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Abstract

Schizophrenia is characterized by extensive neurocognitive deficits, which are linked to greater
disability, poorer functional outcome, and have been suggested to impact daily functioning more
than clinical symptoms. Aerobic exercise (AE) has emerged as a potential intervention. This
review examines the impact of AE on brain structure and function along with neurocognitive
performance in individuals with schizophrenia. Preliminary evidence indicates that AE can
increase hippocampal volume and cortical thickness, in addition to exerting a neuroprotective
effect against hippocampal volume decrease and cortical thinning. There is also evidence that AE
is able to significantly increase serum brain-derived neurotrophic factor (BDNF) levels, which are
implicated in neurogenesis, neuroplasticity, and cognitive improvement. Finally, evidence suggests
that AE plays a significant role in improving overall cognition, including improvements in
processing speed, working memory, and visual learning. The authors discuss the implications of
the findings and provide recommendations for future research and areas of inquiry.
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Introduction

Neurocognitive deficits are well documented in individuals with schizophrenia, including
impairments in memory, attention, processing speed, and executive functioning [1, 2]. These
deficits predate the onset of illness and remain stable over time [3, 4]. Such impairments
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have also been linked to greater disability and poorer functional outcome in this population
[5, 6], including decreased ability to maintain daily routines [7], independent living [8],
social functioning [9, 10], and employment [11, 12]. In a large cohort of stable outpatients
(NV=672), the most prevalent impairments were in the domains of executive functioning and
processing speed, while working memory impairment predicted the degree of functional
disability [13]. Similarly, in a longitudinal study examining individuals with first-episode
schizophrenia over 7 years, changes in verbal memory, processing speed, and attention
significantly predicted functional impairment in relationships, employment, and ability to
engage and enjoy recreational activities [14]. Overall, it has been suggested that
neurocognitive deficits play a larger role in functional impairment than positive symptoms of
schizophrenia [15], and consequently, cognitive impairment has emerged as a critical target
for treatment [16].

Cognitive deficits in individuals with schizophrenia have been linked to structural and
functional brain abnormalities. A review examining the link between brain structure and
cognitive deficits in this population found that enlarged ventricles correlated significantly
with cognitive inflexibility and deficits in language, attention, and psychomotor speed, while
abnormalities in the hippocampus were associated with impairments in declarative memory
and executive functioning [17]. Abnormalities in white matter integrity have also been
reported, particularly in frontal and temporal cortices [18], and abnormal myelination of
tracts responsible for communication between these regions has been implicated [19].
Smaller gray matter volumes in older individuals with schizophrenia have been reported [20,
21], though the progressive nature of these deficits is controversial. Larger structural deficits
have been associated with increased exposure to antipsychotic treatment [22], leading some
researchers to suggest both structural and cognitive deficits inherent to the illness are
relatively stable over time [23]. Complementing these findings, neuroimaging studies have
shown evidence of cortical tissue loss, ventricular enlargements, smaller thalamus and
temporal lobes (including the hippocampus), enlarged caudate nucleus, and reversed
cerebral asymmetries [24]. Similarly, cognitive deficits in people with schizophrenia have
also been linked with the regulation of neurotrophins. In particular, brain-derived
neurotrophic factor (BDNF) has attracted much research interest. A member of the
neurotrophin family, BDNF is the most prevalent neurotrophin in the brain and is heavily
involved in neuronal growth, development, and maintenance [25]. A recent meta-analysis of
16 studies showed evidence of significantly lower serum BDNF levels in schizophrenia [26],
which has been linked to memory impairment [27] and smaller hippocampal volumes [28].

Treatment approaches for cognitive deficits in schizophrenia have primarily focused on
pharmacology and cognitive remediation. Initially, second-generation antipsychotic
medication appeared promising in addressing not only symptoms, but also cognitive
impairment in this population [29]. However, results from the NIH-sponsored CATIE study
examining the effects of typical and atypical antipsychotic medications on cognition in
schizophrenia found only minimal improvement [30]. Investigations of novel add-on
pharmacological compounds have yielded mixed results, with compounds targeting single
receptors resulting in limited to no improvement [31-34] and compounds that have anti-
inflammatory and/or anti-oxidant properties showing more promise [35, 36]. Cognitive
remediation was also beneficial among individuals with first-episode psychosis [37, 38], as
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well as chronically ill individuals [39, 40]. However, a meta-analysis including 2104
individuals with schizophrenia demonstrated only small to moderate effect sizes on global
cognitive improvement [41], and some studies failed to find any significant impact of
cognitive training [42]. As a result, there remains a need for novel approaches to treating
neurocognitive deficits in schizophrenia, particularly focused on fostering synaptogenesis
and neurogenesis.

Recent studies have indicated a potential benefit of aerobic exercise (AE). Evidence from
animal studies suggests that AE can have a positive impact on cognitive functioning [43], as
well as strengthen neuronal growth and development [44, 45]. Most recently, mouse models
of schizophrenia demonstrated that voluntary AE significantly increased BDNF levels in the
hippocampus, improved spatial working memory, and encouraged increased social
interaction [46]. Yet, studies investigating the effects of AE in animal models have noted
differential effects of voluntary (spontaneous wheel running) versus involuntary or forced
exercise (treadmill running). Both types of AE appear to upregulate BDNF levels in the
hippocampus [47], improve spatial learning and memory, and increase activity-dependent
BDNF in the hippocampus [48]. Leasure and Jones [49] reported that forced exercise
actually resulted in more hippocampal neurogenesis as evidenced by more surviving
progenitor cells compared to voluntary exercise at the expense of increased anxiety and
emotional defecation. The authors also noted that animals engaging in voluntary exercise ran
faster and for less time, while those in the forced exercise condition ran slower and for
longer durations, suggesting the former group demonstrated greater exertion. In contrast, Ke
et al. [50] found that voluntary exercise resulted in significantly higher hippocampal BDNF
levels as compared to forced exercise and control groups, and forced exercise may induce
greater stress resulting in downregulation of BDNF. These findings were contradictory to
those reported by Leasure and Jones [49], who found that corticosterone levels were not
significantly different between groups at end of study, and any increase in initial stress may
be accounted for by habituation [48].

Similarly, findings among non-clinical and other clinical populations also provide support
for AE positively affecting health outcomes [51-53], serum BDNF levels [54, 55], and
cognition [56, 57]. Specifically, a meta-analysis of randomized clinical trials with 2049 adult
participants demonstrated that exercise could lead to improvement in executive functioning,
processing speed, attention, and declarative memory [58]. This is notable, since individuals
with schizophrenia are often sedentary [59], and decreased physical activity has been
implicated in cognitive impairment [60] and brain volume deficits [61¢]. AE improves
cardiopulmonary fitness in people with schizophrenia [62, 63] and preliminary evidence
suggests AE may have a beneficial effect on cognitive functioning in schizophrenia.
However, a comprehensive review of the current research literature is not available.

To address this gap in the literature, the primary aim of the present review is to examine the
feasibility and efficacy of AE as an intervention for cognitive deficits in individuals with
schizophrenia and bring the reader up to date regarding the most recent empirical evidence
of AE’s impact on: (1) neurobiological structure and function and (2) neurocognitive
performance. The secondary aim is to identify areas in need of further study. In order to
obtain the most current literature, a search was conducted through January 2016 on Medline,

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vakhrusheva et al.

Page 4

Web of Science, and PsycNET for clinical trials examining the impact of AE on brain
structure and function and neurocognition. Search words and terms included the following:
“exercise” or “aerobic exercise,” “schizophrenia” or “psychosis,” “neurocognition” or
“cognition,” “neurotrophin” or “BDNF” or “IGF” or “NGF” or “NT-3,” “brain structure,”
and “hippocampal volume.” Relevant articles were pulled and reference lists examined for
additional studies. The search yielded 11 studies, 8 of which are summarized in Table 1 and
discussed more thoroughly below. Three remaining studies were only briefly mentioned in
the review due to lack of comparison group (V= 1) and presentation of additional outcomes
for a sample already included in review (N = 2).

LI}

Impact of Aerobic Exercise on Brain Structure and Functioning

Three randomized control trials examined the effects of AE on brain structures. Pajonk et al.
[64] compared males with schizophrenia (A = 8) and age-matched healthy male controls (M
= 8) who engaged in 3-month AE program (30 min per session, three times per week), along
with a schizophrenia patients comparison group (V= 8) that played table football for a
similar duration and frequency. Comparison of changes in hippocampal volumes assessed
indicated significant increase in volume in both the schizophrenia and control AE groups (12
and 16 %, respectively) versus a 1 % decrease in hippocampal volume in the non-exercise
schizophrenia group. No changes were found in total brain or gray matter volume in either
group. A second article examining cortical thickness in the same sample found no significant
changes in either group [65]. Overall, these findings demonstrate that despite neuronal
atrophy [66, 67] and lower levels of presynaptic proteins [68] in the hippocampus of
individuals with schizophrenia, some degree of neurogenesis in the region was possible
through AE.

A second trial by Scheewe et al. [69] randomized 32 individuals with schizophrenia and 52
age-matched healthy controls to exercise and control conditions. The exercise program,
which included both cardiovascular and strength training exercises, lasted for 6 months, but
at reduced frequency compared to Pajonk et al. (twice per week for 60 min; 40 min of AE
and 20 min of strength training). At baseline, participants with schizophrenia had smaller
cerebrum, gray matter, and ventricle volumes, as well as reduced cortical thickness
compared to healthy controls. Post-intervention, the authors failed to find significant
differences in brain volume, hippocampal volume, or cortical thickness. There was a trend (p
=.05) reported for hippocampal volume change; schizophrenia group demonstrating mild
decrease in volume post-exercise, while volume did not change significantly in health
individuals post-intervention. The study also reported a significant association between
improved aerobic fitness and increased volume of cerebral cortex and ventricles, as well as
cortical thickening. Supporting these results, a recent small pilot study conducted by
Rosenbaum et al. [70] also reported no changes in hippocampal volumes post-exercise
treatment, despite significant improvement in aerobic fitness. However, a study revisiting the
sample examined by Sheewe et al. revealed that all participants who engaged in AE
irrespective of clinical status demonstrated some improvement in white matter integrity
within the motor tracts, while non-exercising participants showed a decrease in integrity in
the same regions [71]. These findings indicate that overall, exercise improved brain
connectivity in this sample and highlight the importance of outcome variable selection when
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evaluating the effects of AE. Taken together, results suggest that while exercise at the
frequency implemented by Scheewe et al. may not directly promote change in brain
structures, it may play a neuroprotective role through improvement in cardiorespiratory
fitness and attenuating the expected decreases in brain volume and white matter integrity
observed in schizophrenia.

The most recent trial exploring the link between exercise and brain structures appears to
support this hypothesis. Malchow et al. [72] utilized the same exercise intervention as
Pajonk et al. [64] with a larger sample per group (range = 19-21). However, they failed to
find significant changes in hippocampal volumes in both the schizophrenia and control
groups post-treatment, though the authors reported observing a temporary increase in gray
matter volume in the temporal lobe for the duration of the intervention in the schizophrenia
exercise group. The study also evaluated participants 3 months post-intervention to assess
lingering effects of exercise. Interestingly, the gray matter volume increase was no longer
found in the schizophrenia exercise group, and the schizophrenia control group displayed
evidence of a statistically significant decrease in volume. This appears to be in line with
Scheewe et al.’s finding and supports the hypothesis that exercise may exert a
neuroprotective effect.

A possible explanation for the discrepancy in imaging findings is differences in the
frequency and intensity of the provided intervention. Preliminary findings indicate that
fidelity with target training intensity is significantly correlated with improvement in
cognitive performance in this population [73]. Similarly, a recent meta-analysis of exercise
interventions in schizophrenia found that trials that administered at least 90 min per week of
moderate-to-vigorous exercise that saw significant improvement not only in fitness, but also
in psychiatric symptoms [74¢]. Additional data regarding frequency, duration, and in-session
intensity would be helpful in determining if the dose-response relationship is a contributor to
seeing significant structural and neurobiological changes.

Four additional studies examined brain functioning by exploring the link between AE and
circulating neurotrophins, with three studies focusing on BDNF and one study focusing on
insulin-like growth factor (IGF-1) and insulin-like growth factor-binding protein (IGFBP-3).
Kuo et al. [75] led the first investigation of the link in comparing obese individuals with
schizophrenia (A = 33) and age- and weight-matched healthy controls (/7= 30) before and
after a 10-week weight reduction intervention, which included AE, dietary changes, and
nutritional counseling. BDNF serum levels in the schizophrenia group were significantly
lower at baseline. Post-intervention, those individuals who participated in the program
demonstrated 4.65 ng/ml (21 %) increase (p < .001) in serum BDNF. Of note, the primary
aim of the study was to determine the effects of weight reduction on circulating BDNF.
Given the multi-faceted approach of the program to reduce weight, our inferences regarding
the impact of exercise alone are limited. However, the authors were able to demonstrate that
methods to reduce weight may have a significant impact on serum BDNF, supporting a
further investigation of AE.

Kim et al. [76] took this step further by implemented a 3-month exercise program that
combined 25 min of AE with 25 min of strength training three times per week. The
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participants were all individuals with schizophrenia, randomized into exercise and non-
exercise groups. Post-treatment, the authors found that the exercise group had significantly
higher serum BDNF levels. In addition, the group also displayed a significant improvement
in aerobic fitness, which positively correlated with BDNF levels. Given decreased serum
BDNF levels in schizophrenia [77] and its implication in various cognitive processes [78,
79], this study was the first to explore directly a combined exercise program as a method of
modulating serum BDNF levels in this population.

Silva et al. [80] examined whether resistance training plays a significant role in upregulating
neurotrophins. Male individuals with schizophrenia were assigned randomly to three groups:
resistance training, combination of resistance and AE, and control group. Intervention was
60 min, two times per week, for 20 weeks. Baseline assessments of neurotrophins BDNF,
IGF-1, and IGFBP-3 (IGF’s binding protein) were reported; however, no data was provided
regarding statistical significance between groups. Furthermore, the authors failed to find any
significant differences in neurotrophin levels within or between groups post-intervention.
Although these results are surprising, several limitation of the study could account for the
variation in results. The authors did not assess for aerobic fitness, but noted that participants
experienced no weight reduction. Both aerobic fitness and loss of body weight were
significantly associated with elevations in BDNF, as reported earlier. Furthermore,
antipsychotic medication dosages, which have been shown to impact serum BDNF levels
[81], were significantly different between groups. Finally, similar to the imaging findings
described earlier, the dose and intensity of the intervention could be impacting these
findings.

A recent study by Kimhy et al. [82] examined individuals with schizophrenia who were
randomized to attend AE (A= 16) or control (treatment as usual; A/= 17). The intervention
consisted of 60-min sessions, three times per week, for 12 weeks, and participants exercised
from 60 to 75 % of their maximal heart rate, increasing gradually across the initial first 4
weeks of treatment. Post-intervention, changes in serum BDNF levels significantly
contributed to the variance in neurocognitive functioning, accounting for 14.6 % of the
variance in AE-associated cognitive improvement. The difference between groups was not
significant (11 vs. 1.9 %, respectively); however, potentially due to the small sample size.

Overall, three out of four studies demonstrated that AE significantly impacts serum BDNF
levels. In turn, higher BDNF levels were correlated with improved aerobic fitness and
accounted for a significant portion of cognitive improvement in one of the trials. One study
failed to find any differences in serum neurotrophin levels [80]. Interestingly, this study
employed a similar exercise regimen to a trial that also failed to find significant changes in
brain volume, hippocampal volume, or cortical thickness [69], suggesting that an insufficient
weekly dose of intervention could potentially explain the difference in results.

Impact of Aerobic Exercise on Neurocognitive Performance

Three studies examined the link between AE and neurocognition. Pajonk et al. [64] assessed
short- and long-term memory using Rey Auditory Verbal Learning Test (RAVLT) and
visuospatial short-term memory using the Corsi block-tapping test. Results indicated that
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after a 12-week AE intervention, individuals with schizophrenia in the exercise group
showed a 34 % increase in short-term memory while the scores of exercising healthy
controls dropped by 17 %. In addition, non-exercising patients’ scores dropped by 6 %.
Interestingly, the authors also examined associations between short-term memory scores and
hippocampal volume, which were positively correlated, but only when the schizophrenia
was combined to include both exercising and non-exercising participants. Results for long-
term memory and visuospatial memory were more complex. The former decreased and the
latter increased somewhat in the combined exercise group (healthy and schizophrenia
participants), though the there was no significant group x time interaction in the combined
schizophrenia group (exercising and non-exercising participants). Taken together, these
results suggest that the mechanisms by which exercise exerts its effects on memory may
differ between healthy controls and individuals with schizophrenia.

Oertel-Kndchel et al. [83] examined the effects of AE and cognitive training on
neurocognitive functioning in schizophrenia. The study consisted of an AE + cognitive
training group, relaxation + cognitive training group, and a waiting control group (no
intervention), to which participants were randomly assigned. AE intervention involved 45-
min sessions three times per week for 1 month. Cognitive training consisted of 30-min
sessions three times per week. Cognition was assessed using the Measurement and
Treatment Research to Improve Cognition in Schizophrenia (MATRICS) Consensus
Cognitive Battery (MCCB). MCCB assesses eight major cognitive domains, including
verbal and non-verbal working memory, processing speed, attention, verbal learning, visual
learning, problem-solving, and social cognition. Oertel-Kndchel et al. [83] assessed five of
the eight domains, excluding attention, problem-solving, and social cognition. The results
from post-intervention assessment indicated that cognitive performance improved in both the
relaxation and AE groups; however, the effect was much stronger in the combined treatment
group. Specifically, participants demonstrated significant improvement in processing speed,
working memory, and visual learning. This indicates that AE played a crucial role in
improving cognitive functioning independent of cognitive training. Contrary to expectations,
the authors failed to find significant post-treatment effects in verbal learning. This is
surprising, as recent studies have found significant improvements in this domain with
exercise intervention [84].

Our group has also examined neurocognitive functioning as part of the 12-week BDNF
study described earlier [82]. In this protocol, neurocognition was also assessed using the
MCCB pre and post-treatment phase. Individuals with schizophrenia in the exercise group
demonstrated 15.1 % improvement in overall cognitive functioning, while performance in
the treatment as usual group decreased by 2 %. The AE intervention produced a large effect
(d'=.93) with 77 % of the participants improving in performance by 5 % or more. Of note,
improvement in aerobic fitness was significant in the exercise group, and it positively
correlated with improvements in the social cognition and visual learning domains of the
MCCB. Further analysis revealed that after controlling for demographic and clinical
variables, aerobic fitness explained 25.4 % of the variance in neurocognitive improvement.
Given that cognitive deficits assessed by the MCCB in individuals with schizophrenia have
been found to be between one and two-and-a-half standard deviations below the norms for
healthy individuals [85, 86], AE-associated changes in neurocognitive functioning accounted
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for 24 % in improvement in the current sample, and suggesting the elimination of
approximately 16-40 % of neurocognitive deficit generally reported in this population.
These results provide strong support for AE as a safe, feasible, and effective intervention.

Conclusion and Future Directions

Empirical research investigating the neural and neurocognitive effects of AE in
schizophrenia remains limited, but the emerging evidence is promising. In terms of AE
impacting brain structure, the literature is divided. One study observed lasting increases in
hippocampal volumes of exercising individuals in schizophrenia, while another observed
temporary changes in gray matter volume that disappeared shortly after the intervention
ended. A third one failed to find any increases in gray matter volume but noted that
participants who did not receive an exercise intervention displayed decreases in gray matter,
suggesting that AE and improvement in aerobic fitness may play a neuroprotective role in
schizophrenia. This is a plausible hypothesis, as research in neurodegenerative illnesses such
as Alzheimer’s and dementia has come to similar conclusions about the neuroprotective role
of AE in brain structure and function [87, 88].

The majority of studies reviewed also demonstrated evidence that AE is able to significantly
increase serum BDNF levels. This is particularly crucial, since improvement in cognitive
functioning is related to the brain’s ability to modify neural connectivity and function. Such
neuroplasticity is dependent on the support of neurotrophins that regulate neuronal survival,
differentiation, and growth [89, 90], and influence cellular energy metabolism [91]. Indeed,
our group demonstrated an increase in serum BDNF accounted for 14.6 % of the variance in
AE-associated cognitive improvement in schizophrenia [82]. Future research should confirm
these findings and examine the effects of AE interventions on other neurotrophin serum
levels, as well as the impact of neurotrophin levels on mediating the link between AE and
cognition. In particular, assessing the impact of AE interventions on vascular endothelial
growth factor (VEGF), is also indicated. AE has been shown to upregulate VEGF in the
periphery [92] and increased VEGF has been linked to greater hippocampal neurogenesis in
animal studies [93]. Other potential targets of investigation include nerve growth factor
(NGF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4).

Research has also examined potential mechanisms via which AE is able to upregulate
neurotrophin levels, specifically BDNF. Cotman and colleagues [94, 95] suggest that IGF-1
is directly upregulated by exercise in the periphery, and increased IGF-1 increases BDNF
signaling in the central nervous system and periphery by both increasing BDNF’s signaling
during AE and increasing the availability of BDNF’s binding receptor, tropomyosin receptor
kinase B (TrkB). Additionally, findings have linked lower BDNF levels with increased
hypertension [96] and metabolic syndrome [97]. This is particularly relevant in
schizophrenia, as this population is at increased cardiometabolic risk after initiating
antipsychotic treatment [98]. AE has been shown to effectively reduce this risk [99],
suggesting that AE may be responsible for reducing impact of systematic risk factors on
BDNF levels. Further study of the processes by which AE is able to upregulate BDNF and
other neurotrophins in the context of schizophrenia-related co-morbidities would clarify the
mechanism of action of AE in this population.
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Regarding cognitive performance, preliminary evidence supports AE as an effective
intervention to significantly improve global cognitive functioning. However, there is some
disagreement regarding which cognitive abilities are improved through exercise. Future
studies can elucidate and confirm initial findings that AE can specifically improve
processing speed, working memory, visual learning, and verbal learning in this population.

In addition, the degree to which AE is able to produce changes in neurocognition, as well as
brain structure and functioning, appears to be governed by a dose-response relationship.
Future studies should confirm these preliminary findings and include close monitoring of
adherence to intensity targets that will improve assessment of interventions and allow for
comparison between studies. To increase enjoyment and decrease attrition in future
programs, employment of engaging activities as part of AE programs is encouraged. For
instance, integration of active-play video game systems has recently been shown to be safe
and effective in this population [100¢]. Current literature also highlights the importance of
aerobic fitness and its positive correlation with volume changes in brain structures.
Implementation of a standardized measure of aerobic fitness, such as the maximal oxygen
consumption fitness test (VO, max), is recommended in future trials.

Finally, the majority of studies in the current review also reported clinical and functional
improvements for individuals participating in AE, though information was limited. This
supports findings that increased sedentary behavior and lower aerobic fitness in
schizophrenia are associated with functional deficits in the domains of physical functioning,
interpersonal relationships, daily activities, and work skills [59]. Similarly, significant
associations between higher body mass index (BMI) and more extensive cognitive
impairment [59, 101] have been reported, and studies have suggested that improvement in
aerobic fitness may lead to greater health-related quality of life [102]. Taking into account
the evidence thus far, future research should include measures of daily, social, work, and
community functioning to better capture the real-world impact of AE-associated neural and
neurocognitive changes. Overall, the present review found preliminary evidence for the
benefits of AE to enhance neural and neurocognitive outcomes among individuals with
schizophrenia.

References

Papers of particular interest, published recently, have been highlighted as:
« Of importance

1. Gold JM, Harvey PD. Cognitive deficits in schizophrenia. Psychiatr Clin N Am. 1993; 16:295-312.

2. Harvey PD, Keefe RS. Studies of cognitive change in patients with schizophrenia following novel
antipsychotic treatment. Am J Psychiatr Am Psychiatri Publ. 2001; 158:176-84.

3. Jones P, Rodgers B, Murray R, Marmot M. Child development risk factors for adult schizophrenia in
the British 1946 birth cohort. Lancet. 1994; 344:1398-402. [PubMed: 7968076]

4. O’Carroll R. Cognitive impairment in schizophrenia. Adv Psychiatr Treat. 2000; 6:161-8.

5. Bowie CR, Harvey PD. Cognitive deficits and functional outcome in schizophrenia. Neuropsychiatr
Dis Treat. 2006; 2:531-6. [PubMed: 19412501]

6. Barch DM, Keefe RSE. Anticipating DSM-V: opportunities and challenges for cognition and
psychosis. Schizophr Bull. 2010; 36:43-7. [PubMed: 19923191]

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vakhrusheva et al.

Page 10

7. Velligan DI, Mahurin RK, Diamond PL, Hazleton BC, Eckert SL, Miller AL. The functional

significance of symptomatology and cognitive function in schizophrenia. Schizophr Res. 1997;
25:21-31. [PubMed: 9176924]

. Bowie CR, Leung WW, Reichenberg A, McClure MM, Patterson TL, Heaton RK, et al. Predicting

schizophrenia patients’ real-world behavior with specific neuropsychological and functional
capacity measures. Biol Psychiatry. 2008; 63:505-11. [PubMed: 17662256]

9. Addington J, Addington D. Neurocognitive and social functioning in schizophrenia: a 2.5 year

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

follow-up study. Schizophr Res. 2000; 44:47-56. [PubMed: 10867311]

. Addington J, Addington D. Neurocognitive and social functioning in schizophrenia. Schizophr
Bull. 1999; 25:173-82. [PubMed: 10098920]

Midin M, Razali R, Zamzam R, Fernandez A, Hum LC, Shah SA, et al. Clinical and cognitive
correlates of employment among patients with schizophrenia: a cross-sectional study in Malaysia.
Int J Ment Health Syst. 2011; 5:14. [PubMed: 21624111]

Sanchez P, Ojeda N, Pefia J, Elizagarate E, Yoller AB, Gutiérrez M, et al. Predictors of longitudinal
changes in schizophrenia: the role of processing speed. J Clin Psychiatry. 2009; 70:888-96.
[PubMed: 19422757]

Zaragoza Domingo S, Bobes J, Garcia-Portilla M-P, Morralla C. Cognitive Performance associated
to functional outcomes in stable outpatients with schizophrenia. Schizophr Res Cogn. 2015;
2:146-58.

Milev P, Ho B-C, Arndt S, Andreasen NC. Predictive values of neurocognition and negative
symptoms on functional outcome in schizophrenia: a longitudinal first-episode study with 7-year
follow-up. Am J Psychiatry. 2005; 162:495-506. [PubMed: 15741466]

Lepage M, Bodnar M, Bowie CR. Neurocognition: clinical and functional outcomes in
schizophrenia. Can J Psychiatry. 2014; 59:5-12. [PubMed: 24444318]

Gold JM. Cognitive deficits as treatment targets in schizophrenia. Schizophr Res. 2004; 72:21-8.
[PubMed: 15531404]

Antonova E, Sharma T, Morris R, Kumari V. The relationship between brain structure and
neurocognition in schizophrenia: a selective review. Schizophr Res. 2004; 70:117-45. [PubMed:
15329292]

Fitzsimmons J, Kubicki M, Shenton ME. Review of functional and anatomical brain connectivity
findings in schizophrenia. Curr Opin Psychiatr. 2013; 26:172-87.

Reid MA, White DM, Kraguljac NV, Lahti AC. A combined diffusion tensor imaging and
magnetic resonance spectroscopy study of patients with schizophrenia. Schizophr Res. 2016;
170:341-50. [PubMed: 26718333]

Cahn W, van Haren NEM, Hulshoff Pol HE, Schnack HG, Caspers E, Laponder DAJ, et al. Brain
volume changes in the first year of illness and 5-year outcome of schizophrenia. Br J Psychiatry.
2006; 189:381-2. [PubMed: 17012664]

Hulshoff Pol HE, Schnack HG, Bertens MGBC, van Haren NEM, van der Tweel I, Staal WG, et al.
Volume changes in gray matter in patients with schizophrenia. Am J Psychiatry. 2002; 159:244—
50. [PubMed: 11823266]

Fusar-Poli, P.; Byrne, M.; Valmaggia, L.; Day, F.; Tabraham, P.; Johns, L., et al. J Psychiatr Res.
\ol. 44. Elsevier Ltd; 2010. Social dysfunction predicts two years clinical outcome in people at
ultra high risk for psychosis; p. 294-301.

Zipursky RB, Agid O. Recovery, not progressive deterioration, should be the expectation in
schizophrenia. World Psychiatry. 2015; 14:94-6. [PubMed: 25655164]

Buckley PF. Neuroimaging of schizophrenia: structural abnormalities and pathophysiological
implications. Neuropsychiatr Dis Treat. 2005; 1:193-204. [PubMed: 18568069]

Nieto R, Kukuljan M, Silva H. BDNF and schizophrenia: from neurodevelopment to neuronal
plasticity, learning, and memory. Front Psychiatry. 2013; 4:45. [PubMed: 23785335]

Green MJ, Matheson SL, Shepherd A, Weickert CS, Carr VJ. Brain-derived neurotrophic factor
levels in schizophrenia: a systematic review with meta-analysis. Mol Psychiatry. 2011; 16:960-72.
[PubMed: 20733577]

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vakhrusheva et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 11

Zhang XY, Liang J, Chen DC, Xiu MH, De YF, Kosten TA, et al. Low BDNF is associated with
cognitive impairment in chronic patients with schizophrenia. Psychopharmacology. 2012;
222:277-84. [PubMed: 22274000]

Rizos, E.; Papathanasiou, MA.; Michalopoulou, PG.; Laskos, E.; Mazioti, A.; Kastania, A., etal. A
longitudinal study of alterations of hippocampal volumes and serum BDNF levels in association to
atypical antipsychotics in a sample of first-episode patients with schizophrenia. In: Hashimoto, K.,
editor. PLoS One. Vol. 9. 2014. p. e87997

Woodward ND, Purdon SE, Meltzer HY, Zald DH. A meta-analysis of neuropsychological change
to clozapine, olanzapine, quetiapine, and risperidone in schizophrenia. Int J
Neuropsychopharmacol. 2005; 8:457-72. [PubMed: 15784157]

Keefe RSE, Bilder RM, Davis SM, Harvey PD, Palmer BW, Gold JM, et al. Neurocognitive effects
of antipsychotic medications in patients with chronic schizophrenia in the CATIE Trial. Arch Gen
Psychiatry. 2007; 64:633-47. [PubMed: 17548746]

Buchanan RW, Keefe RS, Lieberman JA, Barch DM, Csernansky JG, Goff DC, et al. A randomized
clinical trial of MK-0777 for the treatment of cognitive impairments in people with schizophrenia.
Biol Psychiatry. 2011; 69:442-9. [PubMed: 21145041]

Javitt DC, Buchanan RW, Keefe RSE, Kern R, McMahon RP, Green MF, et al. Effect of the
neuroprotective peptide davunetide (AL-108) on cognition and functional capacity in
schizophrenia. Schizophr Res. 2012; 136:25-31. [PubMed: 22169248]

Egan FM, Zhao X, Gottwald R, Harper-Mozley L, Zhang Y, Snavely D, et al. Randomized
crossover study of the histamine H3 inverse agonist MK-0249 for the treatment of cognitive
impairment in patients with schizophrenia. Schizophr Res. 2013; 146:224-30. [PubMed:
23523692]

Haig GM, Bain E, Robieson W, Othman AA, Baker J, Lenz RA. A randomized trial of the efficacy
and safety of the H3 antagonist ABT-288 in cognitive impairment associated with schizophrenia.
Schizophr Bull. 2014; 40:1433-42. [PubMed: 24516190]

Levkovitz, Y.; Mendlovich, S.; Riwkes, S.; Braw, Y.; Levkovitch-Verbin, H.; Gal, G., et al. J Clin
Psychiatry. Vol. 71. Physicians Postgraduate Press, Inc; 2010. A double-blind, randomized study
of minocycline for the treatment of negative and cognitive symptoms in early-phase schizophrenia;
p. 138-49.

Berger GE, Proffitt T-M, McConchie M, Yuen H, Wood SJ, Amminger GP, et al. Ethyl-
eicosapentaenoic acid in first-episode psychosis: a randomized, placebo-controlled trial. J Clin
Psychiatry. 2007; 68:1867-75. [PubMed: 18162017]

Wykes T, Newton E, Landau S, Rice C, Thompson N, Frangou S. Cognitive remediation therapy
(CRT) for young early onset patients with schizophrenia: an exploratory randomized controlled
trial. Schizophr Res. 2007; 94:221-30. [PubMed: 17524620]

Lee RSC, Redoblado-Hodge MA, Naismith SL, Hermens DF, Porter MA, Hickie 1B. Cognitive
remediation improves memory and psychosocial functioning in first-episode psychiatric out-
patients. Psychol Med. 2013; 43:1161-73. [PubMed: 23237010]

Hogarty GE, Flesher S, Ulrich R, Carter M, Greenwald D, Pogue-Geile M, et al. Cognitive
enhancement therapy for schizophrenia: effects of a 2-year randomized trial on cognition and
behavior. Arch Gen Psychiatry. 2004; 61:866-76. [PubMed: 15351765]

Sartory G, Zorn C, Groetzinger G, Windgassen K. Computerized cognitive remediation improves
verbal learning and processing speed in schizophrenia. Schizophr Res. 2005; 75:219-23.
[PubMed: 15885513]

Wykes, T.; Huddy, V.; Cellard, C.; McGurk, SR.; Czobor, P. Am J Psychiatry. Vol. 168. American
Psychiatric Publishing; Arlington, VA: 2011. A meta-analysis of cognitive remediation for
schizophrenia: methodology and effect sizes; p. 472-85.

Rass O, Forsyth JK, Bolbecker AR, Hetrick WP, Breier A, Lysaker PH, et al. Computer-assisted
cognitive remediation for schizophrenia: a randomized single-blind pilot study. Schizophr Res.
2012; 139:92-8. [PubMed: 22682988]

Hillman CH, Erickson KI, Kramer AF. Be smart, exercise your heart: exercise effects on brain and
cognition. Nat Rev Neurosci. 2008; 9:58-65. [PubMed: 18094706]

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vakhrusheva et al.

Page 12

44. van Praag H, Kempermann G, Gage FH. Running increases cell proliferation and neurogenesis in
the adult mouse dentate gyrus. Nat Neurosci. 1999; 2:266—70. [PubMed: 10195220]

45. van Praag H, Christie BR, Sejnowski TJ, Gage FH. Running enhances neurogenesis, learning, and
long-term potentiation in mice. Proc Natl Acad Sci U S A. 1999; 96:13427-31. [PubMed:
10557337]

46. Kim T-W, Kang H-S, Park J-K, Lee S-J, Baek S-B, Kim C-J. Voluntary wheel running ameliorates
symptoms of MK-801-induced schizophrenia in mice. Mol Med Rep. 2014; 10:2924-30.
[PubMed: 25323073]

47. Liu Y-F, Chen H, Wu C-L, Kuo Y-M, Yu L, Huang A-M, et al. Differential effects of treadmill
running and wheel running on spatial or aversive learning and memory: roles of amygdalar brain-
derived neurotrophic factor and synaptotagmin I. J Physiol. 2009; 587:3221-31. [PubMed:
19451201]

48. Alomari MA, Khabour OF, Alzoubi KH, Alzubi MA. Forced and voluntary exercises equally
improve spatial learning and memory and hippocampal BDNF levels. Behav Brain Res. 2013;
247:34-9. [PubMed: 23499703]

49. Leasure JL, Jones M. Forced and voluntary exercise differentially affect brain and behavior.
Neuroscience. 2008; 156:456—-65. [PubMed: 18721864]

50. Ke Z, Yip S-P, Li L, Zheng X-X, Tam W-K, Tong K-Y. The effects of voluntary, involuntary, and
forced exercises on motor recovery in a stroke rat model. Conf Proc ... Annu Int Conf IEEE Eng
Med Biol Soc IEEE Eng Med Biol Soc Annu Conf. 2011; 2011:8223-6.

51. DiLorenzo TM, Bargman EP, Stucky-Ropp R, Brassington GS, Frensch PA, LaFontaine T. Long-
term effects of aerobic exercise on psychological outcomes. Prev Med (Baltim). 1999; 28:75-85.

52. Bize R, Johnson JA, Plotnikoff RC. Physical activity level and health-related quality of life in the
general adult population: a systematic review. Prev Med. 2007; 45:401-15. [PubMed: 17707498]

53. Penedo FJ, Dahn JR. Exercise and well-being: a review of mental and physical health benefits
associated with physical activity. Curr Opin Psychiatry. 2005; 18:189-93. [PubMed: 16639173]

54. van Praag H. Neurogenesis and exercise: past and future directions. NeuroMolecular Med. 2008;
10:128-40. [PubMed: 18286389]

55. van Praag H. Exercise and the brain: something to chew on. Trends Neurosci. 2009; 32:283-90.
[PubMed: 19349082]

56. Guiney H, Machado L. Benefits of regular aerobic exercise for executive functioning in healthy
populations. Psychon Bull Rev. 2013; 20:73-86. [PubMed: 23229442]

57. Masley S, Roetzheim R, Gualtieri T. Aerobic exercise enhances cognitive flexibility. J Clin Psychol
Med Settings. 2009; 16:186-93. [PubMed: 19330430]

58. Smith PJ, Blumenthal JA, Hoffman BM, Cooper H, Strauman TA, Welsh-Bohmer K, et al. Aerobic
exercise and neurocognitive performance: a meta-analytic review of randomized controlled trials.
Psychosom Med. 2010; 72:239-52. [PubMed: 20223924]

59. Kimhy D, Vakhrusheva J, Bartels MN, Armstrong HF, Ballon JS, Khan S, et al. Aerobic fitness and
body mass index in individuals with schizophrenia: Implications for neurocognition and daily
functioning. Psychiatry Res. 2014; 220:784-91. [PubMed: 25219618]

60. Leutwyler H, Hubbard EM, Jeste DV, Miller B, Vinogradov S. Associations of schizophrenia
symptoms and neurocognition with physical activity in older adults with schizophrenia. Biol Res
Nurs. 2013; 16:23-30. [PubMed: 24057223]

61. McEwen SC, Hardy A, Ellingson BM, Jarrahi B, Sandhu N, Subotnik KL, et al. Prefrontal and
hippocampal brain volume deficits: role of low physical activity on brain plasticity in first-
episode schizophrenia patients. J Int Neuropsychol Soc. 2015; 21:868-79. While many AE
studies are conducted in chronically ill populations, this paper underscores the effects of high vs.
low baseline physical activity on brain structure in early phase of schizophrenia. [PubMed:
26581798]

62. Armstrong HF, Bartels MN, Paslavski O, Cain D, Shoval HA, Ballon JS, et al. The impact of

aerobic exercise training on cardiopulmonary functioning in individuals with schizophrenia.
Schizophr Res. 2016

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vakhrusheva et al.

Page 13

63. Vancampfort D, Rosenbaum S, Probst M, Soundy A, Mitchell AJ, De Hert M, et al. Promotion of
cardiorespiratory fitness in schizophrenia: a clinical overview and meta-analysis. Acta Psychiatr
Scand. 2015; 132:131-43. [PubMed: 25740655]

64. Pajonk F-GG, Wobrock T, Gruber O, Scherk H, Berner D, Kaizl |, et al. Hippocampal plasticity in
response to exercise in schizophrenia. Arch Gen Psychiatry. 2010; 67:133-43. [PubMed:
20124113]

65. Falkai P, Malchow B, Wobrock T, Gruber O, Schmitt A, Honer WG, et al. The effect of aerobic
exercise on cortical architecture in patients with chronic schizophrenia: a randomized controlled
MRI study. Eur Arch Psychiatry Clin Neurosci. 2013; 263:469-73. [PubMed: 23161338]

66. Deicken RF, Zhou L, Schuff N, Fein G, Weiner MW. Hippocampal neuronal dysfunction in
schizophrenia as measured by proton magnetic resonance spectroscopy. Biol Psychiatry. 1998;
43:483-8. [PubMed: 9547926]

67. Heckers S, Konradi C. Hippocampal neurons in schizophrenia. J Neural Transm. 2002; 109:891-
905. [PubMed: 12111476]

68. Sawada K, Barr AM, Nakamura M, Arima K, Young CE, Dwork AJ, et al. Hippocampal complexin
proteins and cognitive dysfunction in schizophrenia. Arch Gen Psychiatry. 2005; 62:263-72.
[PubMed: 15753239]

69. Scheewe TW, van Haren NEM, Sarkisyan G, Schnack HG, Brouwer RM, de Glint M, et al.
Exercise therapy, cardiorespiratory fitness and their effect on brain volumes: a randomised
controlled trial in patients with schizophrenia and healthy controls. Eur Neuropsychopharmacol.
2012c:675-85. [PubMed: 22981376]

70. Rosenbaum, S.; Lagopoulos, J.; Curtis, J.; Taylor, L.; Watkins, A.; Barry, BK., et al. Psychiatry Res
Neuroimaging. Vol. 232. Elsevier; 2015. Aerobic exercise intervention in young people with
schizophrenia spectrum disorders; improved fitness with no change in hippocampal volume; p.
200-1.

71. Svatkova A, Mandl RCW, Scheewe TW, Cahn W, Kahn RS, Hulshoff Pol HE. Physical exercise
keeps the brain connected: biking increases white matter integrity in patients with schizophrenia
and healthy controls. Schizophr Bull. 2015; 41:869-78. [PubMed: 25829377]

72. Malchow B, Keeser D, Keller K, Hasan A, Rauchmann B-S, Kimura H, et al. Effects of endurance
training on brain structures in chronic schizophrenia patients and healthy controls. Schizophr Res.
2015:1-10.

73. Kimhy D, Lauriola V, Bartels MN, Armstrong HF, Vakhrusheva J, Ballon JS, et al. Aerobic
exercise for cognitive deficits in schizophrenia—the impact of frequency, duration, and fidelity
with target training intensity. Schizophr Res. 2016; doi: 10.1016/j.schres.2016.01.055

T4e. Firth, J.; Cotter, J.; Elliott, R.; French, P.; Yung, AR. Psychol Med. \Vol. 45. Cambridge University
Press; 2015. A systematic review and meta-analysis of exercise interventions in schizophrenia
patients; p. 1343-61.This systematic meta-analysis demonstrates important findings regarding the
effective dose of exercise required to see substantial changes in neurocognition and functional
outcomes

75. Kuo FC, Lee CH, Hsieh CH, Kuo P, Chen YC, Hung YJ. Lifestyle modification and behavior
therapy effectively reduce body weight and increase serum level of brain-derived neurotrophic
factor in obese non-diabetic patients with schizophrenia. Psychiatry Res. 2013; 209:150-4.
[PubMed: 23219101]

76. Kim H, Song B, So B, Lee O, Song W, Kim Y. Increase of circulating BDNF levels and its relation
to improvement of physical fitness following 12 weeks of combined exercise in chronic patients
with schizophrenia: a pilot study. Psychiatry Res. 2014; 220:792—6. [PubMed: 25446461]

77. Buckley PF, Mahadik S, Pillai A, Terry A Jr. Neurotrophins and schizophrenia. Schizophr Res.
2007; 94:1-11. [PubMed: 17524622]

78. Castrén E, Rantaméki T. The role of BDNF and its receptors in depression and antidepressant drug
action: reactivation of developmental plasticity. Dev Neurobiol. 2010; 70:289-97. [PubMed:
20186711]

79. Castrén E, Tanila H. Neurotrophins and dementia—keeping in touch. Neuron. 2006; 51:1-3.
[PubMed: 16815323]

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vakhrusheva et al.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

Page 14

Silva, BAe; Cassilhas, RC.; Attux, C.; Cordeiro, Q.; Gadelha, AL.; Telles, BA., et al. A 20-week
program of resistance or concurrent exercise improves symptoms of schizophrenia: results of a
blind, randomized controlled trial. Rev Bras Psiquiatr. 2015; 37:271-9. [PubMed: 26375919]

Chen C-C, Huang T-L. Effects of antipsychotics on the serum BDNF levels in schizophrenia.
Psychiatry Res. 2011; 189:327-30. [PubMed: 21320726]

Kimhy D, Vakhrusheva J, Bartels MN, Armstrong HF, Ballon JS, Khan S, et al. The impact of
aerobic exercise on brain-derived neurotrophic factor and neurocognition in individuals with
schizophrenia: a single-blind, randomized clinical trial. Schizophr Bull. 2015; 41:859-68.
[PubMed: 25805886]

Oertel-Kndchel V, Mehler P, Thiel C, Steinbrecher K, Malchow B, Tesky V, et al. Effects of
aerobic exercise on cognitive performance and individual psychopathology in depressive and
schizophrenia patients. Eur Arch Psychiatry Clin Neurosci. 2014:1-16. [PubMed: 24370997]
Hétting K, Schauenburg G, Rdder B. Long-term effects of physical exercise on verbal learning and
memory in middle-aged adults: results of a one-year follow-up study. Brain Sci. 2012; 2:332-46.
[PubMed: 24961197]

Kern RS, Gold JM, Dickinson D, Green MF, Nuechterlein KH, Baade LE, et al. The MCCB
impairment profile for schizophrenia outpatients: results from the MATRICS psychometric and
standardization study. Schizophr Res. 2011; 126:124-31. [PubMed: 21159492]

August SM, Kiwanuka JN, McMahon RP, Gold JM. The MATRICS Consensus Cognitive Battery
(MCCB): clinical and cognitive correlates. Schizophr Res. 2012; 134:76-82. [PubMed: 22093182]

Larson EB, Wang L, Bowen JD, McCormick WC, Teri L, Crane P, et al. Exercise is associated with
reduced risk for incident dementia among persons 65 years of age and older. Ann Intern Med.
2006; 144:73-81. [PubMed: 16418406]

van Gelder BM, Tijhuis MAR, Kalmijn S, Giampaoli S, Nissinen A, Kromhout D. Physical activity
in relation to cognitive decline in elderly men: the FINE Study. Neurology. 2004; 63:2316-21.
[PubMed: 15623693]

Hennigan A, O’Callaghan RM, Kelly AM. Neurotrophins and their receptors: roles in plasticity,
neurodegeneration and neuroprotection. Biochem Soc Trans. 2007; 35:424-7. [PubMed:
17371291]

Vaynman S, Gomez-Pinilla F. License to run: exercise impacts functional plasticity in the intact
and injured central nervous system by using neurotrophins. Neurorehabil Neural Repair. 2005;
19:283-95. [PubMed: 16263961]

Gomez-Pinilla F, Vaynman S, Ying Z. Brain-derived neurotrophic factor functions as a
metabotrophin to mediate the effects of exercise on cognition. Eur J Neurosci. 2008; 28:2278-87.
[PubMed: 19046371]

Kraus RM, Stallings HW, Yeager RC, Gavin TP. Circulating plasma VEGF response to exercise in
sedentary and endurance-trained men. J Appl Physiol. 2004; 96:1445-50. [PubMed: 14660505]
Fabel K, Fabel K, Tam B, Kaufer D, Baiker A, Simmons N, et al. VEGF is necessary for exercise-
induced adult hippocampal neurogenesis. Eur J Neurosci. 2003; 18:2803-12. [PubMed: 14656329]
Cotman CW, Berchtold NC. Exercise: a behavioral intervention to enhance brain health and
plasticity. Trends Neurosci. 2002; 25:295-301. [PubMed: 12086747]

Cotman CW, Berchtold NC, Christie L-A. Exercise builds brain health: key roles of growth factor
cascades and inflammation. Trends Neurosci. 2007; 30:464—72. [PubMed: 17765329]
Prigent-Tessier A, Quirié A, Maguin-Gaté K, Szostak J, Mossiat C, Nappey M, et al. Physical
training and hypertension have opposite effects on endothelial brain-derived neurotrophic factor
expression. Cardiovasc Res. 2013; 100:374-82. [PubMed: 24092446]

Chaldakov GN, Fiore M, Stankulov IS, Manni L, Hristova MG, Antonelli A, et al. Neurotrophin
presence in human coronary atherosclerosis and metabolic syndrome: a role for NGF and BDNF in
cardiovascular disease? Prog Brain Res. 2004; 146:279-89. [PubMed: 14699970]

Mitchell AJ, Vancampfort D, De Herdt A, Yu W, De Hert M. Is the prevalence of metabolic
syndrome and metabolic abnormalities increased in early schizophrenia? A comparative meta-
analysis of first episode, untreated and treated patients. Schizophr Bull. 2013; 39:295-305.
[PubMed: 22927670]

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vakhrusheva et al.

Page 15

99. Carroll S, Dudfield M. What is the relationship between exercise and metabolic abnormalities? A
review of the metabolic syndrome. Sports Med. 2004; 34:371-418. [PubMed: 15157122]

100-. Kimhy D, Khan S, Ayanrouh L, Chang RW, Hansen MC, Lister A, et al. Use of active-play video
games to enhance aerobic fitness in schizophrenia: feasibility, safety, and adherence. Psychiatr
Serv. 2016; 67:240-3. This study highlights the integration of technology in aerobic exercise
training programs to increase efficacy and enjoyment, and decrease attrition. [PubMed:
26423100]

101. Friedman JI, Wallenstein S, Moshier E, Parrella M, White L, Bowler S, et al. The effects of
hypertension and body mass index on cognition in schizophrenia. Am J Psychiatry. 2010;
167:1232-9. [PubMed: 20634363]

102. Vancampfort D, Guelinckx H, Probst M, Stubbs B, Rosenbaum S, Ward PB, et al. Health-related
quality of life and aerobic fitness in people with schizophrenia. Int J Ment Health Nurs. 2015;
24:394-402. [PubMed: 26215311]

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



Page 16

Vakhrusheva et al.

OZS Ul $8103S SSNVd
ui sabueyd *61s ou :dnosb jo43u0D
7S Ul $8109s SSN/d Ul sabueyd

*Bis ou -dno.b uoruaniaiuy
e1ep aAIUA020INAU ON

JZS Ul $3100S SSNVd

ui sabueyd *6is ou :dnosb jo43u0D
375 U1 9% 5207 Aq paseaiosp
$9103S SSNd -@n0.b uonuariaiuf
e1ep 9AIIUB020INAU ON

DZS U1 9% €T Aq pasealoul

$3103S SSNVd "0ZS Ul % 9

Aq paseadap LS -anoib jouoD
Jzs ul

% 6 AQ pasealdap $3109S SSNVd
"30H U1 % LT Aq pasealosp

‘3ZS Ul % v€ Ag pasealoul

LS -@no.b uonusniaiuy

d) pasealoul sanjeA 4NA9
winJss -anosb uonuariaiuy

payiodal

auou .dnoub jonu0D

(100" > d) paseasdap
90UBJBJLINDIID ISTeM

‘IINg Wbrem (T00" >

d) pasealoul sjoas] 4NA9
winJas :anoub uonuaniauy

(100" =d) Apnis-1s0d
syuow ¢ sndwesoddiy
1J9] Ul 8Se3108p 3WIN|OA

(50" >d) Ajjessieliq
X31109 J0JOW pue

XaL09 aje|nbuld JoLgiue
u1 swnjoA Janew Aelf

Ul 8Se8JoUl ‘uoiuanIdul
Buninp .ano.b jo.3u0H
Apnis-1sod syjuow

€ saouaIalp ‘Bis ou
‘pouiad uonuanisiul Bulinp
Ajuo (50" >d) 0zs sn3zs
Ul eJodwsa) JoLIBue Ya|
3y 40 awn|oA Janew Aeib
pasealou] "3JH pue 3ZS
U1 SSWNJOA 3Jn3aNAIsgns
ledwresoddiy 10
sndwesoddiy ui seseasoul
*Bis ou :dnoub uonuaniauy

OH 10 DZS ul sabueyd
‘B1s ou -dno.b jos3u0n
3OH J0 3ZS ul ssauxdly}
[e91102 10 ‘BWN|OA
ledwesoddiy ‘awinjon
ureiq [eqo|b ui sabueyd
"Bis ou :dnoub uonuaniauy

0ZS Ul % T Aq paseatosp
awinjoA [edwedoddiy
:anoub jos3u02

3JOH Ul % 91

3ZS U1 9% 2T Aq pasealoul
awinjoA [edwedoddiy
«dnoub vonusriaiu|

ulw-¢ VOWA ‘1INg
WB1M /8ISl o

4Nag
wInJas ‘surydoljoinan
9JuaJajWwnaIId

istem ‘lINg

WB1eM ./2assAld

SSNVd -1221Ul[D
NEA
pue 14INS -Gurbew

SSNWVd -/221UljD
IS -Burbew
XeWCON ./8USAYd

SSNVd y221ulD
1531

Buiddei-yo0|q 110D
1INV nubon
14N -6uibew
XeWCOA y2ISAYS

uolISsas/uIW
09 “{33M /UOISSSS T ‘SH3aM ZT

paniodal suoN

11eqio0y dols|qes .adA;
uoIssas/uIW
09 ‘X99M /SUOISS3S € ‘SH98M T

(OH) 1ensn se a1 pue (0ZS)
Adeiayy feuorrednago aaA;
uolssas/uiw

09 X99M /SUOISSaS Z ‘Syluow 9

11eqio0y dols|qes saA;
uolssas/uIW
0 ")99M /SUOISS3S € ‘SY98M T

UOISSaS/UIW
09 Y{99M/SUOISS3S € ‘SH3aM ZT

payodal Jou adAy A1innoe

dnoub ‘(uiw gg) Buroko /Burijem
131584 J0 (U1w 0g) Bupjjem
Mo|s/Buiues|o asnoy ..aaA;
Aunnoe

[eaisAyd dnoub jo uoissas/uiw 09
‘/99M /UOISSAS T PUE UOISSAS/UIW
0£—0Z ‘99M/SUOISSaS G ‘S)aaM QT

Bunoko eIn v adAy
uoIssas/uIw
0€ )99M/SUOISSaS € ‘SHaaM ZT

(utw og) 18s/suonnadal

GT—0T ‘sas104axa yibuauns ajosnw
10 18 € pue (UIW Q) JaUIeASS0ID
‘Buimol ‘Bulfako ein 3y JaaAL
UoISSas /Uil

09 ‘89M/SUOISSSS Z ‘SUyIuoW 9

Bunoko eIn v 8aAy
uoIssas/uIw
0€ ‘X{99M/SUOISSaS € ‘SHaaM ZT

S3W00IN0 [e01U1[/RA1IUBC00 INBN

SOWO0IN0 20100100 INBN SO NSESW JUBWSSASSY

LOIUBA JB1UI [011U0D

L UonueABIuI8s 10 XS

[9/1 e

- o SR

[s2] e

0e - €€ 18 0N

[e/]

‘[e18

T 61 0Z MOYEA

[69]

‘le1s

«~OH) 25T 1 g emosyos

[vol 1e

8 8 8 19>uoled
JI0H 0785378

siuediollred Apnis

GT0Z 01 0TOZ Wody eluaiydoziyas ul as1a4axa 21qoJae Jo 1oedwi Buissasse salpnis Jo Sawodno pue ubisap feiuawiiadx3

Author Manuscript

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



Page 17

Vakhrusheva et al.

(ot =n)
e 4
(tT=N)
[N RIENC]
AKiabew
pue
. Buiyresiq
sabueyd ou . (z) dnoib jo43u0D Buipnjour
JZS Ul $8100S ‘Buiuren
swoldwAs aniebau SSNVd 40 Lonexefal
uononpal ‘61s. (1) dnoib jo41u0D " u\_ﬁ
SHY u1 abueyd -o07L
*B1s ON "3ZS Ul 581095 swoldwAs UOISSas
anIrefau SSNVd 40 uonoanpal Juiw
Juediubis sdnoib [013u02 Gt Yoam
0} pue auljaseq 03 pasedwod /SUOISS3S
yloq ‘paads Buissadoid pue e Buluren [e8]
Aiowsaw Burpiom ‘Buiures| [ensia SHY ‘S59OM 1 1IN2119 pue Buixoq eIA IV .8dAL ‘e
u1 douewlopad Jo Juswanoldwi ‘SSNd -/8a1UIfD uoISSas [ERIIY
‘Bis .dnoub uonuaniauy a2 -aMuboD SWB OM[  JUIW G ‘99M/SUOISSAS € ‘SHaaM {7 - 12 8 -[aUB0
(‘Bis
10U Sem douaJaip dnoib)
% 6'T Aq pasealoul ANAd
gouewoiad anniuboooinau winJas :anoub josuod
U1 8U1j98p % 0°Z -adno.b j04u0D Juswaoidwl [eandi||a pue ‘aja4diq
“Juswanosdwi anubosoInau ‘s||iwpeal) ‘sastalexa Apoq
aAIUB020INBU Ul 8oUBLIBA Ul 8dUBLIBA JO 0% 9'YT 4Ndg -8]0YM UO pasndoy saweb 0apIA
J0 9 Gz paure|dxa ssaully 21G0IaY paurejdxe abueyo 4NQg WSS suiydoonsN Ae|d-an1oe xoqX BIA IV 9041
"0 T'GT Aq uomubodsoinau "0 TT AQ pasealoul 4NAd SO0 -anmubon uoIssas/uiw [z8] e
panoidwil :ano.b uonuariduf winJas .anoub uonuaniauy XeWCON ./82ISAYd |ensn se juawiyesl ] 09 ‘Y99M/SUOISSSS € ‘SHaaM T - T 9T 1wAywry
sabueyd *B1s ou . dno.b jospuon Aﬁ_hr__.__t %mmw
S50 ut sabueyo Bis oN “(¥T0 E_u_.m_% oue
* =d) panoidwi $8109s UoleIWI| (U 0g)
8]01 [eatsAyd 9g-4S (€00 a0UE)SISY 2z
" =d) 3Z7S Ul pasealdsp $al0ds :
SSNVd -(2) dno.b uonusnauy 9¢-4S ‘Ssad Ajuo
SS@D ui sebueyd Bis oN (TTO ‘SSN -/221UljD Buiurel
* =d) panosdwi sa109s uoneNWI|  sabueyd ou . adnosb jo4uoD iNad Bumas 1samol 1 goueysisey 1
8]0J [eaisAyd 9¢-4s ‘(T00 sabueyo pue ‘e-dg491 ‘T-49I 1dey Juswdinba 1ng uonuansIUL :
" >d) 3ZS Ul pasealdap sa102s ou.(z) dnoub uonuaniaiuy winJas .supydosjoinaN 3V se |020304d awies .adA (suLre omy) adAi
SSNVd -(7) dnoub vornuaniauy sabueyo XeWCOA ‘ING uoISsas/uIW uoISsas/uiW [08] 1e
elep aAluboooInau oN ou. (1) dno.b uonusaiaiuf bB1am ./ea1sAyd 09 {99M /SUOISS3S Z ‘SHa8M 0Z 09 ‘Y99M/SUOISSBS Z ‘SH9aM 0Z - €T 6l 19 BA|IS
'sabueyo 4iNag
ou.dnoso jonuo)y  WNIBS JSUIydo.joInaN
(se0 = s)s8) (unw Gg) Buures ybusns
) SSaully YlIM pare|allod Butuonouny jeaisAyd ANAIOE [eUOIIRBIBI pue (Ui Gz) Buryjem ajelspow
Alanisod pue ‘(200" = Jayo pue 1sa) dais pue ‘Burouep ‘Buiyoians .aaAy BIA 3V JO UOIRUIQUIOD "90/A/
I0H D2ZS3ZS
SSLUOIINO [e9IUN[ORAINIUB00INBN  SSWIODINO [eoIB0I0IGOINBN SO INSEalU JUBLUSSSSS Y UOIIUBA JBIUI [043U0D LUONBARBIUISSRBXT Siuedoiedq Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



Page 18

Vakhrusheva et al.

(DH) [ensn se 8}1] PANUIUOD PUE S|01IU0D BSI0IBX8 Se PalinIoal a1am siuedionied Auyijesy [euonippe /Z pue UonUaAIBIUL 8s10Jaxa ul payedionued siuedioiued Ayjesy Gz “Apms siy uj
*x

e1U8IydoZIYas YIIM S[enpIAIpUL Ul [BNSN SE JUSLLIEaI] 0 UOIHIPPE Ul 818M SUOIUSAISIUI 8S1948X3 |1V
x

3[edS uoleuIdN|[eH
pasiney SHY ‘Alojusnul AIXuy Hel] -e1e1S /72§ ‘Alojuanul ABIXuy 3099 /g ‘Alojusau] uoissaidaq 329g /gg ‘swordwWAS an1reBaN 40 JUSWISSASSY aU} 10} 3]eIS SA/Y/S ‘SWOoldWAS 8A1ISOd JO USLISSASSY
3y} 10} 3[BIS SV ‘Alaneg aamuboD snsuasuo) SOIYIVIN §2I0W AonInS UiesH 9g-Wio4 Hoys 98 —s ‘eluaiydoziyos Joy afeas uoissaida@ ArebleD ssgo ‘s uisioid Buipuig-101oey yimoih x|

-UlNSUl £-79+9/ ‘T 10198} Ym0l axj1j-ulnsul 7~/5/ 10198} 21ydo10Inau panLIap-uleIq NG ‘Xapul ssew Apog /g ‘Allswoydiow paseq-|axon pgA ‘Alowaw Wis)-Hous LS ‘9[eds aWO0IpUAS anlelaN
pue 8AISOd Yl SSAVH 15l BulutesT [equap Alodipny Aoy 7NV ‘Buibewr aoueuosal onsubew [eInionns /&S ‘Wediiubis /S ‘UonuanIaiul [013U0d BulAI9da) sjenpiAlpul AYieay D/ ‘UonUBAISIUL
as191axa BuIAIada1 sfenpIAIpul Ayl[esy JO4 ‘UOIUSAISIUI |01U0d BUIAIBOa] e1UaIydozZIyds Ynm S[enplAIpUl DZS ‘UOIIUBAISIUL 3S191aXa BUIAIaa) BlusIydoZIydS YIIM S[eNnpIAIpUL 576 ‘aS101aXa 21(0Joe Ty

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2017 June 01.



	Abstract
	Introduction
	Impact of Aerobic Exercise on Brain Structure and Functioning
	Impact of Aerobic Exercise on Neurocognitive Performance
	Conclusion and Future Directions
	References
	Table 1

