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Abstract

Objective: Schizophrenia (SZ) is characterized by neurobiological and associated cognitive

and functional deficits, including pronounced cortical thinning, that lead to acute and long-term
functional impairment. Research with older adults supports the role of non-pharmacological
interventions, such as exercise (E) and cognitive training (CT), for cognitive impairments. This
literature influenced the development of combined CT&E treatments for individuals with SZ.
However, the impact of longer combined treatment duration (6 months) on neuroanatomy has yet
to be explored in patients in the early course of the illness. The impact of adding exercise to
cognitive training for key brain regions associated with higher-order cognition was examined here
using magnetic resonance imaging (MRI) in first-episode psychosis (FEP) patients.
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1.

Methods: UCLA Aftercare Research Program patients with a recent first episode of
schizophrenia were randomly assigned to either combined cognitive and exercise training (CT&E)
(N = 20) or cognitive training alone (CT) (N = 17) intervention. Cortical thickness was measured
longitudinally and analyzed for two regions of interest using FreeSurfer.

Results: Compared to patients in the CT group, those in the CT&E group demonstrated an
increase in cortical thickness within the left anterior cingulate cortex over the six-month treatment
period (ACC: A, 35) = 4.666, P < .04). Directional tendencies were similar in the left dorsolateral
prefrontal cortex (DLPFC: A 35) = 4.132, P <.05).

Conclusions: These findings suggest that exercise and cognitive training may synergistically
increase fronto-cingulate cortical thickness to mitigate progressive neural atrophy in the early
course of SZ. This combined intervention appears to be a valuable adjunct to standard
pharmacologic treatment in FEP patients.

Introduction

Debilitating deficits in learning, memory, and executive function are among the core features
of schizophrenia (SZ) (Bowie and Harvey, 2006). These higher-order cognitive deficits
manifest early in the course of the illness and strongly predict functional outcome (Green et
al., 2004; Lindgren et al., 2020). These deficits might be due, in part, to the progressive
degeneration and atrophy of brain structures observed in SZ, including key regions
associated with cognition, such as the hippocampus, cingulate cortex and the prefrontal
cortex (PFC). Remarkable cortical thinning, particularly in the prefrontal-temporal regions
of the cortex including the dorsolateral prefrontal cortex (DLPFC) and the anterior cingulate
cortex (ACC), have been observed among SZ patients following their first psychotic episode
(Schultz et al., 2010).

The North American Prodrome Longitudinal Study (NAPLS) revealed that high-risk
subjects who converted to psychosis had a steeper rate of cortical loss in the DLPFC and
orbitofrontal cortex compared to non-converters and controls (Cannon et al., 2015). Two
well-replicated and pervasive cognitive deficits in early psychosis are in verbal memory
(Aleman et al., 1999; Jordan et al., 2014; Mesholam-Gately et al., 2009; Milev et al.,
2005; Nuechterlein et al., 2011; Valli et al., 2012) and executive function (Bilder et al.,
2000; Sponheim et al., 2010). These deficits exert a strong negative impact on overall
functioning in SZ (Goldberg et al., 2007; Nuechterlein et al., 2011) and are consistent with
the neurodegeneration observed in the PFC and ACC. Unfortunately currently approved
pharmacological therapies for SZ patients are not effective in reversing the delitrious
cognitive deficits that are commonly found in this disorder.

A large body of evidence demonstrates that incorporation of regular, physical exercise

into treatment can improve brain structure and cognitive function in both healthy aging
populations and those with mild cognitive impairment (Colcombe and Kramer, 2003; Smith
et al., 2010). For example, among older adults, participation in a regular exercise program
has been linked to significant cortical thickening and reduced atrophy in the frontotemporal
region, both in healthy individuals and those diagnosed with mild cognitive impairment
(Barha et al., 2020; Haeger et al., 2019; Kobe et al., 2016; Rogge et al., 2018; Tamura et al.,
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2015). Multiple correlational studies show that physical activity and cardiorespiratory fitness
levels are positively correlated with cortical thickness and gray matter volume in regions
strongly implicated in cognition, namely the PFC, the hippocampus, and the cingulate gyrus
(Gujral et al., 2017; Weinstein et al., 2012).

Until the last decade, exercise was relatively under-recommended as an adjunctive
therapeutic intervention to target cognition in SZ (Holley et al., 2011). However, a growing
body of research now suggests that regular exercise programs can be an effective treatment
for SZ patients, with promising effects on physical health, core symptoms, and cognition
(Firth et al., 2017; Kimhy et al., 2015). Although to date there have been few neuroimaging
studies of exercise and brain structure in SZ (and only two in first-episode psychosis
(FEP)), they suggest physical activity levels correlate with cognitive deficits and volumetric
differences in key cortical regions (Falkai et al., 2013; Lee et al., 2013; McEwen et

al., 2015; Mittal et al., 2013; Scheewe et al., 2013). Exercise interventions may induce
volumetric increases in the hippocampus and cortical thickening in the ACC and the PFC
(van der Stouwe et al., 2018). Thus, physical exercise might both reduce cognitive deficits
and combat progressive neural atrophy in SZ. However, there is significant variability in
these study approaches and their reproducibility needs to be further established (Falkai et
al., 2013). In summary, these studies provide initial support for the relationship between
physical activity and prefrontal and limbic structural plasticity that subserves cognitive
functioning and suggest that exercise might be an adjunctive intervention with beneficial
neurobiological effects that help remediate cognitive deficits.

Cogpnitive training (CT) is another evidence-based therapeutic method of enhancing
cognition and reducing cognitive deficits (Vita et al., 2021; Wykes et al., 2011).
Unfortunately, the generalizability of CT to cognitive domains beyond those specifically
targeted and its impact on real-world outcomes need to be strengthened (Owen et al., 2010).
Evidence from preclinical studies suggests that a program that concurrently incorporates
both cognitive training and exercise is likely to yield greater results than the sum of

their parts. After finding that a combined aerobic exercise and cognitive enrichment living
condition yielded 30 % greater neurogenesis in mice relative to either condition alone, Fabel
et al. (2009) suggested that physical activity “primes” increased neurogenesis from cognitive
enrichment.

Another proposed mechanism is that exercise promotes proliferation and division of
neuronal precursors, while CT supports the survival of these cells, implying a synergistic
effect between the two processes (Kempermann et al., 2006, 1997; Kronenberg et al., 2003).
In other words, new neurons created during physical exercise quickly die off when adequate
learning opportunities or novel experiences do not accompany the increased physical activity
(Kempermann et al., 2010; Kleim et al., 2007; van Praag et al., 1999). For newly grown
neurons to survive in the hippocampus, effortful learning must occur during CT (Curlik

and Shors, 2011). Based on this preclinical research, we believe that a treatment program
consisting of concurrent physical exercise and cognitive training will lead to greater benefits
in neural structure and greater impact on everyday functioning compared to either treatment
alone.
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Promising intervention research on the combination of CT and exercise is emerging, but
most studies have focused on healthy aging individuals who do not have the same degree of
neurodegeneration and cognitive impairment as patients with SZ (Eggenberger et al., 2015;
Lauenroth et al., 2016; McEwen et al., 2018; Gavelin et al., 2021). It is imperative to further
study this hypertrophic effect in SZ, given the major changes observed across the course of
illness in brain structures associated with cognition. In a prospective study of female FEP
patients, a 12-week aerobic exercise intervention yielded positive volumetric and cortical
thickness changes in the medial temporal regions and associations between regional brain
increases and both reduced positive symptom severity and improved cognition compared to
a Hatha yoga intervention and waitlist group (Woodward et al., 2020).

While the evidence for exercise as a route to cortical volume enhancement in SZ is growing,
there is still little research on the impact of combining exercise and cognitive training,

and even less so in FEP patients. Identifying treatment protocols that maximize cortical
benefits and cognitive gains in FEP is crucial for both ameliorating the deficits that already
exist at the time of the first psychotic episode and preventing the further deterioration
observed in chronic SZ. Furthermore, early intervention may improve clinical outcome more
broadly, given that most FEP patients are in late adolescence or early adulthood and are still
developing. Our pilot work with a small sample suggested that FEP patients show cognitive
and functional improvements, along with increased BDNF, when exercise is added to CT
(Nuechterlein et al., 2016). We demonstrated in a randomized controlled trial (RCT) with

a larger FEP sample that large cognitive gains and work/school functioning improvements
occur when aerobic exercise is added to cognitive training (Nuechterlein et al., 2022). In the
current analyses, we sought to examine the neuroanatomical impact of the combination of
physical exercise and CT in FEP.

2. Methods

2.1. Participants

The study participants in this RCT were enrolled in the UCLA Aftercare Research Program
from March 2013 through April 2016. This research was approved by the UCLA IRB

and was consistent with international ethical standards. All participants provided written
informed consent. Participants were recruited from a variety of Los Angeles psychiatric
hospitals and clinics and referrals from clinicians in independent practices. Inclusion criteria
for entry into the Aftercare Research Program were: (1) a recent onset of psychotic illness,
with the beginning of the first psychotic episode within the last 24 months; (2) a DSM-1V
diagnosis of SZ, schizoaffective disorder, depressed type, or schizophreniform disorder; (3)
18 to 45 years of age; (4) sufficient acculturation and fluency in the English language to
avoid invalidating research measures; and (5) residence within commuting distance of the
UCLA Aftercare Research Program. Study exclusion criteria were: (1) a known neurological
disorder or significant head injury; (2) significant and habitual drug abuse or alcoholism

in the 6 months prior to hospitalization, or psychosis that was accounted for by substance
abuse; and (3) estimated premorbid 1Q <70. The participants had an age, educational level,
and sex distribution typical of individuals with a first episode of psychosis, and a racial and
ethnic breakdown that was representative of the Greater Los Angeles area (Table 1).

Schizophr Res. Author manuscript; available in PMC 2024 July 12.
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After entry into the UCLA Aftercare Research Program, FEP patients in the study were
stabilized on antipsychotic medication and randomized to Cognitive Training and Exercise
(CT&E) or Cognitive Training (CT). This process required about 3 months, followed by
baseline assessments, including a baseline MRI. Immediately after the assessment battery
was completed, 1:1 randomization to CT&E vs. CT occurred. Both treatments lasted 6
months. A second MRI scan took place at the end of the 6-month randomized treatment.
Medication treatment response did not exclude patients from the trial, but rather was used as
a regression covariate.

2.2. Interventions

In addition to the interventions described below, all patients received treatment with

a second-generation antipsychotic medication, and had regular visits with the treating
psychiatrist and individual case manager. We compared outcomes for a patient group

that received CT with a patient group that received CT&E. Participants were selected
from the UCLA Aftercare Research Program so that the groups’ demographic and clinical
characteristics would be comparable.

2.2.1. Cognitive training—CT and CT&E groups participated in the same systematic
Internet-based CT program. Training was administered at the Aftercare Research Program,
with the first 12 weeks focused on neurocognitive training and the second 12 weeks focused
on social cognitive training. Patients attended the clinic 2 days/week to complete 4 h/week
of computerized CT. Thus, each patient was assigned 48 h of neurocognitive training and
48 h of social cognitive training, thereby equaling the CT amount found by Fisher and
colleagues to lead to gains across multiple cognitive domains (Fisher et al., 2010). For the
neurocognitive training, we used Posit Science’s BrainHQ program components aimed at
improving auditory discrimination, processing speed, working memory, verbal memory, and
verbal reasoning. For social cognitive training we used Posit Science’s SocialVille, which
focuses on facial recognition, social perception, processing of emotions, and interpretation
of social information. See Nuechterlein et al. (2022) for more details.

2.2.2. Exercise program—In addition to the CT sessions, participants randomized to
the CT&E group participated in a 24-week progressive aerobic and strength conditioning
exercise program designed by MRI study Pl and NSCA-certified personal trainer (S.C.M.).
The CT&E exercise program, in use at the clinic since 2013, was designed to meet

ACSM (American College of Sports Medicine) and AHA (American Heart Association)
recommendations for adults of at least 150 min of moderate aerobic exercise and at least

2 days of muscle conditioning exercises per week. We used an exercise dosage designed

to be both feasible and effective in improving cognition in FEP (Firth et al., 2018). Two 45-
min in-clinic exercise sessions/week and two 30-min sessions/week of exercise homework
were assigned. A certified exercise instructor led the in-clinic exercise group. The exercise
sessions included a dynamic warm-up (7.5 min) and cool-down after exercise (7.5 min).
The exercise sessions included 30 min of combined moderate-intensity aerobic conditioning
(1-min intervals) and moderate-to-high-intensity strength and calisthenic conditioning (1-
min intervals). Participants were instructed on proper form and technique for five different
exercises at the start of each session and completed three rounds of the five sets of aerobic
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and strength training intervals. Aerobic exercise intensity was monitored via a wireless
activity and heart rate monitor (Fitbit Charge HR) to ensure patients were exercising in
their individualized 60—80% target heart rate zone and to remotely track homework. The
exercise program was individually tailored based on the patient’s current physical abilities,
with intensity incrementally increased. A comprehensive approach was used to address
FEP patients’ exercise barriers (specifically amotivation), including individual text message
reminders, enthusiastic and experienced exercise trainers, monetary and social incentives,
meetings with family to provide support at home to increase homework compliance,
individualized homework plans, and goal setting during a weekly clinic group.

2.2.3. Bridging group—The Bridging Group occurred 1 h/wk., separately for the

CT and CT&E groups, and provided an opportunity for patients to learn strategies for
directly applying the CT to their daily lives. Discussions emphasized how the computerized
training exercises could help patients achieve work and school goals, as well as improve
social interactions. For example, computerized training to improve one’s ability to recall

a sequence of instructions through chunking information can help one to better remember
an employer’s directions and instructions. In the CT&E group, there were also discussions
about the benefits of aerobic exercise for brain functioning and cognition.

2.3. MRl acquisition

Structural imaging data were collected on a Siemens 3 T Trio Scanner (Siemens Medical
Solutions USA, Inc., Malvern, PA) with a 12-channel head coil at the UCLA Staglin

Center for Cognitive Neuroscience (CCN). Subject head movement was minimized with
foam padding. High-resolution three-dimensional structural images were obtained with a
sagittal T1-weighted Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence
(time repetition [TR] = 2300 ms, time echo [TE] = 2.91 ms, inversion time [T1] = 900 ms,
160 slices, field of view [FOV] = 256 mm, voxel size = 1.0 mm x 1.0 mm x 1.2 mm, flip
angle [FA] = 9°) and co-localized T2-weighted turbo spin-echo (TSE) sequence (TR/TE =
6310/67 ms, FOV = 220 mm, matrix = 256 mm x 256 mm, flip angle = 149°, 30 transversal
slices, slice thickness = 4.0 mm). A neuroradiologist confirmed that all MRI scans were free
of gross structural abnormalities.

2.4. MRI analysis

High resolution T1- and T2-weighted images were screened for image quality to

ensure absence of artifacts using MRIQC toolbox software (version 0.16.1; https://
mrigc.readthedocs.io) (Esteban et al., 2017). Image processing was subsequently performed
with the FreeSurfer software suite (version 6.0; http://surfer.nmr.mgh.harvard.edu) to derive
measures of cortical thickness (Fischl and Dale, 2000). Cortical surface area and thickness
maps were constructed according to the Destrieux atlas (Destrieux et al., 2010) in an
automated manner using default parameters within the recon-all pipeline in FreeSurfer
(Fischl et al., 2004). The details of these processing pipelines have been previously
described in detail (Dale et al., 1999; Fischl et al., 1999). To measure changes in cortical
thickness in patients between baseline and follow-up scans and between groups, and to
account for within-subject correlations and avoid asymmetry-induced bias in longitudinal
images, images were subjected to further processing with the FreeSurfer longitudinal stream
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(Reuter et al., 2012; Reuter and Fischl, 2011). The quality of the cortical reconstruction and
segmentation was assured by visual inspection by a trained examiner (B.J.) and manually
corrected as necessary with the support of quality assurance tools in FreeSurfer (https://
surfer.nmr.mgh.harvard.edu/fswiki/QATools).

Between-group cortical thickness comparisons were performed in standard space. For the
cortical thickness analysis we analyzed intervention effects for a priori regions of interest

in the left PFC and left cingulate structures, which are key executive functioning regions
(Takahashi et al., 2020). These regions also appear sensitive to change with exercise
interventions in SZ patients (Scheewe et al., 2013; Takahashi et al., 2020), and excessive
cortical thinning in these regions is specifically targeted in FEP patients (Schultz et al.,
2010). For this study, data were analyzed from two cortical ROIs (Fig. 1). The first, was

the left rostral middle frontal gyrus, which includes Brodmann area 46 (the core component
of the DLPFC; Rajkowska and Goldman-Rakic, 1995), which was chosen as the ROI
representative of the DLPFC. The second, was the left rostral middle-anterior part of the
cingulate gyrus and sulcus (as defined in the Destrieux atlas), which was used as the ROI
representative of the ACC with no modifications. Mean cortical thickness values (calculated
as the mean distance between the pial and gray/white matter surfaces across the specified
ROI) were extracted from these two ROIs for each hemisphere. The MRI data analyses
were blinded to the treatment group. All ANOVA and correlational statistical analyses were
performed using SPSS v28.0.

3. Results

The CONSORT diagram for the study is shown in Fig. 2. After screening 133 subjects,
52 were randomized into the study and completed baseline scanning. A total of 15 were
not included in the MRI data analysis because they either dropped out during the protocol
(N=6 from CT&E and N=5 from CT) or completed the protocol but were unable to have
a follow-up scan (N=1 from CT&E and N=3 from CT). Drop-out rate did not differ by
treatment arm. Only patients with a baseline and 6-month follow-up scan were included
in the longitudinal MRI analysis. No patients were lost to the final analysis due to poor
data quality, including no excessive motion (>3 mm) or artifacts. Therefore, there were 37
subjects included in the MRI final analysis (N = 20 CT&E, N = 17 CT).

No significant differences were found between CT&E and CT groups for age, gender,
ethnicity, handedness, personal years of education, symptom severity, or duration of illness
(Table 1). The two treatment groups did not differ over the 6-month period in their
attendance of the cognitive training sessions (CT&E mean = 67.5 (SD = 21.9); CT mean =
64.7 (SD = 24.9), t35=0.14, P = .71). Similarly, they did not differ in their attendance at the
weekly bridging group (CT&E mean = 20.4 (SD =7.3); CT mean = 18.5 (SD = 7.5), f3=
0.59, P = .45). The CT&E group completed a mean of 37.1 (SD = 14.3) exercise sessions

in the clinic and 27.4 (SD = 12.2) home exercise sessions, with a mean of 64.4 (SD = 13.3)
total exercise sessions for the duration of the intervention.

Schizophr Res. Author manuscript; available in PMC 2024 July 12.
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3.1. Cortical thickness

There was a significant between group x time interaction in the left ACC (F(1, 35) = 4.666,
P <.04) and left prefrontal (A1,35) = 4.132, P <.05) regions. Follow-up within-group
analyses for the left ACC showed that the CT&E group increased significantly in cortical
thickness (mean change = 0.56 mm, t;9 = 2.81, P = .01), while the CT group did not change
significantly (mean change = —0.02 mm, t;g = 0.71, P = .49). As shown in Fig. 3, in the
CT&E group the ACC mean baseline = 2.76 mm (SD = 0.18) and mean follow-up = 2.82
mm (SD = 0.19). For the CT group, the ACC mean baseline = 2.82 mm (SD = 0.17) and
mean follow-up = 2.79 mm (SD = 0.16).

In the left prefrontal ROI, follow-up within-group analyses revealed that the two treatment
groups moved in opposite directions to create the significant between group x time
interaction, but neither group changed significantly by itself. The CT&E group showed a
non-significant tendency to increase in cortical thickness (mean change = 0.05 mm, t{g =
1.76, P <.095), while the CT group showed a slight and non-significant decrease (mean
change = —0.04 mm, t;5 = 1.19, P = .25). As shown in Fig. 4, the CT&E mean baseline =
2.28 mm (SD = 0.18) and mean follow-up = 2.32 mm (SD = 0.18). For the CT group, the
mean baseline = 2.21 mm (SD = 0.19) and mean follow-up = 2.17 mm (SD = 0.22).

3.2. Correlates of cortical thickness changes

Exploratory correlational analyses were completed to examine whether the cortical thickness
changes in six months in the two ROIs were associated with changes in cardiorespiratory
endurance, overall cognitive performance, and everyday functioning. Within the CT&E
group, in which cardiorespiratory changes would be expected to be impacted by the exercise
sessions, increases in cardiorespiratory fitness (lower recovery heart rate in the YMCA
3-min step test) correlated r=0.52 with increased cortical thickness in the left ACC, but
this was only a non-significant trend (P = .07) due to the small sample size with complete
data (N = 13). Similarly in the CT&E group, increased cortical thickness in left prefrontal
ROI was correlated 7= 0.34 with gains in the overall cognitive performance (MATRICS
Consensus Cognitive Battery Overall Composite T score), but this was not significant. One
significant relationship of increased cortical thickness in the left ACC was improved work/
school functioning when evaluated in the full sample to maximize sample size, r=0.43, P <
.02, N =29.

4. Discussion

In the present study, we investigated structural changes in the cortex associated with a
combined cognitive training and physical exercise intervention in patients with a recent

first episode of psychosis. We discovered that the combined CT&E group experienced a
significant increase in cortical thickness in the left ACC and a tendency toward left DLPFC
increase over the 6-month intervention period. Conversely, the CT only group, which did not
receive the structured exercise intervention, experienced a non-significant tendency toward
cortical thinning in the ACC and DLPFC over the 6-month interventional period. Thinning
of prefrontal cortical regions is regularly observed in the early course of SZ (Cannon et al.,
2015). These initial findings suggest that exercise, in the context of cognitive training, may

Schizophr Res. Author manuscript; available in PMC 2024 July 12.
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be a plasticity-enhancing adjunctive protocol that can address the cortical neurodegeneration
observed in the early course of SZ. This expands our previous work in which we reported
evidence for a correlation between physical activity levels and brain structure using a subset
of the baseline FEP structural MRI scans (McEwen et al., 2015). In that study we found
focal cortical thickness reduction in DLPFC, orbitofrontal cortex and hippocampal volume
in the low physical activity FEP group compared to the high physical activity FEP group
before assignment to a cognitive-enhancement-focused intervention.

In our correlational analyses we explored the relationship between these structural changes
in the cortex and relevant cognitive and functional changes over a 6-month period in

this population of patients known to have severe deficits in a wide range of cognitive
functioning. In the CT&E group we found a non-significant tendency for increased left
prefrontal cortical thickness to be associated with overall cognitive functioning gains. If
demonstrated to be significant in a larger sample, this finding could be indicative of

a putative biomarker, specifically DLPFC cortical thickness, mediating improvements in
cognitive functioning from the combined intervention. Based on the known structural
progressive brain changes in SZ, which are most prominent in the DLPFC in the

early course of the illness (Zipursky et al., 2013), increasing structural integrity in this
region central to subserving a wide range of cognitive functioning is paramount. This
relationship will clearly need to be demonstrated in a larger sample size with appropriate
statistical power to detect a significant mediation effect. Across both groups, an increase in
cortical thickness in the left ACC was significantly associated with improved work/school
performance. This highlights the importance of strengthening the ACC, which is known

to support emotion regulation, conflict monitoring and higher order cognitive function, to
enable better functional outcomes in patients.

Existing research on the efficacy of cognitive training suggests that by itself, cognitive
training does indeed confer therapeutic cognitive benefits in SZ and is associated with
improvements in learning-induced cortical plasticity (Genevsky et al., 2010). However, the
effect of cognitive training alone does not entirely offset the large deficits induced by SZ.
Furthermore, imaging studies examining structural correlates of cognitive training alone
have shown only a limited effect in addressing associated neurodegeneration (Eack et al.,
2010; Morimoto et al., 2018). The effects, which have been minimally replicated, are largely
limited to the hippocampus. In the current study, the observed positive plasticity changes

in the CT&E group suggest that exercise can enhance the effects of cognitive training,
expanding there neuroplastic effects beyond the hippocampus, and remediate structural
degeneration in the other cortical regions intimately associated with the cognitive deficits in
SZ.

One potential neurobiological mechanism underlying the observed cortical thickening

is elevation in the release of brain-derived neurotrophic factor (BDNF). Increasing
cardiovascular activity, as we did in this intervention, has been shown to correlate

with increases in peripheral serum BDNF (Hakansson et al., 2017; Kim et al., 2014;
Walsh et al., 2018), perhaps by means of sympathetic increase of cerebral blood flow
(Alomari et al., 2015; Seifert and Secher, 2011). Thus, one potential mechanism by which
exercise complements cognitive training and broadens the neurostructural benefits is by
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elevating cortical BDNF expression, which has been shown to promote neurogenesis and
neuroplasticity (Bathina and Das, 2015; Lu et al., 2014). A meta-analysis, which included
both cognitive training and exercise intervention in SZ found BDNF levels were increased
in SZ patients undergoing these non-pharmacological interventions (Sanada et al., 2016).
Our report of cognitive, functional outcome, and BDNF outcomes in the larger RCT from
which the current sample was drawn, supports the BDNF gains in the CT&E group and
the tendency for BDNF gain to predict cognitive gain, but again a larger sample will be
necessary to demonstrate that these tendencies are statistically reliable (Nuechterlein et al.,
2022).

The prefrontal and cingulate cortical regions were selected a priori due to consistent
association of the degeneration in these regions with deficits in cognition in SZ. The conflict
monitoring and cognitive control model developed by Botvinick et al. (2001) has focused

on the roles of the DLPFC and ACC and their key contributions to conflict-monitoring and
behavioral adaptation, respectively. When such prefrontal and cingulate brain regions are
impaired, affected individuals show predictable deficits in context maintenance, response
inhibition and conflict monitoring (MacDonald et al., 2000), which lead to profound
impairments in the ability to carry out goal-directed behaviors.

Beyond this, the observed positive changes in the CT&E group suggest that exercise, in the
context of cognitive training, may be a valuable adjunctive treatment to standard psychiatric
care to address the cognitive deficits of SZ (Nuechterlein et al., 2016; Nuechterlein et al.,
2022). While there is an emerging body of research attesting to the efficacy of combining
physical exercise with cognitive training in the aging population, this study is among the
first to examine the effects of exercise-supplemented cognitive training in early psychosis.
Our findings support the view that concurrently supplementing cognitive training with
exercise allows the mechanisms underlying these two treatments to act synergistically and
produce an effect that may address the cortical degeneration in SZ.

This study has several strengths, including the use of randomization to assign participants

to groups that are sufficiently representative and matched for a strong initial RCT, as

well as the focus on FEP patients who may have greater potential for cortical structural
benefitis. The results have important implications for the treatment of the early course of
psychosis. With respect to physical health, exercise may be very valuable to individuals with
psychasis, who experience abnormally high rates of concurrent physical ailments such as
cardiovascular disease, aberrant metabolic activity, and associated increased early mortality
(Kritharides et al., 2017; Penninx and Lange, 2018). This study provides evidence to support
the cortical structural benefits of this adjunctive therapy for FEP patients.

The present study has some limitations. Since all patients received cognitive training,

the longitudinal effects of exercise alone on brain structure (separate from cognitive
training) could not be explicitly studied. Further, although the results of the CT vs. CT&E
longitudinal analyses support the conclusion of prevention of cortical thinning due to the
synergistic combination of cognitive training and exercise in FEP, an examination of the
impact of this treatment combination in age-matched healthy controls or another major
psychopathology group would be very useful. Additionally, a priori regions of interest were
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used in this initial exploratory investigation to maintain sufficient power to detect significant
effects, and the analysis was limited to the selected regions, which does not preclude
changes in other brain regions that were not explored. Future research should be sufficiently
powered to allow the exploration of the whole brain. Another caveat is that the use of
automated cortical region constructing used the Destrieux atlas, which may not necessarily
match DLPFC and ACC ROls from other studies.

5. Conclusion

The addition of a regular exercise program to cognitive training has beneficial effects on
cortical structure in the ACC and DLPFC. Starting this intervention early in the course

of SZ, as close to the first psychotic episode as possible, might maximize the benefits

of this type of intervention. Research suggests that adolescence and early adulthood are
critical periods for the development of SZ, during which multiple neurobiological processes
essential to development are profoundly altered (Hadar et al., 2018; Uhlhaas, 2011). Along
with the greater plasticity and general potential for antipsychotic medication response
observed in younger individuals, beginning this intervention early enough might reduce
disruption of these neurobiological processes and improve functional outcome.

Our intriguing initial findings show the promise of inducing experience-dependent plasticity,
as evidenced by structural changes in cortical tissue thickness, along with associated
improvements in cognition and functioning through the synergistic addition of regular
physical exercise to a structured cognitive training program in patients in the early course of
SZ.
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Fig. 1.
Regions of interest (ROIs) examined in this study. ROIs include the dorsolateral prefrontal

cortex (DLPFC) and the anterior cingulate cortex (ACC) from the Destrieux Atlas in the left
hemisphere, overlaid on a sagittal slice from a single participant.
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81 Excluded
* 52 Did not meet inclusion criteria at
screening
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treatment study
e 16 Dropped out or excluded prior to
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20 Analyzed (Baseline and Follow-up scan) 17 Analyzed (Baseline and Follow-up scan)

Fig. 2.
The CONSORT diagram for the participants in the study.
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Fig. 3.
Differential effects of Cognitive Training Plus Exercise versus Cognitive Training alone on

cortical thickness in the left anterior cingulate cortex.
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Fig. 4.
Differential effects of Cognitive Training Plus Exercise versus Cognitive Training alone on

cortical thickness in the left dorsolateral prefrontal cortex.
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Cognitivetraining (n =
1

Cognitivetraining &
exercise (n = 20)

Combined (n = 37)

Mean age at program entry, years (SD)
Mean education, years (SD)
Mean months from psychosis onset to program entry (SD)
Mean months from psychosis onset to baseline test (SD)
Mean total 24-item BPRS
Sex (Male)
Race
Caucasian
Asian
Pacific Islander
Native American
African American
Mixed
Ethnicity (Hispanic)
Diagnosis
Schizophrenia
Schizophreniform
Schizoaffective, depressed type
Handedness (right)

Cognitive training: number of sessions attended, mean
(SD)

Bridging group: number of sessions attended, mean (SD)

Exercise in-clinic: number of sessions attended, mean
(SD)

Exercise at home: number of sessions attended, mean
(SD)

Exercise total: number of sessions attended, mean (SD)

235 (5.4)
12.4 (0.7)
9.3(7.2)
13.2 (7.6)
444 (11.1)
89 %

33%
11%
0%
11%
33%
11%
67 %

56 %
2%
2%
89 %
64.7 (24.9)

18.5 (7.5)

21.8 (3.8)
12.9 (1.2)
7.7 (4.9)
11.9 (5.5)
37.0(8.9)
57 %

29 %
14 %
0%
0%
14 %
43 %
57 %

57 %
43%

0%

86 %

67.5 (21.9)

20.4 (7.3)
37.1(14.3)

27.4(12.2)

64.4 (13.3)

22.7(4.7)
12.6 (0.8)
8.4 (6.0)
12,5 (6.4)
41.2 (10.6)
73%

31%
13%
0%
6 %
25%
25%
63 %

56 %
31%
13%
88 %
66.2 (23.1)

19.5 (7.4)
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