.2. Psychopathology assessment 

To assess psychopathology and especially negative symptoms in both 

groups, we utilized the Chapman Scale for Physical and Social Anhe-
donia (PAS, SAS) (Chapman et al., 1976), the World Health Organiza-
tion Disability Assessment Schedule (WHODAS) (Üstün, 2010) and the 
Calgary Depression Scale for Schizophrenia (CDSS) (Addington et al., 
1993). Clinical symptoms within the patient group were additionally 
recorded by means of the standardized and structured Positive and 
Negative Syndrome Scale (PANSS) interview (Kay et al., 1987). All in-
terviews were conducted by trained raters. All clinical characteristics of 
the study sample are summarized in Table 1. 

2.3. Physical fitness test battery 

Body fat was evaluated by using a skinfold caliper on seven 
anatomical points throughout the body, including the triceps, sub-
scapular, biceps, abdominal, suprailiac, thigh, and calf. To apply the 
caliper about 1 cm away from the fingers the skin was pinched between 
thumb and index finger. Each skinfold was taken twice bilaterally 
throughout the body to calculate mean values, used for further analyses. 
Overall body fat percentage was determined, calculating body density 
first using age-specific formulas based on four skinfold measurements 
(triceps, biceps, subscapular, and suprailiac) following the methods and 
equations of Durnin and Womersley (1974), Siri (1993) and Brožek 
(Brožek et al., 1963). 

The physical exercise segment involved two tests to assess muscular 
strength. The first test was a handgrip test using a Takei dynamometer 
(Takei Analogue Hand Grips Dynamo Meter, PS219A). Participants were 
instructed to squeeze the dynamometer as tightly as possible with one 
hand while keeping their arms extended next to their body. The test was 
repeated twice for each hand, and the average strength in kilograms was 
recorded. 

To evaluate the muscular strength of the lower body, participants 
performed a standing long jump test. They started from behind a marker 
on the floor and were asked to engage their entire body to jump off using 
both legs simultaneously and landing on both feet at the end. Two at-
tempts were made, and the better result in centimeters, measured from 
the marker to the back heel, was recorded. 

To determine the participants’ maximal oxygen capacity (VO2max), 
the Chester step test (Sykes and Roberts, 2004) was used. A pulse band 
was placed below the chest to monitor resting heart rate before the test. 

Table 1 
Sample characteristics with two-sample t-test and Mann-Whintey U test results, 
displaying group differences between patients and healthy controls.   

SZ n = 43 HC n = 36 

characteristics mean SD mean SD 

males 28  26  
females 15  10  
age [years] 35.3 ± 12.3 34.5 ± 12.2 
Smoking [packyears] 6.6* ± 11.8 1.8* ± 4.5 
CPZeq 503.6 ± 465.4   
PANSS 62.0 ± 16.2   
PAS 12.2* ± 7.1 7.9* ± 4.6 
SAS 11.7* ± 7 7.8* ± 5 
WHODAS 34.5** ± 18.1 9.6** ± 9.5 
CDSS 4.7** ± 3.3 1.4** ± 1.9 
BMI 27.6* ± 5.1 25* ± 4.5 
total body fat [%] 30.4* ± 8.2 25.2* ± 8.2 
jump [cm] 147* ± 41 177* ± 42 
handgrip [kg] 35.3* ± 10.2 40.8* ± 9.5 
VO2max [ml O2/kg/min] 35.1* ± 10 41.1* ± 10 
physical condition 0.27* ± 1 - 0.32* ± 0.86 
physical fitness - 0.28* ± 0.93 0.33* ± 1 

Note: SZ, schizophrenia patients; HC, healthy controls; SD, standard deviation; 
CPZeq, chlorpromazine equivalent; PANSS, Positive and Negative Syndrome 
Scale; PAS/SAS, Physical and Social Anhedonia Scales; WHODAS, World Health 
Organization Disability Assessment Schedule; CDSS, Calgary Depression Scale 
for Schizophrenia. 
*≤ .05; **≤ .001 
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Participants stepped on a 30 cm-step, moving one foot after the other 
according to a metronome’s rhythm, which started at 60 beats per 
minute (bpm). The test consisted of five levels, with each level lasting for 
2 minutes. The metronome’s speed increased by 20 bpm with each level, 
reaching 140 bpm in level 5. The test was stopped if the participant 
completed a level where their heart rate reached 80 % of their 
age-related maximum heart rate (calculated as 0.8 x (220 - age)) or if 
they felt too exhausted to continue. Participants’ exhaustion levels were 
assessed using the Borg Rating of Perceived Exertion (Borg, 1970) at 
each completed level. The aerobic capacity (VO2max in ml O2/kg/min) 
was then manually estimated by plotting the exercise heart rates from 
each level on a graphical datasheet and determining the intersection 
with the line of maximum heart rate (Sykes and Roberts, 2004). 

The fitness test battery resulted in the following variables, used for 
further analysis: sum of all 7 skinfolds (mm), Body Mass Index (BMI), 
waist-to-hip ratio (WHR), waist-to-height ratio (WHtR), total body fat 
percentage (BF, %), handgrip strength (kg), standing long jump distance 
(cm) and maximal oxygen capacity (ml O2/kg/min). 

To include all variables acquired during the fitness test in the anal-
ysis but to reduce redundancy at the same time, a principal component 
analysis (PCA) was performed. The 8 variables acquired during the 
fitness test and included in the PCA are listed in Table 4 of the supple-
mentary section. Further analysis was performed using the two factors - 
physical fitness and physical condition (describing the participants’ 
physical appearance) - which resulted from the PCA. A detailed 
description of the statistical analysis is included in the statistical analysis 
section. 

2.4. Monetary Incentive Delay task 

A well-validated implementation of the MID task was used to assess 
reward processing (Plichta et al., 2012; Boecker et al., 2014; Grimm 
et al., 2014). In our study, the MID task consisted of two different trials, 
which both included a reward cue, a target stimulus, a reaction time 
window and a reward outcome phase (Fig. 1A). During the win trial, 
indicated by a yellow smiley (reward cue), participants had the oppor-
tunity to win 50 cents, if they reacted fast enough (250 ms reaction time 

window) to the target stimulus. A color and form-matched circle (Fig. 1) 
indicated the neutral trials. With a 200 ms delay, the total amount of 
money earned was always displayed during the reward outcome phase. 
The trials were jittered by 2 seconds plus the excess reaction time with a 
black screen. Prior to the experiment, participants were instructed to 
react as fast as possible to the target stimulus, which occurred as a white 
flash of the screen after the reward cue disappeared, by pressing a button 
on a remote device in their hands. Fig. 1 depicts the chronological time 
frame of the trials, in case of a positive outcome. If the participants did 
not react fast enough, the reward outcome window displayed “Too 
slow!”. The trials occurred in a random order, but never more than three 
of the same kind in a sequence, resulting in a total of 40 trials each. The 
threshold for a fast response was adaptive for each subject and each trial 
to ensure that all participants had an approximate 66 % chance to win 
and work on their maximum performance level. The adaptive algorithm 
was a simple increase of the reaction time window after a slow response 
and a decrease after a fast response by 5 % each (maximum reaction time 
1000 ms). If participants missed more than 10 trials, because they did 
not react to the target stimulus, they were excluded from further anal-
ysis. The total amount of money won during the win trials was paid out 
to the participants after the measurement. On average, patients earned 
12,25 € (± 1.73 €) and healthy controls 12,35 € (± 1.43 €). 

2.5. fMRI data acquisition and preprocessing 

The functional MR images were obtained using the 3 Tesla MRI 
scanner (Siemens Magnetom Prisma) of the Brain Imaging Center of the 
Goethe University Frankfurt with a 64-channel head coil. The partici-
pants’ heads were stabilized with a small pillow and equipped with ear 
plugs. They were instructed to rest quietly and not to move, especially 
their heads. During the anatomical scans they were given the choice to 
close their eyes, if preferred. With a mirror attached to the head coil the 
participants were able to see a screen, placed behind the scanner and 
used to display the MID task. Responses were given using a remote de-
vice inside of the scanner. All participants practiced the MID task on a 
computer before entering the scanner rooms. The 390 volumes were 
acquired using a gradient-echo planar imaging (EPI) sequence with the 

Figure 1. Monetary Incentive Delay (MID) task. The figure shows the chronological time frame of the MID task for both possible trials that occur in a random 
order throughout the task. In both trials the participants are presented with a reward cue for 4 seconds. After the reward cues disappears, a target stimulus occurs as a 
white flash of the screen, indicating the start of the reaction time window, during which the participants are supposed to press a button as fast as possible. In case of 
the win trial, they can then win 50 cents. In case of the neutral trials they will only receive a feedback, whether they were fast enough. The reward outcome is 
displayed for 1.5 seconds, before a new trial begins. If the participants react too slowly, the reward outcome window displays “Too slow”. The current balance of the 
total amount of money earned is, however, always displayed. 
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following parameters: repetition time (TR) 1800 ms, echo time (TE) 30 
ms, flip angle 90◦, 52 transversal slices, slice thickness 2.8 mm, field of 
view (FoV) 224 mm (voxel size 2.8×2.8×2.8 mm). This resulted in a 
total sequence length of 11 minutes and 42 seconds. To compensate for 
distortions and to improve image quality, the EPI sequence was followed 
by a short field-map, with the same parameters consisting of only 3 
images obtained in the opposite phase encoding direction - from pos-
terior to anterior (Andersson et al., 2003; Smith et al., 2004; Shrestha 
et al., 2018). The according anatomical scans were obtained using a 
T1-weighted anatomical 3D magnetization-prepared rapid gradient 
echo sequence with the following parameters: TR = 2000 ms, TE = 2.12 
ms, FoV = 256, 176 sagittal slices, voxel size = 1 × 1 × 1 mm, flip angle 
= 8◦, resulting in a total length of 5 minutes and 52 seconds. 

Prior to preprocessing, image distortions were corrected by the 
fieldmap images with fsl topup (https://fsl.fmrib.ox.ac.uk/fsl/fslw 
iki/topup, last accessed 2023/09/25). Preprocessing was then per-
formed using the MATLAB toolbox SPM12 (Statistical Parametric 
Mapping; Wellcome Trust Centre for Neuroimaging, London, UK), 
including motion- and slice-time correction, spatial normalization into 
Montreal Neurological Institute [MNI] space, resampling to 2×2×2 
mm3 and smoothing using an 8 mm full-width at half-maximum 
Gaussian kernel. Scans including movement spikes above 3 mm were 
additionally motion corrected using the interpolation method of 
ArtRepair. If participants moved more than 5 mm or had more than 25 % 
of images interpolated, they were excluded from further analysis. 

2.6. Statistical analyses 

For the PCA of the fitness test data, the factors were expected to be 
independent and thus a varimax rotation was used. Item loadings below 
0.30 were not considered. Two principal factors were chosen a priori, 
which explained 75 % of the data’s variance. The according scree plot 
can be found in Figure 3 of the supplementary section and the factor 
loadings after rotation can be obtained from Table 4 of the supple-
mentary section.. The two factors resulting from the PCA were used for 
further analysis, such as correlations. Factor 1 was defined as physical 
fitness, representing the participants’ sportiness, and factor 2 as physical 
condition, describing the participants’ physical appearance. Higher 
values of factor 1 can be interpreted as better physical fitness, while 
higher values of factor 2 are to be understood as poorer physical 
condition. 

The fMRI analysis was performed in SPM 12. BOLD responses for 
each participant were modeled using the default hemodynamic response 
function and seven paradigm regressors including phase (anticipation or 
feedback), trial type (win or neutral), outcome of the feedback phase 
(fast enough/too slow) and the target stimulus (flashing screen) as well 
as six motion parameters. The second-level analysis was performed, 
using a two-sample t-test, including age, sex and chlorpromazine 
equivalent as nuisance variables. As we were interested exclusively in 
reward anticipation, the following contrasts were computed: anticipa-
tion > feedback (win + neutral anticipation > win + neutral feedback), 
referred to as anticipation > outcome, and reward anticipation > neutral 
anticipation (anticipation win trial > anticipation neutral trial). Group 
results are displayed using a binarized whole brain mask, with a voxel 
threshold of p ≤ .001 (uncorrected) and a cluster threshold of p ≤ .05 
(Family Wise Error-corrected; FWE-corr.). 

We tested for normality using the Shapiro-Wilk-Test. Normally 
distributed variables were further analyzed using parametric tests (two- 
sample t-test; Pearson correlation). Otherwise, non-parametric tests 
were applied (Mann-Whitney U-test; Spearman correlation). 

To calculate correlations between the fMRI results, psychopathology 
and physical fitness data, the mean beta-values from the voxels within 
significant clusters were extracted. Correlations were performed across 
diagnostic groups within the whole sample. All results were corrected 
for multiple testing using Bonferroni-correction. 

3. Results 

3.1. Sample characteristics 

Sample characteristics are summarized in Table 1. Five SZs had to be 
excluded from further analysis due to excessive head movement in the 
scanner and 4 SZs and 2 HCs were excluded because of more than 10 task 
omissions, resulting in a final sample size of 43 SZs and 36 HCs. Ac-
cording to the Mann-Whitney U test, SZs obtained significantly higher 
scores in all questionnaires assessing psychopathology, including PAS 
(Mann-Whitney U = 1093.5; p = .002), SAS (Mann-Whitney U = 1058; p 
= .005), CDSS (Mann-Whitney U = 1261; p ≤ .0001) and WHODAS 
(Mann-Whitney U = 1393.5; p ≤ .0001). The PANSS interview was 
conducted within the patient group only (Table 1). In the fitness test, 
HCs performed significantly better in all disciplines (t = 2.423; p =
.018). As to the body measures, SZs showed significantly higher BMIs 
(Mann-Whitney U = 1058; p = .005) and significantly higher amounts of 
body fat (t = -2,82; p = .006) compared to HCs. These results are also 
reflected by the PCA components, where SZs revealed a significantly 
lower overall physical fitness (Mann-Whitney U = 473; p = .003) and 
overall physical condition (t = -2,71; p = .008) compared to HCs. 

To compare task performance, we employed an independent t-test to 
determine whether there were significant differences in task perfor-
mance. The results showed no significant difference between the groups 
(t(77) = -1.54, p = 0.13) in terms of money won. 

To evaluate medication effects, we calculated correlations between 
demographic measure, brain activation, psychopathology, and anthro-
pometric measures. There were no significant correlations between 
medication (daily CPZ equivalent) and age (p=0.12), sex (p=0.16), 
physical fitness or any anthropometric measure (p>0.30), as well not 
with psychopathology parameters, or brain activation (p>0.07). 

3.2. fMRI results 

To identify brain regions that are more activated in HCs compared to 
SZs during reward anticipation of the MID task, we computed the 
contrast anticipation > outcome. HCs showed significantly higher BOLD 
activation during anticipation in the left anterior insula (Table 2, Fig. 2). 
We further found that SZs activated more in the bilateral posterior 
cingulate cortex (PCC; Table 2, Fig. 2) and the left cerebellum (vermal 
lobules VI-VII; Table 2, Fig. 2) during anticipation compared to HCs. To 
reveal brain areas more sensitive to reward anticipation in win 
compared to neutral trials of the MID task, we used the contrast reward 
anticipation > neutral anticipation. Compared to the patient group, HCs 
activated significantly higher in the right angular gyrus (Table 2, Fig. 2), 
the right occipital cortex (Table 2, Fig. 2), the right cerebellum (vermal 
lobules V-VI and VIII-X; Table 2, Fig. 2) and the left cerebellum (vermal 
lobules VIII-X; Table 2, Fig. 2). We found no significant clusters in SZs 
compared to HCs (win > neutral, SZ > HC). All results are summarized 
in Table 2 and Fig. 2, displayed with a voxel threshold of p ≤ .001 
(uncorrected) and a cluster threshold of p ≤ .05 (FWE-corr.). Group 
specific results for contrast one can be found in the supplementary 
section. 

3.3. Atlas-based Region-of-Interest analysis of the ventral striatum 

An atlas-based analysis of the bilateral ventral striatum revealed 
significant group differences in neural activation patterns. During the 
anticipation > outcome contrast, SZs exhibited lower contrast estimates 
compared to HCs (t[77] = 2.84, p = 0.0057). Similarly, in the reward 
anticipation > neutral anticipation contrast, patients again showed 
lower contrast estimates than controls (t[77] = 2.73, p = 0.0079). These 
findings demonstrate reduced ventral striatal response to reward-related 
cues within the patient group. 
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3.4. Correlation between fMRI-, behavioral- and fitness data 

To relate altered reward anticipation with physical fitness and psy-
chopathology, we performed exploratory correlations across groups 
between the eight significant clusters resulting from the fMRI analysis, 
the fitness test variables and the questionnaire scores of the PAS, SAS, 
CDSS, WHODAS and the PANSS. All correlation results that remained 
significant after Bonferroni-correction are summarized in Table 3. 
Decreased activity in the anterior insula during anticipation, as well as 
decreased activity in the left and right cerebellum, the right angular 
gyrus and the right occipital gyrus during reward compared to neutral 
trials correlated with symptom severity and decreased physical condi-
tion (Table 3). Furthermore, increased activation during anticipation in 
the left cerebellum negatively correlated with physical fitness (Table 3). 

4. Discussion 

Consistent with our hypothesis, we could demonstrate reduced 
overall brain activity during reward anticipation in SZs compared to 
HCs, which correlated with different psychopathology parameters, 
overall physical fitness, and condition. 

Nevertheless, it should be mentioned that the activations, we found 
in both groups, are not primarily limited to the striatum, as assumed, but 
in brain areas associated with reward processing. 

During anticipation, our findings revealed decreased BOLD activity 
in the left anterior insula of SZs compared to HCs, which further 
correlated with symptom severity and reduced physical condition. The 
anterior insula is a cortical structure, associated with emotional pro-
cessing of interoceptive awareness showing connections to sensory 
cortices but also limbic areas (Wylie and Tregellas, 2010). It further 
provides sensory input to the ventral striatum (Haber, 2011). In line 
with our findings, many studies found activity in the anterior insula 

Table 2 
Significant fMRI results of the Monetary Incentive Delay task.  

Contrast brain region cluster p-value (FWE-corr) cluster size [voxels] peak t-value peak MNI coordinates [mm] 

anticipation > outcome x y z 
HC > SZ left anterior insula 0.006 227 3.87 -28 26 -8 

3.84 -40 18 -10 
3.84 -34 28 -6 
3.52 -40 6 -8 

SZ > HC left cerebellum, VL VI-VII 0.05 151 4.25 -26 -88 -30 
posterior cingulate cortex ≤ 0.001 544 4.11 -4 -58 34 

3.86 14 -50 38 
3.78 6 -58 32 

reward anticipation > neutral anticipation 
HC > SZ left cerebellum, VL VIII-X 0.013 184 4.25 -34 -74 -52 

3.55 -18 -74 -50 
right cerebellum, VL V-VI ≤ 0.001 459 4.35 28 -72 -20 

4.0 20 -84 -20 
right cerebellum, VL VIII-X ≤ 0.001 585 4.46 18 -68 -52 

3.87 4 -80 -40 
3.78 38 -70 -54 

right angular gyrus 0.039 147 3.76 42 -50 50 
right occipital cortex ≤ 0.001 357 4.12 28 -86 18 

4.02 34 -94 18 
3.68 34 -96 8 

Note: SZ, schizophrenia patients; HC, healthy controls; VL, vermal lobules; MNI, Montreal Neurological Institute. 

Figure 2. Significant fMRI results of the Monetary Incentive Delay task. The left shows significant clusters resulting from the contrast anticipation > receipt of 
reward of the MID task, while the right displays significant clusters resulting from the contrast reward anticipation > neutral anticipation. The top part surrounded by 
the green square depicts brain areas that are significantly stronger activated in healthy controls (HC) compared patients (SZ; HC > SZ). The bottom part surrounded 
by the orange square indicates brain regions which are significantly stronger activated in SZs compared to HCs (SZ > HC). During anticipation HCs show increased 
activity in the left anterior insula compared to SZs and SZs reveal significantly higher activity in posterior cingulate cortex (x = 4, z = 32) and the left cerebellum 
(vermal lobules VI-VII; x = -27, z = -30). During reward trials compared to neutral trials, HCs activate more in the right angular gyrus (x = 42, z = 50), the right 
occipital gyrus (x = 25, z = 13), the right cerebellum (vermal lobules V-VI; x = 22, z = -13), the left cerebellum (vermal lobules VIII-X; x = -31, z = -51) and the right 
cerebellum (vermal lobules VIII-X; x = 22, z = -52) compared to SZs. The color bar on the left indicates t-values. Note: n.S., no significance. 
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during reward anticipation (Knutson and Greer, 2008; Krebs et al., 2012; 
Zeng et al., 2022), which has led to a discussion of its role in 
goal-directed behavior, including the integration of internal and 
external stimuli, such as rewards (Jauhar et al., 2021) - an ability 
impaired in schizophrenia. Moreover, the insula represents a structure 
implicated in food intake and taste (Verdejo-Román et al., 2017; Li et al., 
2023). In their review Li et al. (2023) summarize its role derived from 
MRI studies with obese patients, indicating reduced grey matter volumes 
and hyperactivity during food or monetary reward evaluation. There-
fore, the association between decreased insular activity and reduced 
physical condition we found in this study seems valid but needs further 
clarification. 

Unlike other studies, we found increased activity in SZs during 
anticipation in the PCC and the left cerebellum. As a core component of 
the default mode network (DMN), usually active during resting-state and 
deactivated during task-based fMRI measures (Whitfield-Gabrieli, 
2009), the PCC is not involved in reward processing. Thus, we assume 
that its relative hyperactivity in SZs during anticipation of our study 
reflects an insufficient suppression of the DMN related to cognitive 
dysfunction of SZs (Harrison et al., 2007; Leech and Sharp, 2014). 
Accordingly, there is evidence that attention deficits in schizophrenia 
are coped by enhanced activity in the left cerebellum (Eyler et al., 2004). 
Habas et al. (2009) found cerebellar connectivity networks, with vermal 
lobule VI as part of the salience network responsible for deactivating the 
DMN in HCs. Insufficient DMN suppression may contribute to left cer-
ebellum hyperactivity in SZs, but we did not observe associations with 
psychopathology in this study. 

During anticipation of reward trials compared to neutral trials, HCs 
activated significantly more in several cerebellar regions, the right 
angular gyrus and the right occipital gyrus compared to SZs. In line with 
our findings, Singh et al. (2013), who assessed reward processing in 
bipolar disorder using the MID task, found increased activity in the 
angular gyrus of HCs during anticipation of gain compared to no gain 
trials. The angular gyrus, part of the parietal cortex, is implicated in 
signaling surprising outcomes, as demonstrated by previous studies 
(Farrer et al., 2008; Gläscher et al., 2010; Segarra et al., 2016). This 
could be related to the adaptive algorithm implemented in our MID task 
to ensure a 66 % chance of winning during win trials, instead of 100 %. 
Further, there is evidence that the parietal cortex is modulated by 
dopamine during reward processing (Medic et al., 2014). Notably, 

dysfunction of the angular gyrus appears to be specific to schizophrenia, 
since parietal hypoactivity related to outcome uncertainty has been 
observed (Paulus et al., 2003). 

We did a complementary ROI-based analysis of the ventral striatum 
(VS) which provides a valuable reference point when interpreting our 
whole-brain results. While we observed significant group differences in 
the cerebellum with notably larger effect sizes, the VS findings offer a 
baseline for understanding the magnitude of reward-related differences: 
We observed a significant reduction in striatal activation in a ROI-based 
analysis of the VS among SZs during both contrasts. This finding aligns 
with previous studies demonstrating blunted striatal responses in both 
patients (Esslinger et al., 2012) and their first-degree relatives (Grimm 
et al., 2017), reinforcing its potential role as an endophenotype. How-
ever, compared to our whole-brain analysis, the effect size within the VS 
was less pronounced. Notably, the cerebellum exhibited substantially 
larger effect sizes, suggesting that while the reward/salience network 
may be altered in schizophrenia and influenced by physical fitness, the 
VS may not be the sole or primary region of dysfunction. 

Our findings regarding the cerebellum, support the hypothesis of its 
involvement in reward processing, motivation and the psychopathology 
of schizophrenia (Wilson et al., 2018; Holloway et al., 2019). It is con-
nected to the substantia nigra, the anterior cingulate cortex, the anterior 
insula, the dorsal striatum and the amygdala, contributing to the 
salience network and the reward circuitry (Kruithof et al., 2023; 
Washburn et al., 2024). This connectivity with both networks indicates 
the cerebellum’s role as a detector of potentially relevant information 
during reward tasks. Specifically, vermal lobule VI may be linked to 
reward anticipation (Wilson et al., 2018), revealing reduced activity in 
schizophrenia patients (Kruithof et al., 2023). Recent findings of 
Washburn et al. (2024) underpin the assumption that the cerebellum 
encodes reward value by directly modulating dopamine levels in the 
basal ganglia via the mesolimbic pathway. Moreover, cerebellar 
dysfunction correlates with a range of cognitive deficits in patients, 
referred to as the Cognitive Dysmetria Theory of Schizophrenia 
(Andreasen et al., 1998): previous MRI and PET studies created a model 
highlighting the significance of connectivity among prefrontal regions, 
thalamic nuclei, and the cerebellum. Disruptions in this network result 
in cognitive difficulties as to effectively prioritizing, processing, coor-
dinating, and responding to information. These impairments in mental 
coordination are core cognitive deficits in schizophrenia. Our findings of 

Table 3 
Correlation results between significant fMRI clusters, psychopathology and fitness data.  

Cluster PANSS PAS SAS CDSS WHO Physical fitness Physical condition 

anticipation > outcome 
HC > SZ 

left anterior insula  
ρ = -.270  r = -.311 r = -.283  r = -.249   

.0320*  .0156* .0349*  .0266* 
SZ > HC 

PCC        
SZ > HC 

left CBM, VL VI-VII      
ρ = -.243        

.0312*  
reward anticipation > neutral anticipation        
HC > SZ 

left CBM, VL VIII-X    
ρ = -.321 ρ = -.293  ρ = -.352     

.0197* .0442*  .0015* 
HC > SZ 

right CBM, VL VIII-X     
ρ = -.348  ρ = -.382      

.0083**  .0005** 
HC > SZ 

right CBM, VL V-VI     
ρ = -.294  ρ = -.293      

.0430*  .0087* 
HC > SZ 

right angular gyrus   
ρ = -.312        

.0103*     
HC > SZ 

right occipital gyrus  
ρ = -.289   ρ = -.335  ρ = -.258   

.0485*   .0126*  .0220*  
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a correlation between the SZs’ self-rated disability and reduced cere-
bellar activity are in line with this model. 

Furthermore, besides its involvement in the regulation of appetite 
and voluntary movement, the cerebellum is also implicated in the he-
donic aspect of food intake due to its projections to reward mediating 
nuclei (Iosif et al., 2023). This could explain the association found in this 
study between stronger cerebellar activity and better physical condition 
and again underlines the importance of the cerebellum in terms of a 
holistic view of psychiatric conditions. 

Our study does not only detect the cerebellum as a major hub of the 
reward system altered in schizophrenia and diminished physical fitness, 
but it also points to the more general link between the reward system, 
motivation and motor activity. The relationship between motivation, 
physical fitness, and their neurobiological underpinnings is complex, 
particularly when considering the impact on schizophrenia. Engaging in 
physical activity has been found to be inherently rewarding, which is 
supported by studies showing that voluntary exercise can lead to an 
increase in BDNF-mediated striatal dopamine release (Bastioli et al., 
2022). This enhanced ’reward drive’ can incentivize individuals to 
pursue more physical activity. In animal models, there is evidence that 
the reward system is closely tied to motivation and physical activity, 
with wild type mice demonstrating a preference for running in a wheel 
over constant sucrose consumption—a behavior that shifts when dopa-
mine transmission is pharmacologically blocked (Correa et al., 2016). 

Human neuroimaging studies corroborate these findings, suggesting 
that attributes such as a smaller anterior cingulate cortex volume can 
predict a higher likelihood of engaging in physical activity, though the 
size of the nucleus accumbens does not show a direct correlation with 
physical activity levels, which points to the necessity of using functional 
imaging to assess reward system changes more sensitively (Miró-Padilla 
et al., 2023). Moreover, motivational syndromes linked to lower phys-
ical activity are seen in conditions like depression, where anhedonia and 
a loss of motivation—which may arise from dopaminergic dysfunc-
tion—shows transdiagnostic similarities between depression and 
schizophrenia (Taylor et al., 2022). 

Physical fitness and motivation share a complex relationship that is 
deeply influenced by the neurobiological mechanisms within the brain, 
particularly involving the neurotransmitter dopamine. Dopamine’s 
central role in motivation is well-documented, affecting not only various 
cognitive processes but also playing a critical role in the psychopathol-
ogy of schizophrenia, contributing not only to symptoms such as anhe-
donia (McCutcheon et al., 2020). The blunted response of the reward 
system – ranging from the VS to the cerebellum – was verified in our 
study. A likely mechanism is less phasic dopamine activity from the 
background of an elevated, noisier tonic dopamine background. These 
dopaminergic neurons from the ventral tegmental area project to critical 
regions involved in motivation, such as the VS, which are instrumental 
in encoding the effort required for actions. These neurons are respon-
sible for evaluating the cost-benefit ratio in decision-making, thus 
influencing the motivational drive behind voluntary physical movement 
and eating behavior — both of which are intrinsically rewarding and 
necessary for survival (Treadway et al., 2012). 

The dopaminergic system must maintain an intricate balance to 
support healthful engagement with rewarding activities. However, 
dysregulated dopamine function can contribute to a lack of motivation, 
which can manifest in a reluctance to engage in physical activity, as 
often seen in motivational impairments related to schizophrenia and 
depression (Gold et al., 2013). 

While our study underscores the importance of the reward system in 
the interplay between motivation and physical fitness and highlights 
potential targets for therapeutic interventions, particularly in the 
context of compromised physical activity in schizophrenia, it comes 
with some limitations. 

While the MID paradigm is routinely employed to investigate reli-
ably reward processing, it is important to acknowledge the striatum’s 
functions extend beyond hedonic pleasure: habit formation, goal- 

directed behavior, and decision-making are all highly relevant to the 
motivational deficits observed in schizophrenia. Other paradigms than 
the MID task might be useful in exploring these other non-hedonic as-
pects of striatal function. 

The striatum, particularly the VS, plays a central role in reward 
processing. Our findings of reduced striatal activation during reward 
anticipation in SZs directly align with this understanding. 

Another limitation comes from considering the impact of chronic 
neuroleptic medication, particularly dopamine-blocking antipsychotics, 
on the reward system. While our study did not reveal a direct correlation 
between chlorpromazine equivalent dosage and striatal activation (and 
corrected for CPZ as covariate), this measure might be too simplistic. 
Future studies should investigate the effects of long-term medication use 
with more nuanced measures. It is plausible that the blunted reward 
response observed in chronic schizophrenia is partially mediated by 
antidopaminergic medication. 

The interesting activity in the cerebellum, we found, is becoming 
increasingly important in the context of reward anticipation and 
schizophrenia. However, SPM12, we used for our analysis, does not 
include a reference brain atlas with MNI coordinates of cerebellar re-
gions. Therefore, the identified regions in the cerebellum may differ 
slightly from other works specifically focused on analyses in the cere-
bellum. To substantiate our findings, we suggest performing the same 
analysis in future studies using a cerebellar brain map. Finally, regarding 
the comparison of reward and neutral anticipation, further analyses are 
needed to provide more precise statements about group differences. 
Currently, we do not know whether SZs generally activate less or actu-
ally discriminate less between win and neutral trials. Follow-up analyses 
should shed more light on this question. 

In conclusion, our results clearly indicate a link between psychopa-
thology and reduced physical fitness, which includes reward-mediating 
brain areas in schizophrenia. Further, the decreased activity in cere-
bellar regions is consistent with recent studies linking reward processing 
and motivational behavior to cerebellar function, supporting the long- 
controversial role of the cerebellum in "cognitive dysmetria" in schizo-
phrenia (Andreasen et al., 1999). Finally, our study not only highlights 
the role of the reward system as to physical fitness in schizophrenia, but 
also suggests the cerebellum as a neuromodulatory target for interven-
tional studies. 
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