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Abstract

Background: Overweight and decreased physical fitness are highly prevalent in schizophrenia,
represent a major risk factor for cardio-vascular diseases and decrease the patients’ life
expectancies. It is thus important to understand the underlying mechanisms that link
psychopathology and weight gain. We hypothesize that the dopaminergic reward system plays an
important role in this.

Methods: We analyzed the seed-based functional connectivity (FC) of the ventral tegmental area
(VTA) in a group of schizophrenic patients (n = 32) and age- as well as gender matched healthy
controls (n = 27). We then correlated the resting-state results with physical fitness parameters,
obtained in a fitness test, and psychopathology.

Results: The seed-based connectivity analysis revealed decreased functional connections between
the VTA and the anterior cingulate cortex (ACC), as well as the dorsolateral prefrontal cortex and
increased functional connectivity between the VTA and the middle temporal gyrus in patients
compared to healthy controls. The decreased FC between the VTA and the ACC of the patient group
could further be associated with increased body fat and negatively correlated with the overall
physical fitness. We found no significant correlations with psychopathology.

Conclusion: Although we did not find significant correlations with psychopathology, we could link
decreased physical fitness and high body fat with dysconnectivity between the VTA and the ACC in
schizophrenia. These findings demonstrate that a dysregulated reward system is not just responsible
for symptomatology in schizophrenia but is also involved in comorbidities and could pave the way for
future lifestyle therapy interventions.

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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1 Introduction

As one of the most debilitating psychiatric disorders, schizophrenia affects about 1 percent of the
world’s population. The onset usually occurs in late adolescence and symptoms typically remain
throughout life [1]. Schizophrenia is characterized by hallucinations and delusions, referred to as
positive symptoms as well as severe cognitive and affective impairments, known as negative
symptoms [2]. While this places a heavy burden on patients, leading to social isolation and the
inability to cope with everyday life [3], schizophrenia - like other mental illnesses - is further
accompanied by weight gain and decreased physical fitness [4,5]. Strassnig and colleagues [5], for
example, examined the cardiorespiratory fitness of a male schizophrenic cohort, revealing that 98.3%
of the 117 participants scored below population standards. Complicated by obesity, low cardio-
respiratory fitness represents a major risk factor for cardio-metabolic disturbances, referred to as
metabolic syndrome [6-9]. It usually comprises symptoms like central and abdominal adiposity,
insulin resistance, dyslipidaemias, glucose intolerance and hypertension. Metabolic syndrome, in
turn, is predictive of severe physical comorbidities, such as type Il diabetes or cardiovascular disease.
With regard to schizophrenia, obesity is three times as prevalent in patients compared to the general
population [10], with obese patients having a higher risk to developing cardio-vascular diseases
compared to obese but otherwise healthy individuals [11]. Numerous studies could show that,
besides suicide, cardio-metabolic diseases represent one of the major causes of premature death in
patients suffering from schizophrenia with their life expectancies being reduced by 10 to 25 years

compared to the general population [12].

The reasons for the increased risk of patients to be in poorer physical conditions are diverse and
complex. First, there are genetic risk factors [13] and the cardio-vascular side-effects of antipsychotic
medication [10,13]. Second, patients have the tendency to maintain a rather unhealthy lifestyle,
characterized by increased smoking rates, poor diets and physical inactivity. Thirdly, the
predisposition of patients with schizophrenia to gain weight is related to the disorder’s neurobiology

itself [8,14].

Schizophrenia’s neurobiology is characterized by a dysregulation of dopaminergic neurotransmission
in the mesocorticolimbic circuit of the brain [15-18]. These dopaminergic neurons primarily originate
from the midbrain, especially the ventral tegmental area (VTA), and project to regions like the
prefrontal cortex, ventral pallidum and nucleus accumbens, which regulate reward and motivational
processes [18-21]. Consequently, disorder-related dopaminergic impairments are responsible for a
variety of symptoms, including cognitive deficits, psychosis and altered reward processing [17,22].
The reward circuit has further become the subject of schizophrenia research in many neuroimaging

studies. This way, striatal hypoactivation during reward anticipation could be identified as a
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phenotype of schizophrenia [22,23] and resting state data revealed functional dysconnectivity of the

reward system to correlate with symptom severity in patients [24,25].

There is further evidence that VTA dopamine projections are implicated in the coordination of energy
balance, which comprises the regulation of food intake and voluntary physical activity [26-28]. As
disturbances in any of these processes would lead to an increased intake of palatable foods and less
motivation to become physically active [29], we hypothesize that illness-related alterations in the
dopaminergic reward system might be responsible for both symptom severity and decreased

physical fitness of schizophrenic patients.

To our knowledge no study to date has attempted to establish a link between alterations in the
reward system and physical fitness in schizophrenia. Therefore, we aim to demonstrate that
functional dysconnectivity in schizophrenic patients correlates with increased psychopathology and
reduced physical fitness compared to healthy individuals, using the VTA - the source of corticostriatal

dopamine neurons - as our seed region in the seed-to-voxel resting-state analysis.

2 Materials and Methods

2.1 Participants

30 patients and 30 healthy participants were matched as to gender and age, with a mean age of 35.1
for the patient group and 34.8 for the healthy subject group. Patients 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 via flyers and web
pages. Psychiatric diagnoses were hased on DSM-V criteria and established by registered
psychiatrists responsible for the patients’ treatment. Patients were included in the study if the
following criteria were met: 1) diagnosis of schizophrenia ; 2) no abuse of cocaine or amphetamines
within the last 2 weeks; 3) no intake of benzodiazepines within the last two weeks; 4) history of
stable medication for at least 4 weeks; 5) no physical impairments that would hinder the
performance in the fitness test; 6) no history of neurological disorders; 7) no current alcohol or drug
abuse; 7) no magnetic resonance imaging (MRI) contraindications. Inclusion criteria for healthy
participants were: 1) no history of psychiatric disorders; 2) no physical impairments that would
hinder the performance in the fitness test; 3) no history of neurological disorders; 4) no current

alcohol or drug abuse; 5) no MRI contraindications.
2.2 Psychopathology Assessment

To assess psychopathology and especially negative symptoms in both groups, we utilized the

Chapman Scale for Physical and Social Anhedonia (PAS, SAS) [30], the World Health Organization
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Disability Assessment Schedule (WHODAS) [31] and the Calgary Depression Scale for Schizophrenia
(CDSS) [32]. Clinical symptoms within the patient group were additionally recorded by means of the
standardized Positive and Negative Syndrome Scale (PANSS) interview [33]. All interviews were

conducted by trained raters.

Demographics and clinical characteristics of the study sample are summarized in Table 1. To decide
whether group comparisons could be calculated using parametric (two-sample t-test) or non-
parametric tests (Wilcoxon-rank-sum-test) [34], we first examined if the different variables were

normally distributed using the Shapiro-Wilk-Test [35].
2.3 Physical Fitness Analysis

To determine the participants’ physical fitness, they were asked to perform a fitness test, which was
divided into a physical exercise part and body measurements, which resulted in variables
representative for the participants’ physical appearance, such as Body Mass Index (BMI), waist-to-hip
ratio (WHR), waist-to-height ratio (WHtR) and total body fat percentage. Body fat was assessed using
a skinfold caliper on 7 anatomical points: triceps, subscapular, biceps, abdominal, suprailiac, thigh
and calf. Skin was gripped between thumb and index finger. The caliper was applied about 1 cm from
the fingers. To calculate the total body fat percentage after Siri (1961) and Brozek (1963) [36,37],
body density was calculated first according to the age-specific formulas after Durnin and Womersley

(1974) [38], using the sum of 4 skinfolds (triceps, biceps, subscapular, suprailiac).

The physical exercise part included a handgrip test to measure the muscular strength of the upper
body. Participants were instructed to squeeze the Takei dynamometer (Takei Analogue Hand Grips
Dynamo Meter, PS219A) as tightly as possible using one hand only and leaving their arms hanging
next to their body with extended elbow joints. They performed this test twice with both hands at a
time. A mean was calculated afterwards depicting the participants’ strengths in kilograms. To capture
the muscular strength of the lower body, participants performed a standing long jump test. They
were asked to line up behind a marker on the floor and to use their whole body dynamically in order
to jump off using both legs simultaneously. They were specifically asked to land on both feet in the
stand. Each participant had two attempts, of which the better one was noted down. The width of the
jump was measured in centimeters, ranging from the marker to the back of the heel. The
participants’ maximal oxygen capacity (VO2max) was determined using the Chester step test [39]. A
pulse band was attached below the subjects’ chest and the pulse at rest was noted prior to the test.
They were then instructed to step on the 30 cm-step moving one foot after the other - without
jumping - at a step rate according to a metronome. The first level started with 60 beats per minute

(bpm). The entire test consisted of 5 levels with each level being 2 minutes long. The metronome
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increased in speed with every level by 20 bpm, resulting in 140 bpm in level 5. The test was
terminated as soon as the level was completed during which the subject had reached 80% of it’s age-
related maximum heart rate (0.8 x (220 - age)) or if the subject felt too exhausted to continue. The
Participants exhaustion was measured according to the Borg Rating of Perceived Exertion [40] in
each level reached. The aerobic capacity was then manually estimated by plotting the exercise heart
rates of each level completed on a prepared graphical datasheet. VO2max (ml 02/kg/min) could then

be read off the x-axis, where the regression line intersected the line of maximum heart rate [39].

In order to include all variables acquired during the fitness test in the analysis but to reduce
redundancy of the data at the same time, a principal component analysis (PCA) was performed. The 8
variables of the fitness test included in the PCA are listed in Table 4 of the supplementary section. As
the factors were expected to be independent, a varimax rotation was used and item loadings below
0.30 were not considered. We furthermore chose two principal factors a priori, which then explained
75% of the data’s variance. The according scree plot can be can be found in Figure 2 and the factor
loadings after rotation can be obtained from Table 4 of the supplementary section. As the correlation
matrix was non-positive definite, which means that some of the eigenvalues are not positive values,
the Kaiser-Meyer-Olkin measure and Bartlett test cannot be calculated. For further analysis, such as
correlations, the two factors resulting from the PCA were used. We defined factor 1 as physical
fitness and factor 2 as physical condition, describing the participants’ physical appearance. The
values contained in factor 2 were recoded so that higher values can be interpreted as better physical

condition.
3.4 fMRI data acquisition and analysis

The functional MR images were obtained via a 3 Tesla MRI scanner (Siemens Magnetom Prisma) of
the Brain Imaging Center of the Goethe University Frankfurt using a 64-channel head coil. The
participants’ heads were stabilized with a small pillow belonging to the scanner equipment and
equipped with ear plugs. They were instructed to rest quietly, focus on the crosshair shown on a
display, visible through a mirror attached to the head coil, and not to fall asleep. The 262 volumes
were acquired using a gradient-echo planar imaging (EPI) sequence with the 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 x 2.8 x 2.8 mm). 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 posterior to anterior [41-43]. The according anatomical scans were obtained using a T1-

weighted anatomical 3D magnetization-prepared rapid gradient echo sequence with the following
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parameters: TR = 2000 ms, TE =2.12 ms, FoV = 256, 176 sagittal slices, voxel size =1 x 1 x 1 mm, flip

angle = 8°.

Prior to preprocessing, image distortions were corrected by the fieldmap images with fsl topup
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/topup). Preprocessing was then performed using the default
preprocessing pipeline of the CONN toolbox (CONN-fMRI Functional Connectivity toolbox v20c,
https://www.nitrc.org/projects/conn) including motion correction, slice time correction, bandpass
filtering (0.008 Hz<f<0.9 Hz), spatial normalization, coregistration to anatomical scans, smoothing
with an 8 mm Gaussian kernel and segmentation into grey matter, white matter and cerebrospinal
fluid. We excluded three patients who exceeded the third quartile + 1.5 interquartile range in the
quality assurance plots of maximum motion or maximum global BOLD signal change even after

motion correction from further analysis.

In order to reveal seed-to-voxel connectivity differences between the patient- and healthy
participant group, the second-level analysis was performed including age and gender as nuisance
variables. To account for medication and movement effects, we further added chlorpromazine
equivalent [44-50] and mean head motion as covariates into the model. The VTA seed region was
predefined based on the Wolfgang Pauli Atlas [51]. The seed-based connectivity maps were
computed using Fischer-transformed bivariate correlations between the seed region BOLD times

series and the BOLD time series of each individual voxel of the brain [52].

To calculate correlations between the VTA-seed based connectivity results, psychopathology and
physical fitness data, we extracted the mean beta-values from the voxels within significant clusters of
each participant revealed by the second level analysis of CONN. We first examined whether the
different variables were normally distributed using the Shapiro-Wilk-Test. We then calculated
exploratory Pearson correlations, if the data was normally distributed, and Spearman correlations, if

the data was not normally distributed.

3 Results
3.1 Sample characteristics

Sample characteristics can be taken from Table 1. Due to excessive head movement in the scanner
we had to exclude three male patients from further analysis, resulting in a sample size of 29 patients
(SZ) and 27 healthy controls (HC). Two sample t-tests revealed significant differences between both
groups as to psychopathology. Patients obtained significantly higher scores in all questionnaires,
including PAS (Wilcoxon W =978.5; p =.012), SAS (Wilcoxon W = 963.5; p = .024), CDSS (Wilcoxon W
= 975.5; p = .013) and WHODAS (Wilcoxon W = 1051; p < .001). According to the fitness test, the

healthy participants performed significantly better in the standing long jump test (t = 2.423; p =


https://doi.org/10.1101/2022.06.27.22276810
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.06.27.22276810; this version posted June 27, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

.018), as well as in the Chester step test (Wilcoxon W = 681.5; p = .017). The anthropometric
measures further revealed lower BMIs for the healthy participants group, compared to the patients
(Wilcoxon W =965; p =.023). The groups did, however, not differ as to total body fat percentage (p =
.068) and performed equally in the handgrip task (p =.064).

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

characteristics SZ mean sD HC mean sD
males 22 18
females 10 9
age [years] 32 35.1 +123 27 348 1122
CPZeq 602.2 +465.4
PANSS 29 0.6 164
PAS 13.9% 185 27 8.7* 158
SAS 13.6% 185 9% 59
WHODAS 26.9%% 1 15.5 9.2%% 9.7
CDss 3.7+ 128 2% 13.2
BMI 29 26.9% 141 27 25% 5.1
total body fat [$6] 295 174 259 184
Jump [cm] 146.3%* £425 172.5%%  +£46.2
handgrip [kg] 345 1109 40.1 1107
VO2max [ml 02/kg/min] 29.7% 1164 41.6% 19.7
physlcal condition 29 -0.31% +0.99 29 0.29¢ +0.97
Physlcal fitness 29 -0.26% 10.89 29 0.30* 11

*< .05; *¥*< .01

3.2 VTA-seed based connectivity results

The second level seed-to-voxel analysis of the resting-state data yielded three significant clusters,
which are listed in Table 2 (cluster threshold p < .05 FDR-corr.; voxel threshold p < .001 uncorr.).
Using the VTA as our seed, we found increased functional connectivity with the anterior cingulate
cortex (ACC) and the right dorsolateral prefrontal cortex (dIPFC) in the healthy participant group
compared to the patient group (contrast: HC > SZ). Patients showed increased functional connectivity

between the VTA and the left middle temporal gyrus (MTG; HC < SZ). For visual presentation of the
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significant voxels in cortical areas only, we used a default grey matter mask provided by CONN to

display the clusters (Figure 1).

Table 2. VTA seed-based functional connectivity results between patients and healthy controls.

contrast brain reglon cluster size peak MNI coordinates peak t-value p-value [FDR-corr.)
[voxels]
X y Fl
HC>SZ anterlor cingulate 293 -5 27 18 4,95 0.0007
cortex 7 30 17
dorsolateral prefrontal 174 a3 45 30 4.42 0.007
cortex, right
HC«<SZ middle temporal gyrus, 121 -60 -28 -12 -4.1 0.02
left

3.3 Correlation results

To associate psychopathology and physical fitness with VTA functional connectivity, we calculated
correlations between the three significant clusters resulting from the fMRI analysis (Table 2; Figure 1)
and the CDSS-, PAS-, SAS-, and WHODAS-score, as well as the variables acquired during the fitness
test. We found significant negative correlations between the ACC cluster and total body fat (BF; p =
.044, FDR-corr.), as well as the sum of all skinfolds, acquired with the caliper (p = .044, FDR-corr.). We
further found a positive correlation between the ACC cluster and overall physical fitness (p = .036,
FDR-corr.), a variable resulting from the PCA. We did not find any significant correlations with

psychopathology. The correlation results are summarized in Table 3.

Table 3. Significant correlation results between functional connectivity using VTA as a seed and
physical fithess parameters.

HC » SZ SZ>» HC
VTA: anterlor cingulate cortex VTA: middle temperal gyrus
Pearson r Spearman g Pearsonr Spearman g
total body fat -0.315%
sum of skinfolds -0.306* 0272
Jump 0.267 -0.276
handgrip 0.285
VO2max
| ohysicalfitness | osee* | ]

*p <.05, FDR-corrected; other p < 0.05, uncorrected
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Figure 1. Seed-based connectivity results and correlations with physical fitness data. A shows two significant clusters resulting from the
contrast healthy controls minus patients (HC > SZ) depicting increased functional connectivity between VTA (seed) and ACC (A, left) and
increased functional connectivity between VTA and dIPFC (A, right) in the HC group compared to patients. B indicates increased functional
connectivity between VTA and MTG in the patient group compared to healthy controls (contrast SZ > HC). Color bars represent t-values
(cluster threshold p < .05 FDR-corr.; voxel threshold p < .001 uncorr.). C shows significant correlations (p < .05, uncorrected, for corrected
p-values see Table 3) between the ACC cluster (A, left) and physical fitness parameters, including a negative correlation with the sum of
skinfolds (C, left), a negative correlation with total body fat percentage (C, middle) and a positive correlation with overall physical fitness
(C, right).

4 Discussion

With this study, we wanted to verify whether dysfunctional connectivity patterns of the reward
system are not only involved in the psychopathology of schizophrenia, but also associated with the
decreased physical fitness, often observed in patients. To do so, we performed a seed-based
functional connectivity analysis between the VTA and the rest of the brain and compared patients
with controls. Finally, we correlated these outcomes with physical fitness data and psychopathology.
Our results indicate decreased seed-based functional connectivity between the VTA and the dIPFC, as
well as the VTA and ACC in our group of patients with schizophrenia compared to healthy
participants. We further found increased functional connectivity between the VTA and the MTG in
the patient group. Moreover, the decreased functional connectivity between the VTA and the ACC
could be associated with elevated body fat. On the other hand, higher functional connectivity
between the VTA and the ACC correlated positively with overall physical fitness. These findings
support our original hypothesis that striatal dysconnectivity in schizophrenia is linked to decreased

physical fitness.
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Our findings are in line with previous studies, demonstrating decreased physical fitness in patients
with schizophrenia [53]. In our sample, patients have significantly higher BMIs than the healthy
controls and performed significantly worse in the Chester step test, measuring cardiorespiratory
fitness, as well as the standing long jump test, compared to healthy controls. The PCA further yielded
two variables, one reflecting the overall physical condition (or appearance), the other representing
the overall physical fitness. Patients obtained significantly lower values as to both parameters. This
impaired physical fitness of patients has many causes, especially associated with the mental illness
itself and is closely linked to their increased risk of weight gain. Besides the identified genetic
predisposition, there are environmental and lifestyle factors, which render patients more susceptible
to gaining weight. These are social stigmatization and discrimination due to mental illness, social
isolation and poor symptom management, increasing sedentary behavior, the lack of motivation to
exercise and food intake [54-56]. Furthermore, there have been some interesting speculations about
how the ACC is involved in non-exercise physical activity [57]. While most studies focus on the effects
of exercise on mental well-being, there have been only a few studies investigating the impact of non-
exercise everyday life activity on mental health. However, according to Reichert and colleagues
(2020), increased physical activity, comprising all physical activities performed in everyday-life, are
associated with higher grey matter volumes of the ACC, more specifically the subgenual part. This
might explain why we have found increased physical activity to correlate with stronger functional

connectivity between the VTA and the ACC.

Up to now, only a few studies have investigated functional connectivity of the VTA in schizophrenia,
which makes comparisons and interpretations of results somewhat difficult. Yet, our resting state
outcomes are consistent with the findings of Hadley and colleagues [58], who found a functional
connection between the VTA and the ACC, as well as the inferior frontal gyrus in healthy participants.
Structural and functional impairments of the anterior cingulate cortex could be associated with the
psychopathology of schizophrenia. There is evidence that especially negative symptomatology
correlates with the functional dysregulation of the ACC, which is implicated in emotional and
cognitive processes as well as goal-directed behavior [59-61]. However, the decreased functional
connectivity between the VTA and the ACC in our sample of schizophrenic patients was not directly
related to negative symptomatology. Interestingly, there is some evidence that the urban social
environment and upbringing affects social-emotional processing of limbic circuits involving the ACC
as a key node [62]. As we did not include information about the social environment or upbringing of
our participants as a variable in the analysis of this study, we can only speculate if the decreased
functional connectivity between the VTA and the ACC in our patient group is linked to social

influential factors. This should therefore be taken into account in future analyses.
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To our knowledge, we are the first to identify decreased functional connectivity between the VTA
and the dIPFC in schizophrenia patients. Several studies have characterized the role of the dIPFC in
terms of cognitive impairments, especially working memory deficits, in patients [63-65]. Thus a
decreased functional connectivity between the VTA and the dIPFC in schizophrenia patients
compared to healthy controls seems plausible as it might reflect the patients’ cognitive disabilities.
However, further research will be necessary to support this hypothesis, since we did not explicitly

assess cognition in this study.

We have further found stronger functional connections between the VTA and the left MTG in the
patient group. The left MTG has been moved into focus as it could be related to auditory and verbal
hallucinations in the past [66] and shows reductions in grey matter volume that have been associated
with the psychopathology [67]. To address the question whether the increased functional
connectivity between the VTA and the MTG is a result of an overcompensation due to its reduction in
size or linked to psychosis is speculative. There are, however, a few studies, which have found
increased functional connections between the striatum and the middle temporal gyrus [68]. Future

resting-state studies using a VTA-seed should give further insights.

Since the dopaminergic reward system regulates motivational behavior, including voluntary
movement and eating behavior [69,70], we assumed that the reward system represents the link
between decreased physical fitness and psychopathology in schizophrenia. Further arguments
supporting this assumption are based on the fact that pathological changes in functional connectivity
of the reward system could be associated with obesity [71]. Our results support this hypothesis by
significant correlations between physical fithess parameters and the functional connectivity of the
VTA and ACC. Follow up analysis should additionally include comparisons between patients and
obese, but otherwise healthy, individuals, in order to discover possible similarities within connectivity

patterns.

This study faces a few limitations. First, although there is a great body of evidence that striatal
dysconnectivity correlates with symptom severity in schizophrenia, we did not find significant
correlations between VTA-seed based functional connections and psychopathology, neither within
the whole study sample, nor within the patient group only. This could, on the one hand, be due to
our relatively small sample size, and, on the other hand, because of the fact, that our
psychopathological assessment is mostly based on self-evaluation, requiring concentration and
disease insight. Second, our fitness test data could be biased by the fact that antipsychotics can
impact pulse regulation via anticholinergic effects. These effects on the Chester Step test have not
been systematically assessed. Moreover, antipsychotic medication plays an important role in weight

gain of schizophrenia [72]. But as medication effects can only be reliably assessed in longitudinal
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designs, we used it as a covariate to adjust for. Apart from that, many studies have demonstrated
decreased physical fitness and weight gain also in drug-naive patients []. Third, in contrast to task-
based paradigms, resting state fMRI measurements cannot control the participants’ thinking as it is
the case in clearly operationalized tasks. Finally, our study is a cross-sectional study, which does not
give insights into long-term effects of physical exercise interventions. In future longitudinal studies it
would be interesting to see how the VTA-seed based functional connections might be altered by

lifestyle therapies.

In summary, our findings provide deeper insights into less frequently addressed, but no less
burdensome comorbidities of schizophrenia. We could demonstrate that decreased physical fitness
in schizophrenia is linked to altered functional connectivity of the VTA. Excessive weight gain and
decreased physical fitness pose a major problem, as they increase the disease burden, lower self-
esteem, as well as the patients’ life expectancies. Thus, besides the treatment of the negative
symptoms, the focus in schizophrenia research needs to be shifted more towards the consequences
on physical health. As a brain circuit which regulates behavioral responses, the reward system
represents a suitable target for behavioral interventions in the future, including lifestyle therapies

and physical exercise.
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Supplements

1 Principle component analysis results

Table 4. Rotated factor loadings after principle component
analysis, of the fitness test parameters, using the varimax-
method. We interpreted component 1 as physical fitness and
component 2 as physical condition.

Component 1 Component 2

sum of skinfolds -,651 607
BMI -.325 824
BF -,843 ,355
WHR 759
WHtR -363 ,906
jump /887

handgrip ;836 312
YO2max 593

BF = total body fat percentage; WHR = waist-to-hip ratio; WHtR
= waist to height ratio

Eigenvalue

Factor

Figure 2. Screeplot of the principle component analysis. The x-axis displays the 8 factors, included in the PCA,
resulting from the fitness test. The y-axis depicts the according eigenvalues of the factors and how much each factor
contributes to explaining the data’s variance.
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