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Abstract
A growing body of evidence suggests that moderate to vigorous activity levels can affect quality
of life, cognition, and brain structure in patients diagnosed with schizophrenia. However, physical
activity has not been systematically studied during the period immediately preceding the onset of
psychosis. Given reports of exercise-based neurogenesis in schizophrenia, understanding
naturalistic physical activity levels in the prodrome may provide valuable information for early
intervention efforts. The present study examined 29 ultra high-risk (UHR) and 27 matched
controls to determine relationships between physical activity level, brain structure (hippocampus
and parahippocampal gyrus), and symptoms. Participants were assessed with actigraphy for a 5-
day period, magnetic resonance imaging (MRI), and structured clinical interviews. UHR
participants showed a greater percentage of time in sedentary behavior while healthy controls
spent more time engaged in light to vigorous activity. There was a strong trend to suggest the
UHR group showed less total physical activity. The UHR group exhibited smaller medial temporal
volumes when compared to healthy controls. Total level of physical activity in the UHR group
was moderately correlated with smaller parahippocampal gyri bilaterally (right: r=.44, left: r=.55)
and with occupational functioning (r=−.36; of negative symptom domain), but not positive
symptomatology. Results suggest that inactivity is associated with medial temporal lobe health.
Future studies are needed to determine if symptoms are driving inactivity, which in turn may be
affecting the health of the parahippocampal structure and progression of illness. Although
causality cannot be determined from the present design, these findings hold important implications
for etiological conceptions and suggest promise for an experimental trial.
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Accumulating evidence from animal models (Wolf, Melnik, & Kempermann, 2011), healthy
populations (Erickson et al., 2011), and schizophrenia studies (Berle, Hauge, Oedegaard,
Holsten, & Fasmer, 2010; Farrow, Hunter, Wilkinson, Green, & Spence, 2005; Pajonk et al.,
2010) suggests that regular exercise positively affects integral functions such as
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hippocampal neurogenesis and memory. Likewise, moderate to vigorous activity has been
associated with improved quality of life and lower symptom levels in patients with
schizophrenia (Gorczynski & Faulkner, 2010). In a landmark study, Pajonk and colleagues
(2010) found that a brief period (i.e., 30 minutes per each session, three times a week for 12
weeks) of cardiovascular activity significantly increased hippocampal volume in patients
diagnosed with schizophrenia when compared to patient controls who did not exercise.
Taken together, these data suggest that increased physical activity has several positive
effects spanning neural, cognitive, and psychosocial domains. However, to date there have
been no studies of activity in ultra-high risk youth (UHR), a group at imminent risk for a
formal psychotic disorder that is characterized by recently emergent or escalating positive
attenuated symptoms (e.g., suspiciousness, seeing shadows out of the corner of one's eye,
hearing sounds when nobody is home) and a decline in socio-occupational functioning
(Miller et al., 1999). Understanding activity profiles and the structural correlates of
inactivity in the period immediately prior to the onset of schizophrenia is integral, as the
prodrome is a viable period of intervention in which considerable brain development is still
occurring (Dahl, 2004; Sowell, Thompson, Holmes, Jernigan, & Toga, 1999; Spear, 2004).
If empirical research can quantify activity/inactivity and determine how it may be associated
with the structural abnormalities and symptomatology in UHR youth (Fusar-Poli et al.,
2011; Fusar-Poli et al., 2007; Mittal, Walker, et al., 2010; Seidman et al., 2010), this
information may potentially inform etiological models and serve as the groundwork for
future intervention trials in this important group.

There are several promising avenues of research that suggest activity levels may be tied to
neural-maintenance and cognition in healthy individuals. Investigators have observed that
various types of learning and training improve neuroplasticity (Draganski et al., 2004). In
mice, exercise has been found to result in increased blood volume and neurogenesis in the
medial temporal lobe (Cotman & Berchtold, 2002; Wolf et al., 2011). Research also shows
that exercise and fitness level can significantly alter blood oxygen level dependent activation
in the parahippocampal gyrus (Holzschneider, Wolbers, Roder, & Hotting, 2012; Janse Van
Rensburg, Taylor, Hodgson, & Benattayallah, 2009), a grey matter cortical region that
encapsulates the hippocampus and plays an integral role in memory coding and retrieval.
Because voluntary exercise has been found to stimulate adult medial temporal neurogenesis
(Parker et al., 2011), and the hippocampal and parahippocampal gyrus abnormalities have
been widely observed in structural, functional and neurocognitive studies of schizophrenia
(Allen et al., 2011; Walker, Mittal, & Tessner, 2008; Wible et al., 1995), physical activity
may be in an important factor in schizophrenia. Further, symptoms such as avolition affect
motivation and may make individuals with schizophrenia increasingly prone to the
deleterious effects of inactivity. Researchers have observed that exercise can improve
symptoms of depression, low self-esteem, and social anhedonia in patients with
schizophrenia, which reflects a potential bi-directional relationship between exercise and
symptoms (Gorczynski & Faulkner, 2010). This may speak to the role of hippocampal
abnormalities in contributing to symptoms (Anderson et al., 2002) and/or changes in
inflammatory markers (Kop, Weinstein, Deuster, Whittaker, & Tracy, 2008).

UHR patients and corroborating parents often report growing concern with an increasing
lack of motivation and activity (Lencz, Smith, Auther, Correll, & Cornblatt, 2004; Pelletier
& Mittal, 2013). However, beyond clinician ratings there have been no naturalistic
investigations of how this may impact UHR samples. Further, a number of studies have
indicated that volumetric decreases and signs of hippocampal and parahippocampal gyrus
dysfunction throughout the prodromal period precede transition to schizophrenia (Dickey,
McCarley, & Shenton, 2002; Dickey et al., 1999; Mittal & Walker, 2011; Pantelis et al.,
2003; Pantelis et al., 2007). In addition, because etiological models implicate the
hippocampus as a critical feature in the development of psychosis (Corcoran et al., 2003;
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Walker et al., 2008), intervention may prove vital. As there have been challenges raised to
many of the available psychotherapy and pharmacological interventions (Corcoran, First, &
Cornblatt, 2010), and an increasing level of promise found in neuroplasticity-based
interventions in this group (Fisher, Holland, Merzenich, & Vinogradov, 2009),
understanding respective brain-behavior relationships in a UHR sample holds promise.

Investigating the activity level of UHR youth and the relationships between activity, medial
temporal volumes, and symptomatology in the high-risk period is important for advancing
our understanding of psychosis as this is an integral step in highlighting any deficits and
activity-related risk behaviors, and pinpointing potential etiological mechanisms and
treatment targets for future study. In the present study, 29 UHR and 27 matched healthy
controls wore an actigraph wristwatch for a five-day period and the percentages of time
spent in a range of activities levels were attained (ranging from sedentary to vigorous
activity). Participants were scanned utilizing magnetic resonance imaging (MRI) and
hippocampi and parahippocampal gyri volumes were computed. Consistent with the
available literature (Dickey, McCarley, & Shenton, 2002; Dickey et al., 1999; Mittal &
Walker, 2011; Pantelis et al., 2003; Pantelis et al., 2007), we predicted that UHR adolescents
and young adults would show smaller hippocampal and parahippocampal gyral volumes. In
addition, based on the supporting literature suggesting UHR youth show deficits in
motivation and activity (Lencz, Smith, Auther, Correll, & Cornblatt, 2004; Pelletier &
Mittal, 2013), we predicted that the UHR patients would show a higher percentage of
sedentary behavior, and a lower level of light-to-vigorous activity when compared to
controls. Finally, based on evidence from an experimental design study demonstrating that
regular prescribed activity is associated with increased medial temporal lobe volumes in
patients with schizophrenia (Pajonk et al., 2010), we predicted that lower levels of total
physical activity would associated with smaller medial temporal lobe volumes in the UHR
participants (this was also examined in an exploratory analysis in the controls). Because
there is not yet a strong guiding literature to inform predictions, the relationships between
activity and domains of positive and negative symptomatology (as well as negative
subdomains that are related to movement including avolition and occupational functioning)
are examined in exploratory analyses.

Methods
Participants

Participants were recruited at the University of Colorado Boulder's Adolescent Development
and Preventive Treatment (ADAPT) research program (see Table 1 for demographic
characteristics of this sample). Adolescent and young adult control and UHR participants
(mean age = 18.09) were recruited by Craigslist, email postings, newspaper ads, and
community professional referrals. Exclusion criteria included history of head injury, the
presence of a neurological disorder, lifetime substance dependence (including illicit
substances but not nicotine), and the presence of any contraindication to the magnetic
resonance imaging environment (e.g. current pregnancy or metal in the body). The presence
of an Axis I psychotic disorder (e.g., schizophrenia, schizoaffective disorder,
schizophreniform) was an exclusion criterion for UHR participants. To be included in the
study, UHR individuals needed to meet criteria for a prodromal syndrome. To meet this
criteria, participants showed 1) recent onset or escalation of moderate levels of attenuated
positive symptoms (a score of 3–5) and/or 2) a decline in global functioning over the last 12
months accompanying the presence of schizotypal personality disorder (SPD), and/or 3) a
decline in global functioning over the last 12 months accompanying the presence of a first-
degree relative with a psychotic disorder such as schizophrenia (Miller et al., 1999). Based
on the noted inclusion and exclusion criteria a total of 48 individuals were screened to yield
the final UHR sample. The presence of a psychotic disorder in a first-degree relative or
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meeting for an Axis I disorder were exclusionary criteria for controls. Healthy control
participants were recruited through flyers and newspaper announcements (advertised as a
study of neuroimaging and healthy development for volunteers with no psychiatric
symptoms and no family history of psychosis). The protocol and informed consent
procedures were approved by the University Institutional Review Board.

A total of 29 UHR and 27 control adolescents and young adults participated in the study.
Symptom data was available for all participants (see Table 1). Two participants elected not
to participate in the imaging assessment (one UHR and one control participant). The total
number of participants included in the group comparisons of imaging variables was 54
(UHR: mean age = 18.61, SD = 1.89, 64.3% male; Control: mean age = 17.60, SD = 2.74,
46.2% male). In addition, six UHR and six controls did not participate in the actigraph
assessment portion of the investigation (three participants did not wear the watch long
enough to provide valid data and nine participants did not elect to participate). The total
number of participants included in group comparisons of activity variables was 44 (UHR:
mean age = 18.61, SD = 1.95, 56.5% male; Control: mean age =17.43, SD = 2.90, 38.1%
male). Correlational analyses comparing activity and brain volumes had a total of 42
participants or 22 in the UHR analyses (UHR: mean age = 18.73, SD = 1.91, 59.1% male)
and 20 in the Control analysis (Control: mean age =17.35, SD = 2.96, 40. 0% male). There
were no differences in symptoms, brain volumes, or activity levels between those with and
without imaging or actigraph data.

Clinical Interviews
The Structured Interview for Prodromal Syndromes (SIPS) (Miller et al., 1999) was
administered to diagnose a prodromal syndrome. As noted, UHR participants in the present
study met criteria for a prodromal or high-risk syndrome. The SIPS gauges several distinct
categories of prodromal symptom domains including positive and negative dimensions. A
sum score for each category is used as an indicator of the respective dimensions of
symptomatology. Among items comprising the negative symptom domain, the SIPS gauges
Avolition (i.e., symptoms relating to impairment in the initiation, persistence, and control of
goal-directed activities; low drive, energy, or productivity) and Occupational Functioning
(i.e., symptoms relating to difficulty performing role functions that were previously
performed without problems; having difficulty in productive, instrumental relationships with
colleagues at work or school). As these items are of particular relevance to the present
investigation of activity, they were subject to further analyses in addition to the broad
negative symptom dimension. The Structured Clinical Interview for Axis-I DSM-IV
Disorders (SCID) (First, Spitzer, Gibbon, & Williams, 1995) was also administered to rule
out formal psychosis (a noted exclusionary criterion). This measure has been demonstrated
to have excellent inter-rater reliability in adolescent populations (Martin, Pollock, Bukstein,
& Lynch, 2000) and has been used in several previous studies focusing on adolescent
populations with schizophrenia spectrum disorders (Howes et al., 2009). Training of
interviewers (who were advanced doctoral students) was conducted over a 2-month period,
and inter-rater reliabilities exceeded the minimum study criterion of Kappa ≥ 80.

Actigraphy
The ActiGraph Monitor (Pensacola, FL) is a wrist-worn device containing a miniature tri-
axial accelerometer that produces a digital integration of the amount and duration of
movement. In our study, participants wore the wristwatch and total activity counts were
recorded in 60-second intervals for a continuous period of five days. The ActiLife scoring
program also provides validation data confirming how long the ActiGraph wristwatch was
worn based on measurements of activity. Additionally, participants provided information
about the timing and duration of sleep, and this information was verified utilizing the
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ActiLife software. We calculated the Total Physical Activity, defined as the cumulative
activity counts while participants were awake and wearing the device divided by the net
number of counts recorded for each participant (i.e., total time the watch was worn)
(Walther et al., 2011; Walther et al., 2010). The software determines periods in which the
watch was not worn (e.g., temporarily removing it for a shower), and these were excluded
from analyses. There was no significant difference in the time the watch was not worn
between the UHR and the control participants. The ActiLife version 5.10 scoring program
provides estimates for the number of consecutive counts per minute (CPM) falling within
different categories of activity (defined by cut points). The activity level variables include
percentage of time in Sedentary (activities that do not increase energy expenditure higher
than a resting level), Light (very low energy expenditure activities such as cooking food,
walking slower than 2.0 miles per hour, washing dishes), Moderate (activity which
noticeably accelerates the heart rate: e.g., brisk walking, dancing, gardening, housework,
active involvement in sports, carrying moderate loads), and Vigorous activity (causing rapid
breathing and a substantial increase in heart rate: e.g., running, fast cycling, aerobics,
competitive sports, carrying and moving heavy loads).

Structural Imaging
Magnetic resonance imaging (MRI) of the brain was acquired on each subject using a
Siemens 3-Tesla Magnetom TIM Trio MRI scanner (Siemens AG, Munich, Germany) with
a 12-channel head coil. A T1-weighted 3D magnetization prepared rapid gradient multi-echo
sequence (MPRAGE; sagittal plane; repetition time [TR] = 2530 ms; echo times [TE] = 1.64
ms, 3.5 ms, 5.36 ms, 7.22 ms, 9.08 ms; GRAPPA parallel imaging factor of 2; 1 mm3

isomorphic voxels, 192 interleaved slices; FOV = 256mm; flip angle = 7°; time = 6:03 min)
covering the whole brain was acquired for anatomic segmentation. A turbo spin echo proton
density (PD)/ T2-weighted acquisition (TSE; axial oblique aligned with anterior
commissure-posterior commissure line (AC-PC line); TR= 3720ms; TE=89ms; GRAPPA
parallel imaging factor of 2; .9 × .9 mm voxels; FOV=240mm; flip angle: 120°; 77
interleaved 1.5mm slices; time = 5:14 min) was acquired to check for incidental pathology.
The entire imaging protocol including localizing images, gradient echo field mapping,
arterial spin labeling scan, and BOLD weighted resting state scan took approximately 30
minutes.

Processing—Target structures, consisting of the left and right hippocampi and
parahippocampal gyri, were delineated automatically on the MPRAGE using the FreeSurfer
suite of automated tools (Fischl et al., 2002). Figure 1 depicts the target regions of interest in
this study. This approach has been validated and widely used in high impact studies (Tae et
al., 2008; Rajendara et al., 2009; Kuhn et al., 2012). The processing stream involved motion
correction, removal of non-brain tissue using a hybrid watershed/surface deformation
procedure (Segonne et al., 2004), automated Talairach transformation, segmentation of the
subcortical white matter and deep gray matter volumetric structures (Fischl et al., 2002;
Fischl et al., 2004), intensity normalization (Sled, Zijdenbos, & Evans, 1998), tessellation of
the gray matter white matter boundary, automated topology correction (Fischl, Liu, & Dale,
2001; Segonne, Pacheco, & Fischl, 2007), and surface deformation following intensity
gradients to optimally place the gray/white and gray/cerebrospinal fluid borders at the
location where the greatest shift in intensity defines the transition to the other tissue class
(Fischl & Dale, 2000). FreeSurfer also calculates values for each participant's total
intracranial volume (TICV) (i.e., the sum of whole-brain grey matter + white matter +
cerebrospinal fluid), and each structure was divided by the TICV to control for whole brain
volume.
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Statistical Approach
Independent t-tests and chi-square tests were employed to examine differences between
groups in respective continuous and categorical demographic variables. Independent t-tests
were utilized to determine if any differences existed between those participants with and
without missing data. Although there was not a significant group difference in age, there
was a trend [t(54)=1.42, p = .16], and to control for any subtle age-based
neurodevelopmental changes or age-based differences in activity level, all analyses
controlled for age. Analyses of Covariance (ANCOVA) controlling for age were utilized to
determine group differences in symptoms, hippocampal and parahippocampal volumes, and
percentage of time spent in a category of activity level (Sedentary, Light, Moderate,
Vigorous). Partial correlations controlling for age were utilized to determine associations
between Total Physical Activity and both brain structures and symptoms.

Results
As noted, a total of 29 UHR and 27 control adolescents and young adults participated in the
study and there were no differences in symptoms, brain volumes, or activity levels between
those with or without imaging or actigraph data. There were no significant differences in
demographic characteristics such as age, parental education, or gender between the UHR
and Control groups. To rule out the possibility that the presence of negative symptoms might
drive activity levels alone, analyses were conducted with negative symptoms treated as a
covariate. The inclusion of negative symptoms did not alter the magnitude, direction, or
significance of any of the group comparison or correlation analyses, and was omitted from
the following analyses. One-sample Kolmogorov-Smirnov tests revealed that distributions
for target hippocampal volumes, parahippocampal gyri volumes, Total Physical Activity, and
activity category variables were normally distributed, meeting assumptions for parametric
statistics.

Symptoms
ANCOVA analyses indicated elevated levels of symptoms in the UHR group in the positive
F(1,53) = 67.9, p ≤ .01 and negative F(1,55) = 28.78 p ≤ .01 domains, as well as the
Avolition scale F(1,53) = 24.93, p ≤ .01 and Occupational Functioning scale F(1,53) =
16.96, p ≤ .01.

Types of Activity
The first goal of the study was to determine group differences in type of activity. As noted,
the percentage of time spent in a given activity during the waking period was divided into
Sedentary, Light, Moderate, and Vigorous activity categories (based on CPM counts).
ANCOVA analysis indicated that the UHR group exhibited a significantly greater
proportion of Sedentary activity, F(1,40) = 8.18, p ≤ .01. In contrast, the control group
showed significantly higher levels of Light activity F(1,40) = 9.06, p ≤ .01, a trend
suggesting higher levels of Moderate activity F(1,39) = 1.47, p = .12, and significantly
greater Vigorous activity F(1,40) = 4.79, p ≤.01 (See Figure 2 for means). ANCOVA
analysis also indicated a strong trend to suggest that the control group showed elevated Total
Physical Activity when compared to the UHR group, F(1,41) = 2.23, p ≤ .06 (see Table 1 for
means).

Brain Structure
ANCOVA analyses indicated that the UHR group showed significantly smaller right,
F(1,51) = 10.17, p ≤ .01, and left, F(1,51) = 4.44, p ≤ .01, hippocampal volumes. Likewise,
the UHR group showed a non-significant trend towards smaller left, F(1,51) = .99, p = .18,
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and significantly smaller right, F(1,51) = 2.87, p ≤ .05, parahippocampal gyral volumes (See
Table 1).

Activity Level and Brain Structure
Partial correlations were employed to determine relationships between Total Physical
Activity, symptoms, and the noted brain structures in the UHR group. There were no
significant relationships between Total Physical Activity and hippocampal volumes.
Significant moderate positive correlations were detected between Total Physical Activity and
bilateral parahippocampal gyral volumes, indicating that higher levels of motor activity were
associated with larger volumes, and conversely, that smaller volumes are associated with a
lower activity (See Table 2). The correlation for the left parahippocampal gyrus continued to
reach the strict significance threshold when using a Bonferroni correction but the association
for the right hemisphere volume did not.

Partial correlations were also employed in exploratory analyses to determine relationships
between Total Physical Activity and brain structures in the healthy control group. Although
the correlations were in a direction that would suggest that larger volumes are linked to more
physical activity (there were small effects for the hippocampus and the parahippocampal
gyrus), the associations were not significant.

Relationships with Symptoms
Exploratory analyses were conducted to examine the relationships between Total Physical
Activity and domains of positive and negative symptoms (as well as two negative symptom
scales that are relevant to activity) in the UHR sample. There was no relationship between
Total Physical Activity and positive symptoms. The negative symptom domain and Avolition
were not significantly associated with Total Physical Activity although the direction of the
relationship suggested an association between less activity and higher negative symptoms.
There was a significant negative correlation between Total Physical Activity and poorer
Occupational Functioning (e.g., difficulty performing role functions that were previously
performed without problems) (See Table 2).

Discussion
The present investigation provides a unique view into the naturalistic activity levels of UHR
adolescents and young adults in comparison to matched healthy control youth. In the first
study to utilize actigraphy in a UHR sample, we report findings to suggest that a sedentary
lifestyle may be deleterious for both brain development and emerging symptomatology.
Findings that UHR patients show smaller medial temporal structures and less light-to-
vigorous activity levels are important given the key role of the hippocampal formation in
diathesis-stress conceptualizations and the broader literature suggesting the beneficial effects
of exercise on brain health.

Over the course of a five-day period, the UHR group engaged in sedentary behavior for a
significantly greater percentage of time (i.e., roughly 65%). Sedentary behavior has been
widely associated with obesity and health problems in adolescent populations (Rosenberger
et al., 2013), and in addition to contributing to poor emotional well-being and peer-support
(Costigan, Barnett, Plotnikoff, & Lubans, 2013), it may also exacerbate the health related
side-effects of pharmacological treatment (Maayan & Correll, 2010) and potentially lead to
poorer compliance. In contrast, the healthy control adolescents and young adults in our study
participated in light to vigorous activity a greater percentage of time. Participation in
moderate activity and vigorous activity have been found to have ameliorative effects, such
as reduced cardio metabolic risk factors, regardless of the amount of time spent engaging in
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sedentary activities (Ekelund et al., 2012). In this investigation, the UHR group showed a
small percentage of time engaging in a beneficial level of activity.

Because negative symptoms appear long before the onset of formal psychosis (Strous et al.,
2004), closely follow other stable features (e.g., cognition) (Harvey, Koren, Reichenberg, &
Bowie, 2006), and remain relatively constant (i.e., not ebbing and flowing in a manner
consistent with positive symptoms), many have argued that this domain is reflective of
“core” pathology, lying more closely to the pathophysiology driving the illness (Gold et al.,
2012; Horan & Blanchard, 2003). Indeed, new large scale efforts are underway to improve
assessment and focus attention on this critical set of symptoms (Forbes et al., 2010) which
have been found to contribute substantially to the disability seen in schizophrenia (Villalta-
Gil et al., 2006), and characterizes UHR samples (Lencz et al., 2004). Findings that low
levels of activity are correlated with smaller parahippocampal gyral volumes and
Occupational Functioning (a prominent dimension of negative symptomology in the UHR
conceptualization) extend the study of movement function in this group beyond striatal
based dyskinesias (Mittal, Daley, O'Niell, Bearden, & Cannon, 2010; Mittal et al., 2011;
Mittal, Neumann, Saczawa, & Walker, 2008; Mittal et al., 2007; Mittal & Walker, 2007;
Mittal, Walker, et al., 2010), and provide new light on how sedentary behavior may
potentially drive the onset of illness. Likewise, findings that an elevated activity level is tied
to better functioning are consistent with a recent literature review of studies of patients with
schizophrenia (Gorczynski & Faulkner, 2010).

Observations that activity level is tied to medial temporal lobe health are consistent with a
body of literature that indicates that healthy exercise contributes to medial temporal health
(Cotman & Berchtold, 2002). Animal models have been instrumental in establishing the
effects of aerobic activity on medial temporal health, suggesting that aerobic activity
promotes hippocampal growth and related function by promoting neurogenesis (a process by
which neurons are generated from neural stem and progenitor cells) (Wolf, Melnik, &
Kempermann, 2011) and cell proliferation (increase in the number of cells as a result of cell
growth and cell division) (Koehl et al., 2008) while slowing apoptosis (programmed cell
death) (Avula, Muthukumar, Zaman, McCarter, & Fernandes, 2001). Because the
subgranular zone (SGZ) of the dentate gyrus (a part of the hippocampus) is a predominant
region for neurogenesis in adulthood (one of only two major sites of adult neurogenesis in
the brain), and a number of newborn cells become functionally integrated into proximal
brain tissue (Eriksson et al., 1998), exercise research has focused attention on the
hippocampus and other surrounding medial temporal structures. For example, in an animal
study examining the effects of treadmill exercise on cell proliferation in the dentate gyrus,
Sprague-Dawley rats were classified into controls, an easy exercise group, and a moderate
exercise group (Kim et al., 2002). Results suggested a dose dependent response where easy
and moderate exercise group rodents exhibited significant cell proliferation (increase in
BrdU-positive cells) in the dentate gyrus compared to controls after 30 minutes of exercise a
day for one week. With regard to the present sample, its is important to note that several
animal models have suggested that an aerobic exercise program promotes neuroplastic
changes in the hippocampal formation (e.g., significant increase of protein level in the
hippocampal formation and PV-immunoreactive neurons in CA1 and CA2/CA3) during
adolescent period (Gomes da Silva et al., 2010).

Accumulating evidence from a series of translational studies has indicated that the pattern of
results seen in the animal research is also true for human populations as well. For example,
aerobic exercise has been found to result in increased hippocampal blood volume in healthy
individuals (Colcombe et al., 2004). Further, exercise-related brain plasticity has been
shown in the increased temporal lobe connectivity between the bilateral parahippocampal
gyrus and bilateral medial temporal gyrus (Voss et al., 2013). There have also been several
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avenues of research to suggest exercise counteracts declining medial temporal function in
aging. There have also been important studies that suggest positive effects of activity on
medial temporal health in patients with Alzheimer's disease (Erickson et al., 2011; Yuede et
al., 2009). To date, there have been a small number of studies showing positive effects from
exercise are also seen in schizophrenia patients. As discussed above, Pajonk and colleagues
(2010) found that after a brief cardiovascular exercise trial (12 weeks) in patients diagnosed
with schizophrenia, those in the exercise group showed a significant increase in
hippocampal volume (12%) when compared to a control group of schizophrenia patients in a
non-aerobic activity (1%). Further, the changes in volume were positively associated with
improvement in aerobic fitness (measured by a change in maximum oxygen consumption)
and improvement in verbal memory. As noted, while related investigations have
predominantly focused on medial temporal structures (because the integral role that the
region plays in promoting neurogenesis and synaptic plasticity), it is also quite possible that
physical activity also affects additional neural structures and future research will be
necessary for assessing specificity.

While correlations were in a direction to suggest elevated activity was associated with
increases in medial temporal volumes for the healthy controls, there were not any significant
relationships in this group. However, it is likely that a better-powered sample would detect
significant correlations in this group as well. Further, although it is not possible to
definitively infer causality with the present design, it is possible that because the healthy
individuals are already naturalistically quite active, the effect that activity has on medial
temporal volume may have been attenuated. In addition it is noteworthy that the medial
temporal structures differ in psychosis spectrum individuals, who show neuronal atrophy
and the apparent loss of neurons and presynaptic proteins (Young et al., 1998; Heckers &
Konradi, 2002; Dickey, McCarley, & Shenton, 2002; Pantelis et al., 2003; Pantelis et al.,
2007; Pajonk et al., 2010). It is possible that the affected structures in the UHR group may
have allowed for a greater effect. Higher powered future studies and research utilizing other
relevant measures of brain function and neuronal composition (i.e., functional
neuroimaging, and magnetic resonance spectroscopy) are sorely needed to improve our
understanding the effects of activity on the brain in healthy and UHR populations.

It is important to note that the current study does not show causal relationships; it is not
possible to definitely determine the extent to which the level of activity is a reflection of
symptoms, or conversely, if it is contributing to symptom levels. However, as noted, when
negative symptom domain was included as a covariate, it did not influence the direction of
the findings in this study. In addition, the present investigation did not detect a significant
relationship with activity and the more direct Avolition dimension (although the correlation
was in the predicted direction), suggesting that although physical activity is significantly tied
to at least one dimension of negative symptoms (Occupational Functioning), it may also, in
part, reflect a unique domain of the UHR phenotype. One tentative possibility is that more
symptoms contribute to a sedentary lifestyle in patient populations, which may then have a
deleterious effect on medial temporal lobe maintenance and development. In turn, the
medial temporal abnormalities may further contribute to negative symptoms (Benoit et al.,
2012). This outcome would yield a putative cascade in which increasingly sedentary activity
and brain abnormalities drive one another in an escalating cycle, driving the onset of
psychosis. This notion has important ramifications for stress and hippocampal-based
etiological models (Corcoran et al., 2003; Lipska, 2002; Walker & Diforio, 1997), and for
our understanding of the developing brains of UHR youth. Future longitudinal studies will
be important for clarifying predictive relationships, and studies with more in-depth negative
symptom questions will be important to determine if the relationship between Occupational
Functioning and the actigraph variable is due to unique aspects of the dimension (which
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asks about a variety of other behaviors such as effort and school performance) or primarily
due to topic overlap.

The present study held several important innovations, and current results are consistent with
a broader literature on morphology in psychosis and physical activity. Although the analyses
yielded significant, and in some cases moderate, correlations between activity, medial
temporal structure, and symptoms, the results should be considered to be preliminary until
replication is seen in larger UHR samples. As noted, the correlation between activity and the
left parahippocampal gyrus remained significant after a Bonferroni correction was used but
the correlation for the right hemisphere volume no longer met the strict threshold. In
addition, activity level was viewed naturalistically and experimental paradigms
manipulating levels of exercise are needed. Although the 5-day period in the present study is
longer than other actigraphy studies in patients with schizophrenia (e.g., 20 hours; Farrow et
al., 2005), this period may not be long enough to be considered truly naturalistic. Future
studies examining biological and genetic factors specific to the inflammation response and
methylation will also be important for understanding the effects of physical activity in UHR
youth. Finally, it is important to note that an emerging literature suggest significant gender
differences in normative adolescent medial temporal development (Hu et al., 2013), and
while there were not group differences in gender in the presence study, it will be important
for better-powered future investigations to formulate specific hypotheses and study design
around questions of gender differences. Although the present design allowed for
correlational data, the relationships speak toward a potentially important etiological
mechanism, and also toward a viable point of intervention. Taken together, the present study
provides a solid foundation for building experimental trial for at-risk youth.
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Figure 1.
Targeted Medial Temporal Lobe Structures
Note: The volumes of the hippocampus (red) and parahippocampal gyrus (green) were
hypothesized to be affected ultra high-risk youth, and to be positively associated with
activity level.
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Figure 2.
Group Differences in Activity Between Youth at Ultra High-Risk for Psychosis And
Matched Controls.
Note: Activity represents the percentage of time spent in four levels of activity based on
actigraphy counts per minute. * p ≤ .05; † Indicates a trend level difference p ≤ .15; Error
bars represent standard error.
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TABLE 1

Participant Demographics, Symptoms, Role Functioning and Medial Temporal Lobe Volumes

Healthy Control Ultra High-Risk Grand Total Group Differences

Gender

Males 12(44%) 18(62%) 30(54%) N.S.

Females 15(56%) 11(38%) 26(46%)

Total 27 29 56

Age

Mean Years (SD) 17.63(2.70) 18.52(1.90) 18.09(2.34) N.S.

Parent Education

Mean Years (SD) 15.26(2.93) 14.07(4.86) 14.65(4.04) N.S.

Symptoms

Positive

Mean (SD) .93(1.54) 11.72(4.86) 6.52(6.54) p ≤ 0.01

Negative

Mean (SD) .81(1.39) 11.82(7.49) 6.52(7.77) p ≤ 0.01

Avolition

Mean (SD) .15(.60) 2.41(1.59) 1.32(1.66) p ≤ 0.01

Occupational Functioning

Mean (SD) .26(.59) 2.38(1.81) 1.36(1.73) p ≤ 0.01

Total Physical Activity 458.17(222.76) 364.30(177.31) 409.10(203.51) p = 0.06

Hippocampus

Right Mean % ICV (SD) .28(.02) .26(.02) .27(.02) p ≤ 0.01

Left Mean % ICV (SD) .28(.03) .26(.03) .27(.03) p ≤ 0.01

Parahippocampal Gyrus

Right Mean % ICV (SD) .14(.02) .13(.01) .13(.02) p ≤ 0.01

Left Mean % ICV (SD) .15(.02) .14(.02) .14(.02) p = 0.13

Note: not significant (N.S.); Positive and negative symptoms as well as Avolition and Occupational Functioning scales reflect total sums from
domains from the Structured Interview for Prodromal Syndromes (SIPS); Global Role Functioning reflects scores on the Global Functioning Scale-
Role (GFS-R); Brain volumes represent the respective structure divided by total intracranial volume. Brain volumes represent the respective
structure divided by total intracranial volume.
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TABLE 2

Associations Between Total Physical Activity and Medial Temporal Structure, and Symptoms in Youth at
High Risk for Psychosis

Structure/Domain Total Physical Activity

Correlation 
a p-Value

Hippocampus

Right .10 p = .33

Left .08 p = .36

Parahippocampal Gyrus

Right .44 p ≤ 0.05

Left .51 p ≤ 0.01

Symptoms

Positive .02 p = .46

Negative −.16 p = .24

  Avolition −.16 p = .24

  Occupation −.36 p ≤ 0.05

a
Partial correlations controlling for age were employed. Positive and negative symptom domains as well as avolition and occupational functioning

scales are scored utilizing the Structured Interview for Prodromal Syndromes (SIPS). When employing a Bonferroni correction, the association for
the left parahippocampal gyrus continued to meet the strict significance threshold but the association for the right volume did not.
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