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A B S T R A C T   

Current treatment methods do not achieve recovery for most individuals with schizophrenia, and symptoms such 
as negative symptoms and cognitive deficits often persist. Aerobic endurance training has been suggested as a 
potential add-on treatment targeting both physical and mental health. We performed a large-scale multicenter, 
rater-blind, parallel-group randomized controlled clinical trial in individuals with stable schizophrenia. Partic
ipants underwent a professionally supervised six-month training comprising either aerobic endurance training 
(AET) or flexibility, strengthening, and balance training (FSBT, control group), follow-up was another six 
months. The primary endpoint was all-cause discontinuation (ACD); secondary endpoints included effects on 
psychopathology, cognition, functioning, and cardiovascular risk. 

In total, 180 participants were randomized. AET was not superior to FSBT in ACD and most secondary out
comes, with dropout rates of 59.55% and 57.14% in the six-month active phase, respectively. However, both 
groups showed significant improvements in positive, general, and total symptoms, levels of functioning and in 
cognitive performance. A higher training frequency additionally promoted further memory domains. Participants 
with higher baseline cognitive abilities were more likely to respond to the interventions. 

Our results support integrating exercise into schizophrenia treatment, while future studies should aim to 
develop personalized training recommendations to maximize exercise-induced benefits.  

Clinical Trials Registration: The study was registered in the International Clinical Trials Database, ClinicalTrials.gov (NCT number: NCT03466112, https://clinica 
ltrials.gov/ct2/show/NCT03466112?term=NCT03466112&draw=2&rank=1) and in the German Clinical Trials Register (DRKS-ID: DRKS00009804). 
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1. Introduction 

“Walking is man’s best medicine” according to Hippocrates. Can 
exercise also be used as an effective add-on treatment in individuals with 
schizophrenia? 

Schizophrenia is a severe disorder that represents a substantial 
burden for affected individuals. Its typical onset is in late adolescence or 
early adulthood and its course is usually characterized by recurrent 
episodes of positive symptoms, such as hallucinations or delusions, 
which can be treated effectively with antipsychotics. However, in most 
patients other features of the disorder, such as cognitive impairments 
and negative symptoms, persist despite guideline-based medication, 
result in low levels of clinical recovery and continuously affect in
dividuals’ daily lives (Fusar-Poli et al., 2015; Nielsen et al., 2015). Both 
cognitive impairments and negative symptoms have a severe impact on 
occupational and social functioning and therefore are the primary 
contributors to the poor outcomes of schizophrenia (Green, 2016). 
Overall, current treatment methods do not achieve favorable functional 
outcomes in the majority of people with schizophrenia. Functional re
covery is a multidimensional concept covering psychosocial aspects 
such as living independently, being able to work and engage relation
ships (Jääskeläinen et al., 2013; Liberman et al., 2002) and is usually 
considered as a cornerstone for personal recovery (ie, the subjectively 
evaluated process of coping with symptoms over time, quality of life, 
confidence and hope) (Roe et al., 2011; Vita and Barlati, 2018). To 
address these outcome measures, psychosocial interventions such as 
social skills training, psychoeducation or family interventions have been 
developed. Exercise could be another add-on therapy to improve not 
only clinical symptoms but also to facilitate recovery in schizophrenia. 

Another unmet need in individuals with schizophrenia is their 
greatly increased risk for physical comorbidities. Individuals with 
schizophrenia generally engage in lower levels of physical activity and 
consequently have lower fitness levels than the general population 
(Vancampfort et al., 2017). Physical inactivity and 
antipsychotic-associated weight gain contribute to a markedly increased 
prevalence of metabolic syndrome, diabetes, and cardiovascular dis
eases in individuals with schizophrenia (Firth et al., 2019). In turn, 
metabolic syndrome, diabetes, and cardiovascular diseases have a 
strong influence on premature morbidity in individuals with schizo
phrenia, whose life expectancy is at least ten years less than that of the 
general population (Laursen et al., 2019). Therefore, novel treatment 
options are needed to further improve the outcome of individuals with 
schizophrenia. 

In the general population, exercise has long been established as one 
of the main ways to promote physical and mental health. Animal models 
have also contributed to our understanding of the cognition-enhancing 
and neurotrophic effects of exercise (van Praag et al., 2005). The po
tential beneficial impact of exercise on both physical health and psy
chiatric symptoms has led to increasing interest in exercise as a novel 
add-on therapeutic approach in individuals with schizophrenia, and a 
growing number of clinical trials have investigated this topic. In 2010, 
our group conducted a first landmark study in which eight male patients 
with schizophrenia performed a 12-week endurance training consisting 
of three 30-min sessions per week on a bicycle ergometer. The control 
group consisted of eight male patients with schizophrenia playing table 
soccer for the same amount of time. We assessed neurocognitive per
formance before and after the training and found improvements in 
short-term memory and negative symptoms in the intervention group 
only (Pajonk et al., 2010). In a subsequent study from 2015, 21 patients 
with schizophrenia took part in a similar exercise intervention combined 
with additional cognitive training after six weeks. Again, we observed 
increases in psychosocial function and cognitive performance (Malchow 
et al., 2015). Several studies have identified improved aerobic fitness as 
an important moderator of the beneficial effects of exercise in people 
with schizophrenia (Maurus et al., 2022a,b; Sabe et al., 2019). Sum
marizing previous findings, meta-analyses have concluded that exercise 

may have the potential to improve symptom severity, cognition, quality 
of life, and global functioning (Dauwan et al., 2021; Shimada et al., 
2022). 

Although aerobic exercise has been the most widely studied type of 
intervention, the literature is inconclusive on which type of exercise may 
be the most beneficial (Yu et al., 2022). With respect to physical out
comes, exercise alone did not reliably improve cardiovascular risk fac
tors across trials (Firth et al., 2019). However, most meta-analyses 
indicated that only preliminary conclusions can be drawn because of 
the design of the underlying studies. Previous exercise trials in schizo
phrenia were often small in sample size and heterogeneous regarding 
participant characteristics, duration, exercise modalities, and outcome 
measures. Many studies also lacked exact training parameters, an 
appropriate control group or randomization and blinding procedures. 
Moreover, all exercise trials to date have been monocentric, further 
limiting the generalizability of study results. Thus, despite some prom
ising findings, it remains unclear whether exercise is an effective add-on 
treatment in individuals with schizophrenia. 

To this end, we performed the largest multicenter randomized 
controlled clinical trial so far on this topic. Our study implements an 
adequate sample size recruited at several sites, an external monitoring 
and organizational structure, a validated training methodology, and 
lactate testing to determine exercise parameters. Building on our pre
vious studies on this topic (Malchow et al., 2015; Pajonk et al., 2010), 
the interventions under investigation were adapted to present 
evidence-based knowledge and recommendations regarding the weekly 
exercise amount (Garber et al., 2011). The total exercise duration was 
furthermore extended to six months and the subsequent 6-month 
follow-up will allow us to analyze the long-term effects of exercise 
interventions. 

The main aim of this trial was to investigate the efficacy of aerobic 
endurance training (AET) performed up to three times a week for six 
months by the intervention group and flexibility, strengthening, and 
balance training (FSBT) performed for the same amount of time by the 
control group by comparing all-cause discontinuation (ACD) between 
groups as the primary endpoint. Secondary outcomes were psycho
pathological symptoms, cognitive performance, level of functioning, 
and quality of life. Additionally, we explored exercise-induced effects on 
cardiovascular risk factors. We hypothesized that AET would be superior 
to FSBT in improving physical and mental health outcomes in in
dividuals with schizophrenia. Showing that aerobic endurance exercise 
can alleviate disease impairment and contribute to a more favorable 
disease outcome would provide support for this type of exercise as an 
effective add-on treatment in schizophrenia. 

2. Methods 

2.1. Study design 

The ESPRIT (Enhancing Schizophrenia Prevention and Recovery 
through Innovative Treatments) C3 study presented here was a multi
center, rater-blind, parallel-group, two-arm randomized controlled 
clinical trial. See Supplement (S) 1 for details on the ESPRIT network. In 
the present study, participants were randomly assigned to either AET on 
bicycle ergometers as the intervention or FSBT as the control (study 
design displayed in S2). 

The study was conducted at five tertiary hospitals in Germany (LMU 
Munich, ZI Mannheim, Charité Berlin, HU Dusseldorf, and RWTH 
Aachen University). Participant screening and enrolment were per
formed by medical sub-investigators at the individual study centers. 
Before starting the study, participants provided written informed con
sent. All study procedures complied with the Declaration of Helsinki and 
were approved by the local ethics committees of the participating cen
ters. For details on the randomization process and databank manage
ment see S3. 
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2.2. Participants 

The study included male and female in- and outpatients aged 18 to 
65 years with a primary diagnosis of schizophrenia as assessed by the 
Mini-International Neuropsychiatric Interview (Version 6.0.0) (Shee
han et al., 1998). Further inclusion criteria were a total Positive and 
Negative Syndrome Scale (PANSS) score less than or equal to 75, indi
cating a post-acute disease phase and stable psychopathology; and stable 
treatment with one or two antipsychotics. Exclusion criteria included 
severe comorbidities that prevented regular participation in the study 
procedures or current drug abuse. Further details can be found in the 
publication of the study protocol (Maurus et al., 2020) and in S4. 

2.3. Exercise protocol 

Before randomization, study participants completed the baseline 
assessments, which included lactate threshold tests on bicycle ergome
ters to assess aerobic fitness levels and determine exercise intensity in 
the intervention group. After randomization, the participants performed 
the six-month AET or FSBT training and were subsequently followed up 
for another six months. In both groups, training duration and frequency 
were based on current recommendations from the American College of 
Sports Medicine (ACSM) (Garber et al., 2011) and on our experience 
from previous exercise trials (Malchow et al., 2015; Pajonk et al., 2010). 

Both groups participated in up to three training sessions per week for 
six months. To reduce the risk of injury, each session included a five- 
minute warm-up and five-minute cool-down phase at 80% intensity of 
the main training session. Additionally, the total duration of the training 
sessions increased gradually from 40 min in weeks one to six to 45 min in 
weeks seven to 12 and 50 min in weeks 13 to 26. In both groups, a 
maximum of three participants attended the exercise sessions, which 
were led by trained study staff and supervised by a sports scientist. 
During each session, study staff documented participants’ heart rate and 
subjective exertion with the Borg scale (Borg, 1982). 

2.3.1. Intervention group 
The intervention group performed AET on bicycle ergometers. Par

ticipants cycled constantly at the wattage level determined by the 
baseline individual lactate threshold test. The wattage level was chosen 
such that study participants had a blood lactate concentration of 
approximately 2 mmol/L, indicating a predominantly aerobic metabolic 
exercise intensity. In general, participants should have found this exer
cise intensity slightly strenuous but should have still been able to talk 
without being short of breath. Every four weeks, lactate concentrations 
were measured and the training intensity was adjusted, if necessary. 

2.3.2. Control group: FSBT 
The control group performed FSBT according to Liu-Ambrose et al. 

(2010). As described in a standardized catalog, FSBT combined exercises 
targeting flexibility/mobility, stability, balance, and relaxation. Unlike 
in the intervention group, exercise intensity was not defined by the 
baseline lactate threshold test. Instead, participants were encouraged to 
perform the exercises as correctly as possible. If a participant was able to 
perform an exercise constantly with only little effort, the training staff 
modified the exercise to increase its difficulty (e.g., crunches with arms 
on the chest was modified to crunches with arms folded behind the 
head). Furthermore, confounders were minimized by using the same 
training frequency, duration, setting, documentation, and professional 
supervision as in the intervention group. 

2.4. Outcomes 

In all ESPRIT trials, the primary endpoint is ACD, evaluated at each 
study visit. Five different sub-criteria were specified: relevant worsening 
of schizophrenia symptoms (total PANSS score > 75 for more than 14 
days), occurrence of severe adverse events, non-adherence with the 

training program for more than six weeks, withdrawal of consent to 
participate in the training, or inability to reach the participant (see S5 
for details on the choice of primary outcome and S6 for sample size 
calculation). 

Secondary outcomes were assessed at baseline (BL), after three 
months of exercise training (3 m), after six months of exercise training 
(6 m), and after the six-month follow-up period (12 m). As summarized 
in Table 1, they included ratings of schizophrenia symptoms, cognitive 
performance, level of functioning, quality of life, cardiovascular risk 
factors, and physical fitness (determined in lactate threshold tests, see S7 
and (Maurus, 2022)). To facilitate interpretation of the results, neuro
cognitive ratings that comprised subtests assessing the same cognitive 
domain were summarized as sum scores. Additionally, a global cogni
tion score was generated (for details on cognitive tests and sum scores, 
see S8). 

2.5. Safety assessment 

The safety of both types of exercise was assessed by recording 
adverse events. 

2.6. Statistical analyses 

Data were analysed with IBM SPSS Statistics for Windows Version 28 
(28.0.1.1), Rstudio V4.2.1 (RStudio Team, 2020) and Stata 17.0 (Sta
taCorp LLC, College Station, TX, USA). The primary endpoint (ACD) was 
evaluated in the intention-to-treat 1 (ITT1) sample, which included all 
randomized study participants. To examine group differences in the 
ACD rate at a two-sided significance level of 5%, Kaplan-Meier curves 
were created by a log rank test and a stratified Cox regression with the 
main effects group (AET vs. FSBT), chlorpromazine equivalents, age, 
and sex was calculated across study sites. 

All analyses of secondary outcomes were performed in the ITT2 
sample and in the per-protocol (PP) sample. The ITT2 sample included 
all randomized patients who had participated in at least one training and 
one of the following main visits after three, six months or twelve months. 
The PP sample included all patients who received at least 50% of the 
randomized study treatment, had participated in at least one of the main 
visits and experienced no significant protocol violations. 

To investigate effects of exercise on secondary outcomes, linear 
mixed effect models for repeated measures with the corresponding 
change from baseline score as dependent variable and the factors group 
(AET vs. FSBT), time (3 m, 6 m, and 12 m), study site (Munich, Man
nheim, others), sex, age, chlorpromazine equivalents, number of 
training sessions up to the respective visit, years of education, outcome 
score at baseline, and time x group interaction were calculated. As 
predefined in the study protocol, data from study sites with fewer than 
eight participants were pooled. P values of the factor group were cor
rected with the false discovery rate (FDR) method (Benjamini and 
Hochberg, 1995). In case of a significant group effect after FDR 
correction, one-sample t-tests on the marginal means of the change 
scores were performed within groups for each timepoint. Similarly, the 
marginal means of the change scores for each time point across both 
exercise groups were evaluated to assess the effectiveness of the exercise 
training in general. Statisticians were blinded to group assignments 
while transforming and analyzing the data. 

Several additional exploratory analyses were calculated. We used 
multiple linear regressions to examine the influence of baseline partic
ipant characteristics on exercise adherence (S21). 

Moreover, we investigated whether improvements in fitness levels 
mediated the effects of exercise on secondary outcomes using mediation 
analyses. To further explore the relationship between both the number 
of training sessions completed and improvements in fitness levels, and 
the extent of improvements in secondary outcomes during the trial we 
used multiple linear regressions (S22, S23). 

Last, we also analyzed the proportion of participants that had at least 
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a 25% improvement in the PANSS total score (responders at the symp
tom level (Leucht et al., 2007)) and an improvement of at least ten points 
on the GAF scale (responders at the functional level (Endicott et al., 
1976)) from the baseline visit to the visit after six months of exercise. In 
addition, we used linear regressions to investigate whether responders at 
the symptom or functional level could be distinguished from 
non-responders by baseline characteristics (S24). 

3. Results 

Study participants were recruited between 22 July 2016 and 15 
December 2021, and data acquisition, including follow-up, was 
completed on 15 December 2022. In total, 180 individuals diagnosed 
with schizophrenia were randomly assigned to either the AET inter
vention group (89 participants) or the FSBT control group (91 partici
pants; CONSORT Flow Diagram in S9). Participant baseline 
demographic and clinical characteristics are displayed in Table 2. 

Table 1 
Secondary outcomes.   

Abbreviation Details of assessed domains 

Clinical symptom ratings   
Positive and Negative 

Syndrome Scale (1) 
PANSS Positive, negative, general, and 

total symptoms 
Calgary Depression Scale for 

Schizophrenia (2) 
CDSS  

Clinical Global Impression 
(3) 

CGI  

Neurocognitive ratings   
Rey Auditory Verbal 

Learning Test (4) 
VLMT Verbal declarative memory 

Digit Span Test (5) DST Short-term and working memory 
Brief Cognitive Assessment 

Tool for Schizophrenia (6) 
B-CATS Verbal fluency 

Digit Symbol Substitution 
Test (7) 

DSST Processing speed, learning, and 
memory 

Pictures of Facial Affect 
Recognition Test (8) 

PFA Emotion recognition 

Trail Making Tests A and B 
(9) 

TMT-A,-B Visual scanning, processing speed, 
cognitive flexibility, and working 
memory updating 

Functioning in daily life   
Functional Remission of 

General Schizophrenia 
(10) 

FROGS  

Social and Occupational 
Functioning Assessment 
Scale (11) 

SOFAS  

Personal and Social 
Performance Scale (12) 

PSP  

Global Assessment of 
Functioning scale (13) 

GAF  

Quality of life   
World Health Organization 

Quality of Life-Bref (14) 
WHOQOL Life satisfaction, health 

satisfaction, social, psychological, 
physical, and environmental 
quality of life 

Cardiovascular risk and 
protective factors   

Body mass index, kg/m2 BMI  
Waist circumference, cm   
Aerobic fitness level, watt/ 

kg  
Achieved wattage at aerobic 
threshold divided by body weight 

International Physical 
Activity Questionnaire 
(15) 

IPAQ  

Laboratory assessments:   
Triglycerides, mg/dL   
Total cholesterol, mg/dL   
High-density lipoprotein 

cholesterol, mg/dL 
HDL  

low-density lipoprotein 
cholesterol, mg/dl 

ldl  

hemoglobin a1c,% hba1c  
Fasting glucose, mg/dL   

1. Kay, S.R., Fiszbein, A., Opler, L.A. The positive and negative syndrome scale 
(PANSS) for schizophrenia. Schizophrenia Bulletin. 1987;13(2):261–76.; 2. 
Addington, D., Addington, J., Maticka-Tyndale, E. Assessing depression in 
schizophrenia: the Calgary Depression Scale. The British Journal of Psychiatry. 
1993;163(S22):39–44.; 3. Guy, W. ECDEU Assessment Manual for Psycho
pharmacology—Revised. 1976, Rockville, MD: US Department of Health, Edu
cation, and Welfare. Public Health Service, Alcohol, Drug Abuse, and Mental 
Health Administration, NIMH Psychopharmacology Research Branch, Division 
of Extramural Research Programs. 1976:218–22.; 4. Helmstaedter, C. VLMT 
Verbaler Lern-und Merkfähigkeitstest: Manual: Beltz-Test; 2001.; 5. Tewes U. 
HAWIE-R: Hamburg-Wechsler-Intelligenztest für Erwachsene, Revision 1991. 
Mannheim: Huber; 1994.; 6. Hurford, I.M., Marder, S.R., Keefe, R.S., Reise, S.P., 
Bilder, R.M. A brief cognitive assessment tool for schizophrenia: construction of 
a tool for clinicians. Schizophrenia Bulletin. 2009;37(3):538–45.; 7. Tewes, U. 
HAWIE-R. Hamburg-Wechsler Intelligenztest für Erwachsene. Revision 1991. 
Verlag Hans Huber.[RV]; 1991.; 8. Ekman, P., Friesen, W.V. Detecting deception 
from the body or face. Journal of personality and Social Psychology. 1974;29 
(3):288.; 9. Reitan, R., Wolfson, D. The Halstead-Reitan Neuropsychological Test 
Battery: Theory and Clinical Interpretation. Tucson, Arizona: Neuropsychology 

Press; 1985.; 10. Llorca, P-M., Lançon, C., Lancrenon, S., Bayle, F-J., Caci, H., 
Rouillon, F., et al. The “Functional Remission of General Schizophrenia”(
FROGS) scale: development and validation of a new questionnaire. Schizo
phrenia Research. 2009;113(2–3):218–25.; 11. Morosini, P.L., Magliano, L., 
Brambilla, L., Ugolini, S., Pioli, R. Development, reliability and acceptability of a 
new version of the DSM-IV Social and Occupational Functioning Assessment 
Scale (SOFAS) to assess routine social funtioning. Acta Psychiatrica Scandi
navica. 2000;101(4):323–9.; 12. Schaub, D., Juckel, G. PSP-Skala–Deutsche 
Version der Personal and Social Performance Scale. Der Nervenarzt. 2011;82 
(9):1178–84.; 13. Endicott, J., Spitzer, R.L., Fleiss, J.L., Cohen, J. The global 
assessment scale. A procedure for measuring overall severity of psychiatric 
disturbance. Archives of General Psychiatry. 1976;33:766–771. 14. Group, T.W. 
The World Health Organization quality of life assessment (WHOQOL): devel
opment and general psychometric properties. Social science & Medicine. 
1998;46(12):1569–85; 15. van Poppel, M.N, Chinapaw, M.J, Mokkink, L.B., Van 
Mechelen, W., Terwee, C.B. Physical activity questionnaires for adults. Sports 
Medicine. 2010;40(7):565–600. 

Table 2 
Demographic characteristics.   

AET FSBT 

n  89 49.44% 91 50.56% 
Sex Female 36 40.45% 41 45.05%  

Male 53 59.55% 50 54.95% 
Age, y  m 

36.84 
SD 
11.83 

m 
37.90 

SD 
12.15 

Site Munich 51 28.33% 54 30.00%  
Mannheim 26 14.44% 25 13.89%  
Berlin 7 3.89% 7 3.89%  
Aachen 2 1.11% 1 0.56%  
Dusseldorf 3 1.67% 4 2.22% 

Education years, y  m 
14.23 

SD 3.54 m 
14.34 

SD 3.94 

Disorder duration, 
y  

m 
10.44 

SD 
10.03 

m 8.73 SD 9.60 

CPZ  m 
466.26 

SD 
297.77 

m 
464.59 

SD 
295.92 

BMI, kg/m2  m 
28.61 

SD 5.78 m 
28.19 

SD 5.41 

BMI category Normal 26 29.55% 32 35.16%  
Overweight 30 34.09% 25 27.47%  
Obese I 16 18.18% 25 27.47%  
Obese II 16 18.18% 9 9.89% 

Waist 
circumference, 
cm 

Women m 
98.24 

SD 
18.82 

m 
104.90 

SD 
13.25  

Men m 
106.12 

SD 
14.45 

m 
105.81 

SD 
18.36 

Table 2 shows demographic characteristics of the ITT1 sample (all randomized 
participants). 
AET, aerobic endurance training; BMI, body mass index; CPZ, chlorpromazine 
equivalents; Education years, school years and vocational training in total; FSBT, 
flexibility, strengthening and balance training; m, mean. 
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All 180 individuals were included in the ITT1 sample and analyzed 
for the primary outcome. ACD over the 12-month study was not 
significantly different in the AET and FSBT groups (29.21% vs. 35.16%, 
respectively; hazard ratio [HR] 1.06, 95% CI 0.74–1.53). During the 12- 
month study period, 67.78% of participants met one of the ACD criteria 
(Fig. 1). Furthermore, 59.55% of the AET group and 57.14% of the FSBT 
group dropped out of the study during the six-month active study phase. 
A high number of participants dropped out in the early phase of the 
study, but the number of participants remained more stable as the study 
progressed. For details on the number of training sessions performed, see 
S10. 

All analyses of secondary outcomes were performed in the ITT2 
sample (n = 92, all randomized patients who had participated in at least 
one training and at least one of the following main visits), and in the per- 
protocol sample (n = 45, patients who received at least 50% of the 
randomized study treatment and were assessed in at least one of the 
following main visits). 

As secondary outcomes, we investigated changes in clinical symp
tomatology during the six-month active study phase and after another 
six months of inactive follow-up. 

At baseline, individuals in our sample had a mean PANSS total of 
50.26 (SD 11.81), which indicates a stable phase of the illness. During 
the subsequent study course, we observed a tendency for a group effect 
of change in the PANSS positive subscale for the FSBT group (F (1.57, 
57) = 6.83, p = 0.015, p(FDR) = 0.059). Thus, the FSBT group seemed to 
be superior to the AET intervention in improving schizophrenia positive 
symptomatology. There were no other statistically significant differ
ences between the groups (S11, S13). However, we saw significant time 
effects across both groups (Table 3, S12, S14). 

In the ITT2 sample, positive, general, and total symptom scores 
improved significantly from baseline to the follow-up (Table 3, Fig. 2), 
accompanied by trends for the positive, general and total PANSS scores 
at the end of the six-month active study phase and for the PANSS 

negative scores from baseline to follow-up. In the PP sample, time effects 
were significant already at earlier study visits. 

The improvements in PANSS total corresponded to an absolute 
change of 6•4 points (95% CI 1•02-11•83) in the AET and 6•9 points 
(95% CI 2•50-11•30) in the FSBT group. In conclusion, participants in 
both exercise groups showed improvements in symptomatology beyond 
their already stable state at baseline. 

By contrast, we found no significant changes in Calgary Depression 
Scale for Schizophrenia or Clinical Global Impression scores in any 
group (S11-S14, S15). 

Further secondary outcomes included neurocognitive ratings. We 
found no significant group effects of change that would indicate a su
periority of AET or FSBT in enhancing cognitive performance in in
dividuals with schizophrenia (S11, S13). At the same time, participants 
across both groups achieved significant improvements in several ratings 
(Table 3). Taken together, our results showed an improved performance 
in cognitive flexibility (Trail Making Test global), verbal declarative 
short-term memory (Verbal Learning and Memory Test short-term 
memory), and global cognition (global cognition composite score) in 
the ITT2 sample from baseline to the end of both the active study phase 
and the follow-up period (Fig. 3). 

In the PP sample, we found additional improvements in working 
memory (Digit Span Test working memory), long-term memory (Verbal 
Learning and Memory Test long-term and difference score) and a ten
dency for additional improvements in processing speed (Digit Symbol 
Substitution Test). 

There were no robust changes in emotion recognition (Pictures of 
Facial Affect recognition test), short-term memory (Digit Span Test 
short-term memory), or verbal fluency (Brief Cognitive Assessment Tool 
for Schizophrenia). 

While we found no significant group effects of change, the ITT2 and 
PP sample also improved in assessments of daily functioning. Partici
pants achieved significantly higher scores in the Global Assessment of 
Functioning and Functional Remission of General Schizophrenia scales 
at the end of both the active study phase and the follow-up period 
(Table 3, S16). 

In the Personal and Social Performance scale and in the Social and 
Occupational Functioning Assessment, we found no significant effects in 
neither the ITT2 nor PP sample (S12, S14). Although almost all subscales 
of the WHOQOL-Bref showed slight increases (S17), there were also no 
statistically significant group effects of change nor time effects (S11- 
S14). In conclusion, neither AET nor FSBT resulted in robust increases in 
quality of life. 

To investigate effects on physical health, we assessed several car
diovascular risk factors. The mean body mass index in our sample was 
28.40 kg/m2 (SD 5.58), signifying overweight (Table 2), and the mean 
waist circumference was also elevated (men, 106.21 cm [SD 16.51]; 
women, 101.35 cm [SD 16.14]), a key sign of metabolic syndrome. We 
found neither statistically significant group effects of change nor time 
effects in any of the behavioral or metabolic risk factors (S11-S14, S18). 

However, Mediation analyses showed that participation in the AET 
group led to enhancements in aerobic fitness levels, which in turn led to 
improvements in PANSS general (average causal mediation effect 
[ACME] = − 1.26, p = 0.006, p [FDR] = 0.040) and total scores (ACME 
= − 0.99, p = 0.010, p [FDR] = 0.040). 

Moreover, multiple linear regressions revealed a significant positive 
relationship between improvements in fitness and social and occupa
tional functioning as assessed with the SOFAS (p = 0.001). In addition, 
we found a trend for a positive relationship between improvements in 
fitness and general functioning as assessed by the GAF (p = 0.087) (S22). 

Between training adherence and the secondary outcomes, there was 
a positive relationship between the number of training sessions 
completed and improvements in DST working memory (p = 0.034), but 
we found no evidence of a direct relationship between the number of 
training sessions and changes in other cognitive assessments, PANSS 
scores or functioning ratings (S23). 

Fig. 1. All-cause discontinuation rates. 
Fig. 1 shows the Kaplan-Meier curves regarding all-cause discontinuation (ACD) 
rates in the intention-to-treat 1 sample (all randomized participants). Results 
from the aerobic exercise training group are shown in blue and results from the 
flexibility, strengthening, and balance training control group in green. The x- 
axis represents the time until ACD in days and the y-axis, the participation 
probability. The dotted line depicts the end of the six-month active study phase. 
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We also explored whether patient characteristics at baseline pre
dicted drop-out probability. Our results indicated that especially levels 
of functional remission as assessed with the FROGS had a significant 
influence on training participation and study completion. Thus, partic
ipants with lower levels of functioning were more likely to drop out 
during the study course (S21). 

Similarly, we investigated whether responders at the symptom or 
functional level differed from non-responders in baseline characteristics. 
Overall, the percentage of PANSS responders (at least a 25% improve
ment in the PANSS total score) to the exercise interventions studied in 
our current trial was 49.32% (AET 47.06%, FSBT 52.28%) and the 
percentage of GAF responders (improvement of at least 10 points) was 
30.00% (AET 27.27%, FSBT 32.43%). 

PANSS responders showed a better performance in the TMT at 
baseline (p = 0.024), indicating superior abilities in processing speed, 
inhibition and working memory. PANSS responders also had higher 
DSST scores at baseline (p = 0.003) for which the cognitive domains of 
short-term memory and processing speed are decisive. 

GAF responders were characterized by a higher level of education (p 
= 0.023), a better performance in the DST working memory (p = 0.036) 

and again, in the TMT at baseline (p = 0.037). GAF responders were also 
more likely to exercise regularly before the study (p = 0.018). See S24 
for more details. 

In terms of intervention safety, both AET and FSBT were well 
tolerated, and no statistically significant differences in adverse events 
were observed between the groups (S19). 

4. Discussion 

This multicenter study is the largest to date to investigate the efficacy 
of exercise as an add-on treatment in stable schizophrenia. We found no 
superiority of AET over FSBT in our primary outcome ACD or in any of 
the secondary outcomes regarding psychopathology, cognition, func
tioning in daily life, quality of life, and cardiovascular risk factors. 
However, across the six-month active and six-month follow-up period, 
both exercise groups showed significant improvements in several of the 
secondary outcomes, i.e., in PANSS positive, general, and total scores, in 
levels of global and occupational functioning, and in the cognitive do
mains of cognitive flexibility, verbal declarative short-term memory, 
and global cognition. When only participants with a higher training 

Table 3 
Test statistics for significant effects on secondary outcomes across both groups.  

Outcome Contrast Mean SE Df CI low CI high p (t) p (FDR) 

ITT2 SAMPLE         
Clinical variables         
PANSS positive BL – 3m − 1.10 0.55 105.96 − 2.19 − 0.02 0.046 0.069 
PANSS positive BL – 12m − 1.71 0.44 61.26 − 2.58 − 0.84 0.000 0.000 
PANSS negative BL – 12m − 1.43 0.59 62.27 − 2.61 − 0.26 0.017 0.051 
PANSS general BL – 6m − 1.48 0.71 85.01 − 2.89 − 0.08 0.039 0.059 
PANSS general BL – 12m − 2.23 0.78 71.44 − 3.79 − 0.66 0.006 0.018 
PANSS total BL – 6m − 2.92 1.36 68.55 − 5.63 − 0.21 0.035 0.053 
PANSS total BL – 12m − 5.22 1.46 63.82 − 8.14 − 2.30 0.001 0.003 
Cognition         
TMT global BL – 6m 0.20 0.08 91.87 0.04 0.36 0.014 0.026 
TMT global BL – 12m 0.18 0.09 96.78 0.00 0.36 0.017 0.026 
PFA BL – 3m 0.28 0.14 80.36 0.01 0.55 0.044 0.132 
VLMT stm BL – 12m 0.37 0.13 80.09 0.11 0.62 0.006 0.018 
Cognition global BL – 6m 0.11 0.04 76.89 0.02 0.19 0.012 0.036 
Cognition global BL – 12m 0.12 0.05 63.26 0.01 0.23 0.029 0.044 
Functioning         
GAF BL – 12m 4.44 1.79 70.00 0.88 8.00 0.015 0.045 
FROGS BL – 12m 2.52 1.17 74.00 0.19 4.84 0.034 0.080 
PP SAMPLE         
Clinical variables         
PANSS positive BL – 6m − 1.29 0.54 39.98 − 2.37 − 0.20 0.021 0.032 
PANSS positive BL – 12m − 1.80 0.60 28.50 − 3.04 − 0.57 0.006 0.018 
PANSS general BL – 6m − 1.85 0.85 38.45 − 3.57 − 0.13 0.036 0.062 
PANSS general BL – 12m − 2.26 1.06 30.50 − 4.42 − 0.10 0.041 0.062 
PANSS total BL – 6m − 4.61 1.67 39.01 − 7.98 − 1.24 0.009 0.015 
PANSS total BL – 12m − 5.37 1.96 32.39 − 9.37 − 1.37 0.010 0.015 
Cognition         
TMT global BL – 6m 0.25 0.11 32.51 0.04 0.47 0.023 0.069 
DSST BL – 12m 0.26 0.12 31.23 0.01 0.50 0.040 0.120 
DST stm BL – 12m 0.32 0.13 29.44 0.05 0.60 0.021 0.063 
DST wm BL – 3m − 0.46 0.20 40.92 − 0.86 − 0.06 0.024 0.050 
DST wm BL – 12m 0.26 0.11 30.33 0.02 0.49 0.033 0.050 
VLMT stm BL – 12m 0.62 0.19 31.98 0.24 1.00 0.002 0.006 
VLMT ltm BL – 12m 0.52 0.13 31.90 0.26 0.78 0.000 0.001 
VLMT diff BL – 12m 0.60 0.20 25.33 0.18 1.01 0.007 0.021 
Cognition global BL – 6m 0.12 0.05 31.33 0.02 0.22 0.025 0.038 
Cognition global BL – 12m 0.23 0.06 22.21 0.10 0.36 0.001 0.003 
Functioning         
GAF BL – 12m 5.68 2.39 30.43 0.80 10.56 0.024 0.072 
FROGS BL – 6m 3.95 1.35 37.01 1.22 6.68 0.006 0.018 

Table 3 shows test statistics from the significant one-sample t-tests of the marginal means between session and across groups based on the ITT2 sample (n = 92; all 
randomized patients who had participated in at least one training and at least one of the following main visits) and PP sample (n = 45, patients who received at least 
50% of the randomized study treatment and were assessed in at least one of the following main visits). 
CI: 95%-confidence interval; Df: degrees of freedom; DSST: Digit Symbol Substitution test; DST wm: Digit Span Test working memory; FROGS: Functional Remission of 
General Schizophrenia; GAF: Global Assessment of Functioning Scale; p (FDR), p values corrected using the False Discovery Rate method; PANSS: Positive and Negative 
Syndrome Scale; SE: standard error; TMT global: Trail Making Test global score; VLMT stm, ltm, diff: Verbal Learning and Memory Test short-term memory, long-term 
memory, and difference score. 
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frequency were considered, we saw additional improvements in the 
cognitive domains of working memory, long-term memory and pro
cessing speed. 

During the six-month active study phase we found a similar drop-out 
rate of about 60% in both groups. This rate is considerably higher than 
the mean of 26.7% determined in a systematic review of exercise in
terventions (Vancampfort et al., 2016); however, the mean duration of 
the studies included in the review was only half that in our trial and 
studies with a longer duration showed attrition rates similar to ours 
(Scheewe et al., 2013). In general, both study and sample characteristics 
can affect drop-out. For example, larger sample sizes, a higher number of 
intervention sessions, and treatment in an outpatient setting were found 
to be inversely associated with adherence levels in non-pharmacological 
schizophrenia trials (Sedgwick et al., 2021; Szymczynska et al., 2017; 
Villeneuve et al., 2010). In terms of sample characteristics, our findings 
indicated that especially levels of functioning in daily life had a signif
icant influence on study discontinuation (S21). 

Previous study results pointed to the beneficial effects of exercise, so 

it would have been unethical to include an inactive control group. 
Instead, we designed the FSBT to enable control group participants to 
exercise according to ACSM recommendations and in the same setting as 
the AET intervention group. As suggested before (Bredin et al., 2021), 
also this kind of exercise showed broad positive effects on mental health 
outcomes in people with schizophrenia. Thus, in both groups, we 
identified improvements in psychopathology and cognition in our 
sample of individuals in a stable phase of schizophrenia. Even though 
our sample had less severe disease, mean improvements in PANSS total 
exceeded the mean placebo response of 6.25 in antipsychotic trials 
(Leucht et al., 2018). 

In addition, we compared our results with the control groups from 
our two previous studies of exercise in people with schizophrenia 
(Malchow et al., 2015; Pajonk et al., 2010). Both studies involved three 
months of table soccer as control group, which is much less physically 
demanding than our FSBT training and is not regarded as exercise per se. 
In the second trial, participants received additional standardized 
cognitive training after six weeks (Malchow et al., 2015). 

Fig. 2. Changes in clinical symptoms. 
Fig. 2 shows z-standardized Positive and Negative Syndrome Scale results in the aerobic exercise training group (left-hand side, blue boxes) and in the flexibility, 
strengthening, and balance training control group (right-hand side, green boxes) in the ITT2 sample (randomized participants who performed at least one training 
session and one main visit) at individual study visits. 
3 m, 6m: visit after three and six months of the active study phase; 12m: visit after another six months of inactive follow-up; BL: baseline visit. 
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In the first exercise study, participants of the control group worsened 
in PANSS negative and total scores and their verbal long-term memory 
performance declined significantly during the three months of table 
soccer. Other ratings remained unchanged. In the second exercise study, 
the control group (with additional cognitive training) showed signifi
cant improvements only in the cognitive assessments TMT and DST wm, 
but not in other cognitive scores, PANSS scores or general functioning 
(more details in S25). 

Thus, we conclude that the PANSS improvements found in our cur
rent study are not to be expected in non-exercising controls groups and 
can be attributed to the exercise interventions. None of the cognitive 
assessments (except two tests after additional cognitive training) 
showed a significant improvement in the previous studies and VLMT ltm 
performance even worsened. Therefore, we assume that cognitive per
formance in people with schizophrenia tends to be stable or declining 
under control group conditions. This further supports the notion that the 
improvements we observed in our current study are attributable to the 
exercise interventions. 

Strikingly, we did not find significant reductions in BMI, waist 
circumference or laboratory parameters related to metabolic syndrome 
in either group of our current trial. Combining exercise with additional 
interventions, such as diet modifications, might obtain larger effects on 
cardiovascular risk parameters (Daumit et al., 2013). 

While there were also no statistically significant improvements in 
aerobic fitness levels across both groups, mediation analyses showed 
that participation in the AET group led to greater increases in aerobic 
fitness levels, which in turn led to improvements in the PANSS general. 

In addition, we investigated whether changes in fitness levels were 
associated with improvements in secondary outcomes and found a 
positive relationship between fitness levels and functioning scores (S22). 
However, we identified a significant positive relationship between the 
number of training sessions completed and improvements in secondary 
outcomes only in case of the DST working memory. We conclude that, at 
a group level, exercise adherence and fitness improvements may not 
necessarily translate directly into symptom benefits in all individuals 
with schizophrenia. Instead, exercise induced effects may vary among 
individuals with schizophrenia and should also be investigated at an 
individual level as previously proposed (Rethorst et al., 2017; Suterwala 
et al., 2016). We therefore focused on gaining a better understanding of 
exercise response by comparing the baseline characteristics of study 
participants who achieved a notable improvement in PANSS or GAF 
scores with those who did not. In this context, socio-demographic and 
clinical variables have been suggested as preferable indicators for 
treatment response because they can be easily obtained and promise 
clinical utility (Chekroud et al., 2021). 

In general, the proportions of responders in our study are comparable 
to those in other exercise trials, mostly conducted in people with 
depression (Falkai et al., 2021; Rethorst et al., 2017; Schuch et al., 
2016). Whereas in previous studies the outcomes of exercise in
terventions were most frequently associated with baseline symptom 
severity (Herring et al., 2012; Rethorst et al., 2017; Wang et al., 2018), 
we identified higher baseline cognitive abilities in processing speed and 
working memory in exercise responders (possibly also reflected in 
higher levels of education) (S24). Furthermore, responders were more 

Fig. 3. Changes in cognitive performance. 
Fig. 3 shows z-standardized cognitive ratings and sum and composite scores in the aerobic exercise training group (left-hand side, blue boxes) and in the flexibility, 
strengthening, and balance training control group (right-hand side, green boxes) in the ITT2 sample (randomized participants who performed at least one training 
session and one main visit) at individual study visits. 
3 m, 6m: visit after three and six months of the active study phase; 12m: visit after another six months of inactive follow-up; B-CATS global: Brief Cognitive 
Assessment Tool for Schizophrenia global score; BL: baseline visit; DSST: Digit Symbol Substitution Test; DST stm, wm: Digit Span Test short-term memory and 
working memory; PFA: Pictures of Facial Affect Recognition Test; TMT global: Trail Making Test global score; VLMT stm, ltm, diff: Verbal Learning and Memory Test 
short-term memory, long-term memory, and difference score. 
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likely to exercise regularly before entering the study, perhaps because 
they perceived greater benefits from exercise. 

Previous work by our group already indicated that a higher poly
genic risk burden might negatively influence neuroplasticity-related 
responsiveness to exercise interventions (Papiol et al., 2017). Accord
ingly, a similar effect may be present at the symptom level, resulting not 
only in more severe baseline cognitive impairments, but also in a 
reduced ability to benefit from exercise interventions. 

Future exercise trials need to further consider and investigate the 
predictive role of participant characteristics and exercise modalities. 
Identifying the predictors of (non-)response is essential not only to 
optimize resource allocation but also to develop personalized treatment 
recommendations, that include interventions tailored to the individual 
needs of each patient. 

Several limitations should be taken into account when interpreting 
the findings of this study. First, the social effects of the supervised group 
setting and training effects regarding cognitive tests should be consid
ered. Because we had no inactive control group for direct comparison, 
we cannot rule out that these aspects might have contributed to some 
extent to the positive effects we found. Second, our trial had a high 
attrition rate (but comparable to other trials of similar duration). In 
general, high attrition rates reduce study power and introduce a risk of 
bias. Therefore, we used a statistical model that analyzed only cases with 
at least one further follow-up visit. Moreover, we investigated drop-out 
characteristics and identified levels of functioning at baseline as a factor 
that negatively influenced study continuation (S21). Future trials should 
focus on ways to foster ongoing exercise participation in individuals at 
risk of attrition. Third, insufficient adherence with the recommended 
amount of exercise (e.g., due to the COVID pandemic, S20) was a major 
challenge in our trial. We also examined the effects of both trainings in a 
sub-sample with higher levels of training adherence. Indeed, our results 
indicated that participants with at least 50% training attendance showed 
more robust improvements in symptom severity and cognition, as pre
viously suggested (Dauwan et al., 2021). 

Last, our study only provided group sessions conducted on site, and 
the changing constraints from the COVID pandemic led to interruptions 
in the training sessions and had an impact on training adherence. To 
meet this challenge in the future, exercise trials should consider offering 
optional, professionally supervised online trainings. 

In summary, we conclude that AET and FSBT can both be used as 
add-on treatments in individuals with schizophrenia and have beneficial 
effects on clinical symptoms and cognitive performance in a stable phase 
of their disease. Thus, both training programs resulted in improvements 
even in symptom domains that are usually difficult to treat with stan
dard therapeutic approaches. 

Future trials should focus on further identifying factors that influ
ence the beneficial effects of exercise, and on gaining in-depth knowl
edge of how individual and training characteristics mediate or moderate 
the effects of exercise. 

Furthermore, we need to expand our understanding of how to opti
mize participant adherence to interventions; according to our findings, 
this could be achieved by providing support especially to participants 
with low levels of functioning. To improve cardiovascular risk profiles of 
individuals with schizophrenia, exercise as implemented in our trial 
does not seem to be effective enough and should be combined with 
additional lifestyle or pharmacological measures. 

In conclusion, our findings support the integration of exercise into 
the treatment of people with schizophrenia in general, but future studies 
should aim to develop personalized training concepts to maximize the 
benefits of exercise. 
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