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Background and Hypothesis:  Aerobic exercise interven-
tions in people with schizophrenia have been demonstrated 
to improve clinical outcomes, but findings regarding the un-
derlying neural mechanisms are limited and mainly focus 
on the hippocampal formation. Therefore, we conducted 
a global exploratory analysis of structural and functional 
neural adaptations after exercise and explored their clinical 
implications.  Study Design:  In this randomized controlled 
trial, structural and functional MRI data were available 
for 91 patients with schizophrenia who performed either 
aerobic exercise on a bicycle ergometer or underwent a 
flexibility, strengthening, and balance training as control 
group. We analyzed clinical and neuroimaging data before 
and after 6 months of regular exercise. Bayesian linear 
mixed models and Bayesian logistic regressions were cal-
culated to evaluate effects of exercise on multiple neural 
outcomes and their potential clinical relevance.  Study 
Results:  Our results indicated that aerobic exercise in 
people with schizophrenia led to structural and functional 
adaptations mainly within the default-mode network, the 
cortico-striato-pallido-thalamo-cortical loop, and the 
cerebello-thalamo-cortical pathway. We further observed 
that volume increases in the right posterior cingulate gyrus 
as a central node of the default-mode network were linked 

to improvements in disorder severity.  Conclusions:  These 
exploratory findings suggest a positive impact of aerobic 
exercise on 3 cerebral networks that are involved in the path-
ophysiology of schizophrenia.  Clinical Trials Registration:  
The underlying study of this manuscript was registered in 
the International Clinical Trials Database, ClinicalTrials.
gov (NCT number: NCT03466112, https://clinicaltrials.
gov/ct2/show/NCT03466112?term=NCT03466112&draw
=2&rank=1) and in the German Clinical Trials Register 
(DRKS-ID: DRKS00009804). 

Key words: schizophrenia/exercise/brain 
structure/functional connectivity/randomized-controlled 
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Introduction

Exercise interventions represent a promising adjunctive 
treatment to positively influence the disease course of 
schizophrenia.1 As outlined by numerous meta-analyses, 
distinct types of exercise interventions yield the poten-
tial to alleviate symptom severity,2–7 to enhance cogni-
tive capacities,4,5 and to elicit improvements in social 
and occupational functioning.3,5 Among different kinds 

journals.permissions@oup.com
https://orcid.org/0000-0002-0284-2290
https://orcid.org/0000-0002-0244-1024
https://orcid.org/0000-0002-8097-1493
https://orcid.org/0000-0002-7896-7049
https://orcid.org/0000-0003-1226-9800
https://orcid.org/0000-0002-5426-4023
https://orcid.org/0000-0002-6208-5180
mailto:lukas.roell@med.uni-muenchen.de
mailto:lukas.roell@med.uni-muenchen.de
https://clinicaltrials.gov/ct2/show/NCT03466112?term=NCT03466112&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03466112?term=NCT03466112&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03466112?term=NCT03466112&draw=2&rank=1


146

Roell et al.

of exercise treatments in schizophrenia, aerobic exercise 
interventions have been demonstrated to be particularly 
beneficial.6–10

Aerobic exercise-induced ameliorations in multiple 
disorder-related health outcomes are suggested to be me-
diated by specific cerebral adaptations.11,12 For instance, 
enhanced levels of aerobic fitness and exercise have been 
linked to an increased volume of the hippocampal forma-
tion and its respective subfields which in turn can lead to 
improvements in short-term memory, working memory, 
and general functioning in people with schizophrenia.13–19 
Moreover, preliminary findings indicate that a strength-
ening of hippocampal functional connectivity (FC) with 
the occipital lobe induced by aerobic exercise is accom-
panied by improved positive symptoms and cognitive 
performance.20,21 Given that the hippocampal formation 
reflects a key region of the pathophysiology of schizo-
phrenia,22–25 these compensatory effects of aerobic exer-
cise appear to be particularly promising.

However, apart from the hippocampal formation, 
compelling large-scale evidence demonstrates that other 
areas, embedded in higher-level brain networks, also play 
a fundamental role in the pathophysiology of schizo-
phrenia: Particularly, volume reductions in the bilateral 
insula, anterior cingulate cortex, middle frontal cortices, 
temporal gyrus, and thalamus,26–29 cortical thinning in the 
prefrontal, temporal and anterior cingulate cortex and the 
insula30–32 and widespread aberrant patterns of cortical 
gyrification33,34 have been identified in schizophrenia and 
other severe mental illnesses. Analogously, core intrinsic 
connectivity networks, such as the salience network, 
default-mode network, or fronto-parietal network, reveal 
consistent deteriorations in FC.27,35,36 Moreover, structural 
and functional disturbances within several essential key 
circuits, such as the cortico-striatal-thalamic-cerebellar 
pathway,37–39 the cortico-striato-pallido-thalamo-cortical 
circuit,36,40–48 the amygdalocortical circuitry49 or the tradi-
tional Papez circuit50 contribute to clinical symptoms in 
schizophrenia.

To improve general brain health and to counteract 
neural decline across multiple populations, exercise has 
been demonstrated to be efficient: Numerous large-scale 
analyses reveal that aerobic exercise interventions lead 
to widespread structural and functional neural bene-
fits across the whole brain.51–56 In schizophrenia, only a 
few studies target the effects of aerobic exercise and fit-
ness on other brain regions than the hippocampal for-
mation.12,57,58 On the structural level, aerobic exercise 
has been found to increase the volume of the temporal 
gyrus,59 to strengthen the structural connectivity within 
brain regions involved in motor functioning60 and to 
enlarge the cortical thickness of the anterior cingulate 
cortex, prefrontal cortex, and the entorhinal cortex.61,62 
Furthermore, improvements in aerobic fitness are sug-
gested to be associated with decreases in the lateral and 
third ventricle and a thickening of frontal, temporal, 

and cingulate cortices in people with schizophrenia.63 
Likewise, cross-sectional studies indicate that patients 
with higher levels of physical activity have larger grey 
matter volumes and cortical thickness in the prefrontal 
cortex.64 On the functional level, higher aerobic fitness 
levels in people with schizophrenia have been linked to an 
attenuation of cerebello-thalamic hyperconnectivity and 
to a strengthening of FC within the cerebellum and the 
default-mode network.65 Importantly, findings regarding 
the clinical implications of these structural and func-
tional adaptations linked to aerobic exercise and fitness 
remain scarce and heterogeneous.59–62,64,65

Hence, we aim to identify further potential neural tar-
gets besides the hippocampal formation that possibly 
drive beneficial effects of aerobic exercise on psychiatric 
symptoms, cognition, and functioning in people with 
schizophrenia. First, we explored the effects of aerobic 
exercise on regional brain volumes, cortical thickness, 
and cortical gyrification, as well as on FC within several 
core cerebral networks implicated in the pathophysiology 
of schizophrenia. Second, we examined whether the iden-
tified effects on structural and functional brain outcomes 
are associated with clinical improvements.

Methods

The present project was part of the Enhancing 
Schizophrenia Prevention and Recovery through 
Innovative Treatments (ESPRIT) C3 study coordinated 
by the Central Institute of Mental Health in Mannheim. 
This multicenter randomized-controlled trial investigates 
the impact of aerobic exercise compared to a flexibility, 
strengthening, and balance program on various out-
comes of rehabilitation in people with schizophrenia. 
Data were acquired at the Department of Psychiatry 
and Psychotherapy of the LMU Hospital in Munich, 
the Central Institute of Mental Health in Mannheim, 
and the Departments of Psychiatry and Psychotherapy 
of the University Hospital Charité in Berlin, University 
Hospital Duesseldorf and University Hospital RWTH 
in Aachen. The study is in line with the Declaration of 
Helsinki and ethical approval was provided by the local 
ethics committees at each study site. The present work 
represents a subproject based on a subsample of the 
ESPRIT C3 study and specifically focuses on the effects 
of aerobic exercise on multiple neural outcomes and their 
potential clinical implications.

Study Design and Sample

A total of 180 people with schizophrenia formed the 
intention-to-treat sample of the ESPRIT C3 study. 
Subjects were randomized either to an aerobic endurance 
training (AET) or to a flexibility, strengthening, and bal-
ance training (FSBT). Supervised by trained study per-
sonnel, patients in both conditions exercised up to 3 times 
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per week between 40 and 50 minutes for a total duration of 
6 months. The AET group cycled on a stationary bicycle 
ergometer at a moderate intensity which was determined 
individually prior to the study onset using a stepwise lac-
tate threshold test. The FSBT group performed different 
stretching, mobility, stability, balance, and relaxation ex-
ercises.66 Both interventions were standardized in terms 
of exercise duration and frequency. No exercise-related 
adverse events occurred. All raters of clinical, cognitive, 
and functional outcomes were blinded to the group as-
signment and the study personnel who supervised the ex-
ercise trainings were not involved in data acquisition and 
analysis.

163 participants completed at least one exercise training 
and thus were part of the ITT2 sample. Out of 163 pa-
tients, 99 gave written informed consent to undergo MRI 
acquisitions. Eight subjects were excluded due to insuf-
ficient image quality or missing MRI scans at baseline 
(Supplementary information). Finally, 91 participants 
(44 in AET group, 47 in FSBT group) were included in 
the final analysis.

Behavioral and neuroimaging data at baseline prior 
to the intervention (t0) and after 6 months of exercise 
training (t6) were considered in the present examina-
tion. Sample characteristics are summarized in table 1. 
Further details regarding the study design are described 
elsewhere.67

MRI Data Acquisition and Processing

A 3T Siemens Magnetom Tim Trio scanner was used to 
acquire MRI data in Mannheim, Berlin, and Aachen, 
while a 3T Siemens Magnetom Skyra MRI scanner was 
utilized in Munich. At each site, a 3D T1-weighted mag-
netization prepared rapid gradient echo (MP RAGE) 
with an isotropic spatial resolution and a resting-state 
functional echo planar imaging sequence were measured. 
Supplementary Table S1 summarizes the scanning param-
eters. FreeSurfer v7.2 was used to process the structural 
isotropic 3D T1-weighted MR images and to compute 
the measures of brain volumes, cortical thickness, and 
cortical curvature. Processing of the functional EPI im-
ages was performed with fMRIPrep v21.0.168 and Nilearn 
v0.7.1. Figure 1 provides an overview of the analysis pro-
cedure. Details regarding pre- and postprocessing, as well 
as the computation of structural and functional outcome 
measures are provided in Supplementary information 
(Supplementary Table S2 and Figure S1).

Clinical and Cognitive Data

We considered psychiatric symptoms, global disorder 
severity, cognitive performance, and social and occupa-
tional functioning to assess the potential clinical impli-
cations of cerebral changes induced by exercise. Positive 
and negative symptoms, and total symptom severity 

Table 1.  Sample Characteristics

AET
n = 44 (48.4 %)
(n/mean ± SD)

FSBT
n = 47 (51.6 %)
(n/mean ± SD)

Study site pfisher = 0.814
Munich 30 (68.2 %) 30 (63.8 %)
Mannheim 10 (22.7 %) 13 (27.7 %)
Berlin 4 (9.1 %) 3 (6.4 %)
Aachen 0 (0.0 %) 1 (2.1 %)
Sex pfisher = 0.268
Female 12 (27.3 %) 19 (40.4 %)
Male 32 (72.7 %) 28 (59.6 %)
Age (years) 34.55 ± 11.15 39.30 ± 12.07 pwilcox = 0.063
PANSS at baseline (t0)
Positive scale 11.18 ± 3.60 11.57 ± 4.04 pwilcox = 0.761
Negative scale 13.23 ± 5.64 11.79 ± 3.59 pwilcox = 0.420
General scale 24.89 ± 5.63 25.74 ± 5.70 pwilcox = 0.559
Total scale 49.30 ± 12.20 49.12 ± 10.83 pwilcox = 1.000
Chlorpromazine equivalents 458.18 ± 261.44 481.68 ± 322.16 pwilcox = 0.937
Education (years) 14.68 ± 3.62 14.74 ± 4.60 pwilcox = 0.590
Total number of trainings 25.73 ± 17.84 26.55 ± 21.25 pwilcox = 0.883
Participants per session
Baseline (t0) 44 (100 %) 47 (100 %) —
After 6 months (t6) 12 (27.3 %) 21 (44.7 %) —

Descriptive statistics are expressed as mean ± standard deviation. The sample sizes per group refer to the number of participants that 
were considered for the statistical data analysis. Chlorpromazine equivalents were computed according to the Defined Daily Doses 
method. AET, aerobic endurance training; FSBT, flexibility, strengthening, and balance training; PANSS, Positive and Negative Syn-
drome Scale; pfisher, P-value of Fisher´s exact test for categorical data; pwilcox, P-value of Wilcoxon signed-rank test for numeric data; SD, 
standard deviation.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
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were assessed by the PANSS.69 Global disorder se-
verity was measured by the Clinical Global Impression 
Scale.70 A global cognitive composite score that encom-
passed different cognitive domains was computed based 
on various validated neuropsychological test batteries 
(Supplemental Information). The Global Assessment of 
Functioning Scale (GAF) and the Functional Remission 
of General Schizophrenia Scale (FROGS) were adminis-
tered to quantify levels of functioning.71,72 Further details 
are described in Supplementary information.

Statistical Data Analysis

Statistical data analysis was performed in Rstudio 
v1.4.1717 based on R v4.2.273,74 and visualizations were 
created using ggplot2.75

To study the effect of AET in comparison to FSBT on 
structural (regional volumes, cortical thicknesses, and 
cortical curvature) and functional (averaged pathway 
connectivity) brain outcomes, Bayesian linear mixed ef-
fect models were computed using the brms package.76 
Group (AET, FSBT), session (t0: baseline, t6: 6 months), 
the group-session interaction, age, sex, chlorpromazine 
equivalents, number of trainings, outcome at baseline, 
and study site (Munich, Mannheim, Berlin, Aachen) were 
included as predictors, while the corresponding structural 
and functional outcomes served as dependent variables.

Regarding the clinical relevance of individual-specific 
exercise effects on structural and functional brain out-
comes, Bayesian logistic regression models were com-
puted to evaluate if  those participants who demonstrated 
beneficial structural and functional brain changes also 
revealed improvements in positive, negative, and total 

symptom severity, cognitive performance, and func-
tioning. Details on the statistical analysis are provided in 
the Supplementary information.

Results

Exercise Effects on Brain Structure and Function

Figure 2 and Figure 3 depict exercise effects on structural 
and functional brain outcomes within both groups, re-
spectively. The detailed Bayesian test statistics are pro-
vided in Supplementary Table S4.

In the AET group, but not in the FSBT group, we identi-
fied volume increases in the bilateral caudal middle frontal 
gyrus, bilateral posterior cingulate gyrus, bilateral precentral 
gyrus, left supramarginal gyrus, and right paracentral 
gyrus. Concurrently, we observed volume decreases in the 
left pallidum, left rostral anterior cingulate gyrus, bilat-
eral insula, bilateral rostral middle frontal gyrus, left pars 
triangularis, right nucleus accumbens, left medial orbit-
ofrontal gyrus, right amygdala, right pars opercularis, left 
entorhinal cortex, and right pars triangularis (figure 2A).

We further obtained increases in cortical thickness in 
the left paracentral gyrus, left caudal middle frontal gyrus, 
right precentral gyrus, right superior temporal gyrus, left 
caudal anterior cingulate gyrus, the bilateral posterior cin-
gulate gyrus, left pars orbitalis, and right cuneus only in 
the AET group. The left medial orbitofrontal gyrus was 
the only region showing a decrease in cortical thickness 
(figure 2B).

With respect to the cortical gyrification, decreases 
were present in the bilateral caudal middle frontal gyrus, 
right isthmus cingulate gyrus, right precuneus, left caudal 

Fig. 1.  Analysis approach. The analysis workflows for the structural and functional MRI data are illustrated. MP-Rage, magnetization 
prepared rapid gradient echo; EPI, echo planar imaging; fMRIPrep, functional magnetic resonance imaging preprocessing pipeline; Nilearn, 
Python library to process, analyze and visualize multimodal MRI data, AAL, Automated Anatomical Labeling; FC, functional connectivity. 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
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Fig. 2.  Exercise effects on brain structure. The marginal mean difference of (A) brain volumes (corrected by the intracranial volume), (B) 
cortical thickness, and (C) cortical gyrification between the baseline session (t0) and the session after 6 months of exercise (t6) extracted 
from the linear mixed model analysis is depicted on the x-axis. The Bayes factor (BF10) of the interaction term in the linear mixed model 
analysis is displayed on the y-axis. Effects within the aerobic endurance training (AET) group are illustrated on the left, while effects 
within the flexibility, strengthening, and balance training (FSBT) group are shown on the right. Regions are labeled if  BF10 > 2 and if  the 
MCAR assumption is not violated. Full regions' names with their particular abbreviations are provided in Supplementary Table S6.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
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anterior cingulate gyrus, left cuneus, bilateral pars 
opercularis, left supramarginal gyrus, right postcentral 
gyrus, right precentral gyrus, right parahippocampal 
gyrus, right caudal middle frontal gyrus, left pars orbitalis, 
and right paracentral gyrus in the AET group, but not in 
the FSBT group. No increases in cortical gyrification in 
the AET group existed (figure 2C).

On the functional level, FC between the middle frontal 
gyrus and the thalamus, striatum, and pallidum and FC 
within the DMN increased from session t0 to session t6 
in the AET group, but not in the FSBT group. FC be-
tween the thalamus and the cerebellum decreased only in 
the AET group, whereas decreases in FC between senso-
rimotor cortices and the thalamus were identified in both 
exercise groups (figure 3).

Clinical Implication of Structural and Functional Brain 
Changes Induced by Aerobic Exercise

We investigated whether the identified effects of aer-
obic exercise on the neural level are associated with im-
provements on the clinical level, using the PANSS scales 

to assess schizophrenic symptoms, the clinical global 
impression to cover general disorder severity, a global 
cognition score that encompasses different cognitive do-
mains and the GAF and FROGS score to measure levels 
of functioning. The full test statistics of these results are 
provided in Supplementary Table S5.

We found that an increase in the volume of the right 
posterior cingulate gyrus was associated with an improve-
ment in the clinical global impression (BF10 = 10.66). On 
the functional level, a decrease in FC between the thal-
amus and the cerebellum was linked to an improvement 
in the FROGS (BF10 = 4.39). There were several other 
associations with a BF10 higher than 2, but no clear and 
consistent pattern for a whole network and overlapping 
clinical outcomes could be identified.

Discussion

The current study is the first that comprehensively ex-
plores the effects of aerobic exercise on widespread struc-
tural and functional brain patterns and their clinical 
relevance in people with schizophrenia.

Fig. 3.  Exercise effects on functional connectivity in schizophrenia-related brain circuits. Boxplots of functional connectivity distributions 
per session. The regression line illustrates the average change in functional connectivity between the baseline session (t0) and the session 
after six months of exercise (t6). The aerobic exercise group is illustrated on the left, the control group is displayed on the right. ACC, 
anterior cingulate cortex; AET, aerobic endurance training; AMY, amygdala; CEREB, cerebellum; DMN, default-mode network; FPN, 
fronto-parietal network; FSBT, flexibility, strengthening, and balance training; HF, hippocampal formation; MFG, middle frontal gyrus; 
OCC, occipital lobe; PA, pallidum; SAL, salience network; SENS, sensorimotor cortices; STRIA, striatum; TH, thalamus.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad113#supplementary-data
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We provide evidence that aerobic exercise in people 
with schizophrenia can lead to increases in the volume 
and cortical thickness of the middle frontal and poste-
rior cingulate gyrus, as well as decreases of the cortical 
gyrification of the middle frontal gyrus and precuneus. 
These regions are central nodes of the default-mode net-
work.77,78 Additionally, our findings suggest that aerobic 
exercise enhances FC within the default-mode network. 
These results are in line with previous evidence in people 
with schizophrenia, indicating that aerobic exercise 
interventions, enhanced aerobic fitness levels, or higher 
amounts of physical activity, in general, are associated 
with increases in cortical thickness in middle frontal 
areas and with increased FC within the default-mode 
network.61,63–65 Importantly, volume reductions, cortical 
thinning, increased gyrification, and reduced FC within 
the default-mode network have been widely reported in 
people with schizophrenia and other psychiatric condi-
tions.27–30,33–36 Hence, our findings may indicate that aer-
obic exercise has the potential to mitigate disruptions of 
the default-mode network in people with schizophrenia.

The default-mode network reflects a self-referential in-
trospective state and is associated with theory of mind 
and social cognition.77,79 In the psychiatric context, de-
teriorations of the default-mode network have been 
associated with more severe negative symptoms in schizo-
phrenia80 and impaired inhibition control across multiple 
psychiatric disorders.27 We observe that an exercise-
induced volume increase of a central node of the default-
mode network—the posterior cingulate gyrus—is linked 
to an improvement in general disorder severity. Hence, 
the beneficial effects of aerobic exercise on the default-
mode network may represent a potential neural pathway 
of exercise-induced improvements in clinical outcomes. 
However, other structural and functional adaptations in 
the default-mode network caused by aerobic exercise do 
not show consistent clinical implications. Taken together, 
we conclude that aerobic exercise specifically promotes 
beneficial adaptations in the default-mode network on the 
structural and functional level, but the clinical relevance 
of these cerebral changes remains to be determined.

In addition to exercise-induced adaptations in the 
default-mode network, our findings suggest that aer-
obic exercise can lead to structural changes of the 
middle frontal gyrus, the central sensorimotor gyri, 
and the pallidum. On the functional level, we observe 
a strengthening of FC between the thalamus, striatum, 
and pallidum and the middle frontal gyrus, whereas 
FC between the thalamus and the central sensorimotor 
gyri decreases in response to exercise. These structures 
are part of the cortico-striato-pallido-thalamo-cortical 
loop in which disruptions have been frequently dem-
onstrated in schizophrenia. Specifically, the thalamus, 
striatum, and pallidum reveal reduced FC with the 
prefrontal cortex and a hyperconnectivity with cen-
tral sensorimotor cortices.40–47 Aberrant FC within the 

cortico-striato-pallido-thalamo-cortical circuit is as-
sumed to be modulated by schizophrenia-related striatal 
dopamine dysfunction.81 Striatal dopamine dysfunction 
is seen as the interface between the dopamine, gluta-
mate, and serotonin hypothesis of psychosis.82 In partic-
ular, hypofunctional NMDA receptors in the prefrontal 
cortex and hyperactivated cortical 5-HT2A receptors are 
assumed to impair downstream glutamate signaling 
which in turn is considered to cause an overactivation of 
striatal dopamine synapses.82 Importantly, pathological 
alterations on the microscopic level and corresponding  
hyper- and hypo-connectivity patterns on the macroscopic 
level are interrelated.83 For instance, pharmaco-fMRI 
studies demonstrate that ketamine-induced blockage of 
NMDA receptors in healthy individuals induces thalamic 
hyperconnectivity with central sensorimotor cortices and 
thus leads to macroscale dysconnectivity patterns sim-
ilar to those observed in manifested schizophrenia.84,85 
Accordingly, both, the dopaminergic, glutamatergic, 
and serotonergic dysregulations in schizophrenia and 
the dysconnectivity patterns within the cortico-striato-
pallido-thalamo-cortical loop are suggested to contribute 
to psychotic symptom severity and cognitive defic
its.40–42,46,82,83

Our findings indicate that aerobic exercise counteracts 
structural alterations and aberrant connectivity patterns 
of the cortico-striato-pallido-thalamo-cortical circuit 
and thus may also yield compensatory effects on relevant 
neurotransmitter pathways. Despite these benefits on the 
cerebral level, we do not find stable clinical implications 
of such structural and functional adaptations within the 
cortico-striato-pallido-thalamo-cortical loop in the cur-
rent analysis.

Apart from the effects of aerobic exercise on the 
default-mode network and the cortico-striato-pallido-
thalamo-cortical circuit, we observe that aerobic exercise 
reduces FC between the thalamus and the cerebellum in 
our sample of people with schizophrenia. This is in line 
with our previous analysis, demonstrating that patients 
with higher aerobic fitness levels have lower FC between 
the thalamus and the cerebellum.65 As described by the 
cognitive dysmetria hypothesis, schizophrenia is charac-
terized by deteriorations in the cerebello-thalamo-cortical 
circuit, leading to an impaired ability to coordinate 
mental processes and thus accounting for a broad range 
of clinical symptoms.86 Compelling fMRI evidence cor-
roborates the cognitive dysmetria hypothesis by showing 
that cerebello-thalamo-cortical hyperconnectivity can be 
regarded as a heritable functional neural trait in schizo-
phrenia that may reflect an increased need for mental cap-
acities to fulfill respective cognitive demands.37,38 Similar 
to the previously described dysconnectivity within the 
cortico-striato-pallido-thalamo-cortical circuit in schiz-
ophrenia, cerebello-thalamo-cortical hyperconnectivity 
is expected to result from NMDA receptor hypofunction 
and the accompanied disrupted glutamate system 
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downstream from the cortex.37,38 On the clinical level, 
cerebello-thalamo-cortical hyperconnectivity is associ-
ated with symptoms of disorganization such as bizarre 
thoughts and behavior.37 We observe that an attenuation 
of the hyperconnectivity between the thalamus and the 
cerebellum was related to improvements in social and 
occupational functioning, but not to benefits in clinical 
symptoms or cognition. Thus, both the current results 
and our previous cross-sectional study65 indicate that 
aerobic exercise and increased fitness levels may alleviate 
hyperconnectivity within the cerebello-thalamo-cortical 
loop, but the clinical implications of these effects remain 
inconclusive.

With respect to the underlying mechanisms, beneficial 
effects of aerobic exercise on brain structure and function 
may result from several neural adaptations that occur in 
response to regular engagement in aerobic exercise. These 
cerebral adjustments consist of upregulations of neuro-
trophic factors (eg, BDNF), facilitated neuroplastic pro-
cesses (eg, neurogenesis, angiogenesis, and gliogenesis) 
and increases in dendritic density and length.11,87,88 
Importantly, these processes may be explained by exercise-
induced improvements in physical health.89 In particular, 
the prevalence of physical comorbidities such as obesity 
is substantially higher in people with schizophrenia.90–92 
Besides the well-described bidirectional interrelation be-
tween obesity and mental health on the behavioral level,93 
obesity is also associated with widespread structural and 
functional deteriorations on the neural level.94–97 Hence, 
exercise-induced improvements in physical health may 
represent a potential factor that also counteracts neural 
disruptions in people with schizophrenia.

In contrast to the beneficial effects on structural and 
functional outcomes on the cerebral level, we also observe 
volume decreases in the aerobic exercise group in sev-
eral key regions such as the insula, the anterior cingulate 
gyrus, the rostral middle frontal gyrus, or the amygdala. 
Volume reductions in these areas are a central hallmark 
of schizophrenia and other psychiatric disorders.26–29 
Therefore, our findings reveal that aerobic exercise may 
not yield the potential to mitigate volume decline across 
the whole brain, but rather targets specific neural circuits 
as outlined above.

Our study has some important limitations: First, the 
drop-out rates during the study course were very high. 
Only 12 patients (27.3 %) in the AET group and 21 (44.7 
%) in the FSBT group completed the MRI session after 
6 months of exercise. We ensured that the drop-outs did 
not bias the identified longitudinal effects of exercise on 
brain outcomes by interpreting results only in case of a 
non-violated Missing-Completely-at-Random assump-
tion (Supplementary Table S3). Moreover, we did not find 
significant differences in relevant demographic or clinical 
baseline data between subjects that had MRI data available 
after 6 months of exercise and those who only had a base-
line MRI scan (Supplementary Table S7 and S8). However, 

regarding the clinical implications of exercise-induced 
neural adaptations, only between 23 and 33 participants 
(depending on the availability of the clinical scores) across 
both groups could be considered. This pronounced reduc-
tion of the initial sample size of 91 participants led to a 
decreased statistical power which may explain the current 
heterogeneous results regarding the clinical relevance of 
neural findings. Future exercise trials in people with schiz-
ophrenia should identify subgroups of patients at high 
risk for drop-out to provide additional support for these 
patients aiming to maintain their participation. Moreover, 
future exercise studies are required to investigate the effi-
ciency of certain study characteristics such as continuous 
supervision during trainings or reward systems for regular 
participation that may improve adherence.

Second, this study represents a global and primarily ex-
ploratory analysis that considered effects of aerobic exer-
cise on multiple structural and functional brain outcomes. 
Despite the identified promising effects of aerobic exercise 
on key brain networks in people with schizophrenia, we 
emphasize that these findings require a further hypothesis-
driven replication in an independent sample.

Third, due to ethical reasons, we did not include a 
control condition without any exercise treatment. Thus, 
the differences between both exercise groups on the 
neural level could also result from the control interven-
tion that might have prevented beneficial adaptations in 
the default-mode network, the cortico-striato-pallido-
thalamo-cortical loop, and the cerebello-thalamo-cortical 
circuit. However, we estimate the probability of such an 
effect to be rather low, because different types of exer-
cise interventions, including strength trainings, have been 
shown to be beneficial without any relevant side effects.2–7

Lastly, our sample consisted largely of males (65.9 %), 
impeding the generalizability of the current findings.

In summary, we provide first exploratory evidence 
that aerobic exercise may positively affect disruptions of 
the default-mode network, the cortico-striato-pallido-
thalamo-cortical circuit, and the cerebello-thalamo-
cortical pathways in people with schizophrenia. Volume 
increases within the default-mode network induced by 
aerobic exercise may drive improvements in disorder se-
verity, but the clinical implications of exercise effects on 
the brain should be further clarified in future large-scale 
randomized controlled trials.
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