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Interplay of hippocampal volume and
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Background. Altered hypothalamus-pituitary-adrenal (HPA) axis function and reduced hippocampal volume (HV) are
established correlates of stress vulnerability. We have previously shown an attenuated cortisol awakening response
(CAR) and associations with HV speciﬁcally in male ﬁrst-episode psychosis patients. Findings in individuals at ultrahigh risk (UHR) for psychosis regarding these neurobiological markers are inconsistent, and assessment of their interplay, accounting for sex differences, could explain incongruent results.
Method. Study participants were 42 antipsychotic-naive UHR subjects (24 men) and 46 healthy community controls (23
men). Saliva samples for the assessment of CAR were collected at 0, 30 and 60 min after awakening. HV was determined
from high-resolution structural magnetic resonance imaging scans using a semi-automatic segmentation protocol.
Results. Cortisol measures and HV were not signiﬁcantly different between UHR subjects and controls in total, but
repeated-measures multivariate regression analyses revealed reduced cortisol levels 60 min after awakening and smaller
left HV in male UHR individuals. In UHR participants only, smaller left and right HV was signiﬁcantly correlated with a
smaller total CAR (ρ = 0.42, p = 0.036 and ρ = 0.44, p = 0.029, respectively), corresponding to 18% and 19% of shared variance (medium effect size).
Conclusions. Our ﬁndings suggest that HV reduction in individuals at UHR for psychosis is speciﬁc to men and linked
to reduced post-awakening cortisol concentrations. Abnormalities in the neuroendocrine circuitry modulating stress vulnerability speciﬁcally in male UHR subjects might explain increased psychosis risk and disadvantageous illness outcomes in men compared to women.
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Introduction
Theoretical frameworks such as the neural-diathesis
stress model of schizophrenia offer an understanding
of how stress and accompanying neurobiological
alterations might determine increased risk for the etiology and course of psychotic disorders (Walker &
Diforio, 1997; Corcoran et al. 2003; Walker et al. 2008).
In accordance with these models, dysregulations of
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the major endocrine stress axis in humans, the hypothalamus-pituitary-adrenal (HPA) axis, have already
been observed early in the disease process in ﬁrst-episode psychosis (FEP) patients (Pruessner et al. 2008b,
2013b; Mondelli et al. 2010a; van Venrooij et al. 2012)
and in individuals at clinical or ultra-high risk (UHR)
for the development of psychosis (Thompson et al.
2007; Corcoran et al. 2012; Sugranyes et al. 2012;
Mittal et al. 2013; Pruessner et al. 2013a; Walker et al.
2013; Day et al. 2014).
Chronic dysregulation of the HPA axis has been
associated with impaired integrity of the hippocampus, a brain structure rich in glucocorticoid receptors,
which plays an important role as mediator of negative
feedback on further HPA axis activation in situations
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of elevated glucocorticoid levels (Jacobson & Sapolsky,
1991; Pruessner et al. 2008a). Pathological alterations of
the hippocampus in situations of chronic stress include
shortening of dendrites in the hippocampal CA3 region and suppression of neurogenesis of dentate
gyrus granule neurons (McEwen & Gianaros, 2010).
While in principle, this appears to be a reversible process, such alterations are believed to be important contributors to hippocampal volume (HV) reduction and
to compromise its role as a central regulator of HPA
axis function (McEwen & Gianaros, 2010). An association between reduced HV and HPA axis dysregulation has been observed in various conditions
including depression, post-traumatic stress disorder
and aging (Frodl & O’Keane, 2013; Wingenfeld &
Wolf, 2014).
Indeed, HV reduction has emerged as one of the
most replicated structural brain abnormalities in
psychosis (Velakoulis et al. 2006; Adriano et al. 2012).
In contrast, ﬁndings reported in individuals at high
risk for psychosis are rather inconsistent. Whereas
reduced regional brain volume, including the hippocampus, has been observed in relatives of schizophrenia patients (Lawrie et al. 2001; Keshavan et al. 2002)
and in subjects at clinical high risk for psychosis
(Phillips et al. 2002; Borgwardt et al. 2007; Meisenzahl
et al. 2008; Witthaus et al. 2009; Fusar-Poli et al. 2011;
Cullen et al. 2013; Schobel et al. 2013), other studies
did not observe HV changes based on family history
of psychosis (Wood et al. 2005) or clinical high-risk status (Velakoulis et al. 2006; Buehlmann et al. 2010; Bois
et al. 2015b; Klauser et al. 2015). Furthermore, some
studies found that HV reduction in UHR subjects is
progressive (Schobel et al. 2013) and occurs independent of later transition status (Wood et al. 2010; Walter
et al. 2012; Bois et al. 2016), while others observed smaller HV only in UHR subjects who later converted to
psychosis (Witthaus et al. 2010). Still, other studies
found that, independent of later transition status, HV
was not reduced (Bois et al. 2015a). These contradictory
ﬁndings call for a more in depth investigation of the
mechanisms behind HV loss and the investigation of
plausible confounding factors in UHR subjects.
Despite the well-known association between HPA
axis function and HV in various conditions, integrative
research exploring this relationship in individuals at
high risk for psychosis is lacking, and only few studies
have investigated the association between these
markers in the context of psychosis. Research by
Mondelli and colleagues reported smaller HV in association with higher diurnal cortisol levels in FEP patients
(Mondelli et al. 2011), but an earlier study had not
found such a relationship (Gunduz-Bruce et al. 2007).
In our own recent study in FEP, we observed reduced
HV in association with blunted total post-awakening

cortisol concentrations (Pruessner et al. 2015b), a
composite measure that is inﬂuenced by both the preawakening increase in cortisol and the cortisol awakening response (CAR) (Stalder et al. 2016).
The CAR has been proposed as a reliable marker of
HPA axis regulation (Pruessner et al. 1997) and is sensitive to a person’s health status and stress perception
(Fries et al. 2009). It has been suggested that a blunted
CAR is a consequence of adrenal insufﬁciency following
chronically elevated basal cortisol levels (SchmidtReinwald et al. 1999). An attenuated CAR has been
demonstrated in FEP patients (Pruessner et al. 2008b,
2013b; Mondelli et al. 2010a) and more recently also in
individuals at UHR for the development of psychosis
(Day et al. 2014). The absence of a the CAR in patients
with severe hippocampal damage, with diurnal cortisol
secretion remaining intact, suggests that the CAR critically depends on the hippocampus (Buchanan et al. 2004;
Wolf et al. 2005).
Of note, our research in FEP has demonstrated sex
differences in neurobiological markers of stress, including blunted cortisol levels after awakening and reduced
HV, in male patients compared to female patients and
compared to male healthy comparison subjects
(Pruessner et al. 2008b, 2013b, 2015b). Furthermore, in
FEP patients, smaller HV was related to more blunted
total post-awakening cortisol concentrations only in
male patients (Pruessner et al. 2015b). In support of
sex differences in gray-matter volume reductions, a
meta-analyses of voxel-based morphometry studies
concluded that volume decline in limbic system and
other structures is more pronounced in male dominated
populations of schizophrenia patients compared to gender balanced samples (Bora et al. 2012).
No study to date has investigated HV decline in
UHR individuals under the consideration of HPA
axis function and sex differences. The aim of the present study was thus to determine differences in cortisol
levels and HV between individuals at UHR and
healthy controls, and to examine the association between these markers. Based on the previous ﬁndings
in FEP and UHR populations outlined above, we
hypothesized to ﬁnd a blunted CAR, reduced HV,
and a positive linear association between these two
markers in the UHR group. Similar to our previous
ﬁndings in FEP patients, we furthermore expected to
ﬁnd more pronounced neurobiological alterations in
male compared to female UHR subjects.

Method
Participants
Forty-two individuals identiﬁed as being at UHR for
psychosis (24 men, 18 women; mean age 20.16 ± 3.56
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years) and 46 healthy community controls (23 men, 23
women; mean age 23.26 ± 3.63 years) participated in
this study. UHR subjects were recruited from the
Clinic for Assessment of Youth at Risk (CAYR) at
the Prevention and Early Intervention Program for
Psychosis in Montreal (Pruessner et al. 2015a). A status
of UHR was conﬁrmed with the Comprehensive
Assessment of at Risk Mental States (CAARMS;
Yung et al. 2005). Thirty-one UHR subjects (73.8%)
met criteria for attenuated psychosis, seven individuals
(16.7%) were accepted on the basis of a family history
of psychosis in a ﬁrst-degree relative plus 30% drop in
functioning, and three (7.1%) had experienced Brief
Limited Intermittent Psychotic Symptoms (BLIPS).
Healthy control subjects were recruited from the community through newspaper advertisements. Absence
of any history of mental illness, drug abuse or current
medication use was documented with the Structured
Clinical Interview for DSM-IV Axis I Disorders, nonpatient edition (SCID-I/NP) (First et al. 2002). Twentysix UHR individuals and 31 controls underwent
magnetic resonance imaging (MRI) testing. Combined
cortisol and imaging data were available for 25 UHR
subjects and 27 controls. The study was approved
by the McGill University Faculty of Medicine
Institutional Review Board. All participants gave
informed consent for participation in the study.
Post-awakening cortisol measures
Saliva samples for cortisol assessment were taken immediately after awakening, and 30 and 60 min thereafter. All participants received oral and written
instructions on how to collect saliva samples at their
home using the Salivette© device (Sarstedt, Canada).
Subjects were instructed to strictly adhere to the sampling intervals and to refrain from activities that
could contaminate the sample, including smoking, caffeine intake, and brushing their teeth during the entire
sampling time. Furthermore, participants were advised
not to eat or drink within 5 min before taking a saliva
sample, to mark their name and exact sampling day
and time on each salivette, and to store the samples
in a fridge or freezer until returning them to the laboratory. In the laboratory, saliva samples were stored in a
freezer at −20 °C until analysis. Only cortisol samples
with accurate sampling times (not exceeding the previewed time of saliva collection at 30-min intervals
by more than 5 min) and complete sample sets were
included in the study. Awakening time was recorded
to assess potential effects on cortisol levels. Cortisol
analysis was conducted with a time-resolved immunoassay with ﬂuorescence detection. Intra-and interassay coefﬁcients of variation were smaller than 10%
and 12%, respectively.
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HV assessment
MRI scans were acquired on a 1.5 T Siemens Magnetom
Vision scanner at the Montreal Neurological Institute
(MNI). High resolution (isotropic 1 mm) images were
obtained using a T1 weighted, standard threedimensional gradient-echo pulse sequence, with a ﬁeld
of view of 256 mm, repetition time (TR) of 22 ms, echo
time (TE) of 9.2 ms, and a ﬂip angle of 30°. Pre-processing included correction for image intensity non-uniformities (Sled et al. 1998) and linear stereotaxic
transformation (Collins et al. 1994) into coordinates
based on the Talairach atlas (Talairach & Tournoux,
1988). A recent appearance model-based automatic segmentation method with patch based local reﬁnement
(Hu et al. 2011) was employed to determine HV.
Subsequently, automated HV labels were inspected
and, if necessary, corrected according to our previously
established manual segmentation guidelines (Pruessner
et al. 2000) to ensure greatest validity of target volume
estimates. As a measure of total brain volume differences, we employed the individual scaling factor used
to transform native into normalized brain volumes
based on the MNI 152 template for further statistical
analyses (Mazziotta et al. 1995). Fig. 1 illustrates the hippocampal segmentation result obtained from a sample
subject in a multiplanar image with embedded 3D view.
Sociodemographic and clinical measures
Demographic and other potentially confounding variables assessed in patients and controls were age, sex,
and the binary variables education level (high school
completed or not), ethnicity (Caucasian or other), relationship status (single or in a relationship), daily
Tobacco smoking (yes or no) and cannabis use in the
past 3 months (yes or no).
In UHR subjects, the severity of (subthreshold) psychotic symptoms was assessed with the Brief Psychiatric
Rating Scale (BPRS; Lukoff et al. 1986; Ventura et al.
1993). Separate BPRS ratings for positive symptoms,
negative symptoms and depression were determined
based on results from a factor analysis (Kopelowicz
et al. 2008). Overall functioning was assessed with
the Global Assessment of Functioning (GAF) scale
(Luborsky, 1962). All symptom assessments were conducted by trained research personnel. Subjective stress
was assessed with the Perceived Stress Scale (Cohen
et al. 1983) in a subgroup of UHR subjects and controls.
Statistical analyses
t tests, and χ² tests were performed to determine
group and sex differences in demographic variables.
Univariate ANOVAs were calculated to determine
group and sex differences in cortisol levels and HV,
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Fig. 1. Illustration of hippocampal segmentation obtained from a sample subject in a multiplanar image with embedded 3D
view. (a) 3D representation of the segmented hippocampus with x, y, z axis indicating sagittal, coronal and horizontal
orientation, as presented in Fig. 1b–d. (b) Sagittal orientation depicting the hippocampus at x = 65 in MNI space. (c) Coronal
orientation illustrating the hippocampus at y = 112 in MNI space. (d) Horizontal orientation showing the hippocampus at
z = 55 in MNI space.

including covariates where appropriate. Linear and
multivariate regression analyses (repeated-measures
general linear model) were conducted to examine
group and sex effects on total brain volume, left and
right HV and cortisol levels at any time point (0, 30,
60 min). Since normality assumptions were violated
for some dependent variables in subgroups,
Spearman’s rank order correlations were employed to
determine associations between variables.
For statistical analysis including aggregated cortisol
measures, the area under the curve was calculated
with respect to ground (AUCg) and increase (AUCi)
(Pruessner et al. 2003). Following a recent recommendation (Stalder et al. 2016), only AUCi measures,
which capture the dynamic of cortisol changes after
awakening, are referred to as cortisol awakening response
(CAR) in the current study. In contrast, AUCg measures represent a composite measure including both
the total cortisol production at the time of awakening
plus the change in cortisol over the ﬁrst hour, and
will be referred to as total cortisol awakening response
(total CAR). Where appropriate, effect sizes were
determined by Cohen’s d, squared correlation coefﬁcients and partial eta squared.
Ethical standards
The authors assert that all procedures contributing to
this work comply with the ethical standards of the

relevant national and institutional committees on
human experimentation and with the Helsinki
Declaration of 1975, as revised in 2008.

Results
Sociodemographic, psychological and clinical factors
Table 1 provides details on demographic characteristics and perceived stress in male and female study participants. High-risk subjects were signiﬁcantly younger
than controls, were less likely to have completed a high
school level education, were more likely to consume
cannabis, and woke up signiﬁcantly later at the days
of assessment. There were no sociodemographic differences between men and women in either group.
Education level, cannabis consumption and awakening
time did not signiﬁcantly affect cortisol levels or HV in
either group (all p > 0.05). In the UHR group, but not in
controls, younger age was correlated with a smaller
total CAR (ρ = 0.35, p = 0.026), and smaller right and
left HV (ρ = 0.43, p = 0.029 and ρ = 0.44, p = 0.024, respectively), but not with cortisol increase (p > 0.53).
Seven UHR individuals (one man, six women) were
treated with antidepressant medication. Antidepressant
users and non-users did not show signiﬁcant differences
in cortisol levels or HV (all p > 0.05). Age, awakening
time and medication use were included as covariates
where appropriate.
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Table 1. Group and sex differences in sociodemographic variables, and perceived stress

Total group
Age, mean (S.D.)
Sex, male, N (%)
Education, high school or higher, n (%)
Ethnicity, white, n (%)
Relationship status, single, n (%)
Tobacco smoking, daily, n (%)
Cannabis in past 3 months, n (%)
Time of awakening (S.D.)
Perceived stress, mean (S.D.)a

UHR subjects
Age (S.D.)
Education, high school or higher, n (%)
Ethnicity, white, n (%)
Relationship status, single, n (%)
Tobacco smoking, daily, n (%)
Cannabis in past 3 months, n (%)
Time of awakening (S.D.)
Perceived stress, mean (S.D.)a

Controls
Age (S.D.)
Education, high school or higher, n (%)
Ethnicity, white, n (%)
Relationship status, single, n (%)
Tobacco smoking, daily, n (%)
Cannabis in past 3 months, n (%)
Time of awakening (S.D.)
Perceived stress, mean (S.D.)a

UHR (N = 42)

Controls (N = 46)

Statistic

p value

20.16 (3.56)
24 (57.1)
14 (33.3)
30 (71.4)
34 (81.0)
7 (16.7)
17 (40.5)
8:51 (1:59)
27.88 (11.5)

23.26 (3.63)
23 (50.0)
36 (78.3)
33 (71.7)
34 (73.9)
8 (17.4)
7 (15.2)
8:00 (1:33)
22.58 (7.13)

t = −4.04
χ2 = 0.45
χ2 = 18.1
χ2 = 0.00
χ2 = 0.62
χ2 = 0.01
χ2 = 7.06
t = 2.23
t = 2.11

Men (N = 24)

Women (N = 18)

Statistic

p value

20.01 (3.79)
8 (33.3)
17 (70.8)
20 (83.3)
4 (16.7)
10 (41.7)
8:56 (2:08)
26.31 (14.2)

20.36 (3.33)
6 (33.3)
13 (72.2)
14 (77.8)
3 (16.7)
7 (38.9)
8:45 (1:50)
29.46 (8.20)

t = −0.37
χ2 = 0.00
χ2 = 0.01
χ2 = 0.21
χ2 = 0.00
χ2 = 0.03
t = 0.28
t = −0.69

0.754
1.00
0.921
0.650
1.00
0.856
0.780
0.496

Men (N = 23)

Women (N = 23)

Statistic

p value

22.78 (4.22)
18 (78.3)
16 (69.6)
19 (82.6)
5 (21.7)
4 (17.4)
7:50 (1:44)
22.14 (6.58)

23.74 (2.94)
18 (78.3)
17 (73.9)
15 (65.2)
3 (13.0)
3 (13.0)
8:09 (1:23)
23.05 (7.80)

t = 0.89
χ2 = 0.00
χ2 = 0.11
χ2 = 1.80
χ2 = 0.60
χ2 = 0.17
t = −0.69
t = −0.40

0.377
1.00
0.743
0.157
0.437
0.681
0.494
0.689

<0.001
0.502
<0.001
0.974
0.431
0.928
0.008
0.028
0.042

UHR, Ultra-high risk.
a
Data on stress and protective factors were available for subgroups of patients and controls.
26 UHR subjects (13 men, 13 women), and 41 controls (21 men, 20 women).

Perceived stress levels were signiﬁcantly higher in
UHR subjects compared to controls (t = 2.11, p =
0.042), but were not signiﬁcantly different between
male and female participants in either group (all p >
0.05). Male compared to female UHR subjects showed
signiﬁcantly more severe negative symptoms (4.86 ±
2.0 v. 3.58 ± 1.17, t37 = 2.33, p = 0.026), but no sex difference was observed in positive symptom severity, ratings of depression and global functioning (all p > 0.90).
Group differences in cortisol levels and HV
Univariate ANOVAs comparing single and aggregated
cortisol levels, scaling factor (as an index of whole-

brain volume) and HV revealed that overall brain
size was signiﬁcantly smaller in UHR subjects compared to controls (F = 4.63, p = 0.036), but that cortisol
levels and HV were not signiﬁcantly different between
groups (all p > 0.18; see Table 2). A multiple linear
regression was calculated to predict whole brain volume based on group, sex and age. The model including group and sex was signiﬁcant (F1,55 = 33.3, p <
0.001) and explained 55% of the variance in total
brain volume (sex: β = 0.92, t = 7.89, p < 0.001 and
group: β = −0.20, t = −2.21, p = 0.031). Multivariate regression analysis also revealed a signiﬁcant group×sex
effect on cortisol levels 60 min after awakening (F =
4.66, p = 0.034, r2 = 0.052, β = 0.149, t = 2.16, p = 0.034)
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and on left HV (F = 4.09, p = 0.048, r2 = 0.069, β = 0.173,
t = 2.02, p = 0.048). The analysis for other time points
of cortisol assessment and for right HV were not signiﬁcant (all p > 0.14). The results of follow-up univariate
ANOVAs are presented in Table 2. When stratifying
the group by sex, the ﬁnding of a smaller brain volume
in UHR subjects was more pronounced in male (F =
9.94, p = 0.004) compared to female (F = 3.66, p = 0.067)
participants. Within the UHR group, men compared
to women showed a trend for smaller cortisol output
60 min after awakening (F = 3.26, p = 0.079, d = 0.56)
(Fig. 2a, b), and signiﬁcantly smaller left HV (F = 5.17,
p = 0.033). This sex difference in left HV also showed
a large effect size (d = −1.09).
Correlational analyses
In the patient group, a more blunted total CAR was
correlated with smaller left and right HV (ρ = 0.42,
p = 0.036 and ρ = 0.44; p = 0.029, respectively). Squaring
the correlation coefﬁcients indicated 18% and 19% (respectively) of shared variance between these variables,
corresponding to a medium effect size (Cohen, 1988).
No such correlation between total CAR and HV was
observed in controls (both p > 0.22), and no correlation
was found between CAR (AUC) and HV in either
group (all p > 0.13). Sex speciﬁc correlational analyses
did not yield signiﬁcant results, possibly due to a
lack of statistical power (all p > 0.14). Figure 3a, b illustrate the correlations between total CAR and mean HV
in the UHR group and controls.
Also, in the UHR group, a higher total CAR was
correlated with higher levels of perceived stress (ρ =
0.53, p = 0.007, n = 25), but not with global functioning,
positive or negative symptoms or depression (all p >
0.20). The proportion of shared variance between perceived stress and total CAR was 28%, corresponding
to a medium effect size. HV was not related to stress
levels, global functioning and any symptom measures
(all p > 0.10). In the control group, neither cortisol
levels nor HV were related to perceived stress levels
(all p > 0.24).

Discussion
The present study investigated abnormalities in HPA
axis function and HV and the relationship between
both markers of stress vulnerability in individuals at
UHR for the development of psychosis. While we
could not conﬁrm previous reports of a blunted CAR
and reduced HV in UHR subjects compared to controls
in the total group, signiﬁcant group × sex differences
emerged. Notably, we observed reduced whole brain
and left HV and lower post-awakening cortisol concentrations in male UHR participants. Reduced HV

bilaterally was signiﬁcantly correlated with lower cortisol levels in UHR subjects, but not in healthy controls.
Whereas our ﬁndings do not support previous
reports of HV decline in UHR subjects compared to
controls (Borgwardt et al. 2007; Witthaus et al. 2009;
Fusar-Poli et al. 2011), they are in accordance with
other studies which did not ﬁnd such a difference
(Velakoulis et al. 2006; Wood et al. 2010; Klauser et al.
2015). Furthermore, our ﬁndings on HPA axis function
are in contrast to another recent study reporting a
blunted CAR in UHR subjects compared to controls
(Day et al. 2014) and do not correspond to our previous
report of a blunted cortisol response to acute stress in
individuals at UHR (Pruessner et al. 2013a).
Considering factors that might have prevented the
detection of group differences in HV and CAR in this
study and other studies, differences in etiologies
(Fusar-Poli et al. 2016) and heterogeneity of disease
outcomes (Addington et al. 2011) must be mentioned.
With respect to HV, it is possible that changes in this
measure do not emerge prior to the onset of psychosis
(Velakoulis et al. 2006; Buehlmann et al. 2010), or that
pathological brain changes in high-risk groups are present but too subtle to be detected with standard volumetric MRI measures (Wood et al. 2010), or that
hippocampal abnormalities are only visible in subregions (Witthaus et al. 2010; Schobel et al. 2013).
Another important factor seems to be the time of assessment relative to illness progression. A recent
study did not ﬁnd HV differences at baseline between
UHR and healthy controls, but showed that baseline
differences in metabolism predicted both transition,
and the progressive reduction in HV that accompanies
transition (Schobel et al. 2013). Other obstacles to
obtaining conclusive answers in this area of research
are differences in HV assessment protocols, use of standardized v. raw volumes for establishing group differences, and in overall study design.
Nonetheless, our ﬁndings suggest that the markers
of stress vulnerability assessed in the present study
are related, and that male UHR individuals are particularly affected. However, to the best of our knowledge,
none of the previous studies on HV reduction and
HPA axis function in high risk cohorts have considered
sex differences as potentially confounding factors. This
is surprising given the evidence for sex differences in
various clinical domains in psychosis. The often disadvantageous clinical course in male patients includes a
higher rate of treated incidence of psychosis (Aleman
et al. 2003; McGrath et al. 2004), an earlier age of
onset (Angermeyer & Kuhn, 1988), and a worse treatment response (Szymanski et al. 1995). In line with
these sex differences in established psychosis, sexual
dimorphisms were also observed in UHR subjects,
showing that poor social functioning and positive
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Table 2. Group and sex differences in cortisol levels and hippocampal volume

Total group
Cortisol measuresa,b
at awakening (nmol/l)
+30 min (nmol/l)
+60 min (nmol/l)
CAR, AUCi (S.D.)
total CAR, AUCg (S.D.)
Volume measuresa,c
Scaling factor (S.D.)
Left HV (S.D.)
Right HV (S.D.)
Men only
Cortisol measuresa,b
at awakening (nmol/l)
+30 min (nmol/l)
+60 min (nmol/l)
CAR, AUCi (S.D.)
total CAR, AUCg (S.D.)
Volume measuresa,c
Scaling factor (S.D.)
Left HV (S.D.)
Right HV (S.D.)
Women only
Cortisol measuresa,b
at awakening (nmol/l)
+30 min (nmol/l)
+60 min (nmol/l)
CAR, AUCi (S.D.)
total CAR, AUCg (S.D.)
Volume measuresa,c
Scaling factor (S.D.)
Left HV (S.D.)
Right HV (S.D.)

UHR subjects

Controls

N

F

p

9.263 (6.466)
16.59 (8.561)
13.46 (6.957)
282.7 (340.0)
838.5 (380.1)

10.16 (4.947)
16.08 (7.442)
14.57 (8.219)
243.7 (335.6)
853.4 (358.3)

41/46

0.24
0.92
0.08
0.90
0.18

0.628
0.340
0.784
0.347
0.676

1.279 (0.141)
4007 (309.3)
4237 (280.2)

1.225 (0.142)
3972 (337.1)
4120 (287.2)

26/31

4.63
0.24
1.88

0.036
0.625
0.176

8.370 (6.142)
14.83 (7.133)
11.77 (5.569)
244.7 (288.3)
746.9 (321.2)

10.38 (4.742)
14.95 (5.908)
12.95 (7.391)
175.4 (313.9)
798.5 (289.2)

23/23

1.69
0.05
0.06
1.21
0.09

0.201
0.833
0.812
0.279
0.767

1.191 (0.070)
3859 (320.6)
4128 (295.0)

1.109 (0.063)
3880 (331.2)
4018 (244.7)

13/15

9.94
0.00
1.22

0.004
0.979
0.281

10.40 (6.863)
18.84 (9.850)
15.61 (8.060)
331.2 (400.0)
955.6 (425.0)

9.936 (5.240)
17.21 (8.701)
16.19 (8.836)
312.0 (349.4)
928.9 (415.0)

18/23

0.20
0.93
0.03
0.10
0.46

0.657
0.342
0.865
0.749
0.503

1.368 (0.141)
4155 (221.5)
4346 (226.0)

1.335 (0.101)
4058 (329.4)
4216 (298.2)

13/16

3.66
0.59
0.72

0.067
0.450
0.406

0.27

Women

N

F

p

Cohen’s d

8.370 (6.142)
14.83 (7.133)
11.77 (5.569)
244.7 (288.3)
746.9 (321.2)

10.40 (6.863)
18.84 (9.850)
15.61 (8.060)
331.2 (400.0)
955.6 (425.0)

23/18

1.00
2.29
3.26
0.65
3.21

0.323
0.138
0.079
0.426
0.081

1.191 (0.070)
3859 (320.6)
4128 (295.0)

1.368 (0.141)
4155 (221.5)
4346 (226.0)

13/13

16.3
5.17
2.85

0.001
0.033
0.105

10.38 (4.742)
14.95 (5.908)
12.95 (7.391)
175.4 (313.9)
798.5 (289.2)

9.936 (5.240)
17.21 (8.701)
16.19 (8.836)
312.0 (349.4)
928.2 (415.0)

23/23

0.09
1.07
1.81
1.95
1.08

0.762
0.308
0.185
0.170
0.304

Men
UHR patients
Cortisol measures
at awakening (nmol/l)
+30 min (nmol/l)
+60 min (nmol/l)
CAR, AUCi (S.D.)
total CAR, AUCg (S.D.)
Volume measuresc
Scaling factor
Left HV (S.D.)
Right HV (S.D.)
Controls
Cortisol measures
at awakening (nmol/l)
+30 min (nmol/l)
+60 min (nmol/l)
CAR, AUCi (S.D.)
total CAR, AUCg (S.D.)

Cohen’s d

0.38

1.24

−0.56
−0.56
−1.61
−1.09
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Table 2 (cont.)

Controls
Volume measures
Scaling factor (S.D.)
Left HV (S.D.)
Right HV (S.D.)

Men

Women

N

F

p

1.109 (0.063)
3880 (231.2)
4018 (244.7)

1.335 (0.101)
4058 (329.4)
4216 (298.2)

15/16

55.3
2.25
4.05

0.000
0.144
0.054

Cohen’s d

−2.83
−0.73

CAR, Cortisol awakening response; total CAR, total cortisol awakening response; AUCi, area under the curve with respect
to increase; AUCg, area under the curve with respect to ground; Scaling factor, transformation factor to convert original brain
images into Talairach space (larger scaling factor indicates smaller native brain size); HV, hippocampal volume (corrected for
total brain size); S.D., standard deviation; Cohen’s d, magnitude of difference between groups (0.2, small; 0.5, medium; 0.8,
large effect size).
a
Controlling for age.
b
Controlling for awakening time.
c
Controlling for medication use.

Fig. 2. The cortisol awakening response in male and female ultra-high risk (UHR) subjects and controls.

Fig. 3. Spearman correlations between the cortisol awakening response and mean hippocampal volume in ultra-high risk
(UHR) subjects and controls.

prodromal symptoms predict conversion to psychosis
in male but not female CHR subjects (Walder et al.
2013). Furthermore, there is growing evidence that
gray matter abnormalities across different brain areas,
including the hippocampus, are more pronounced in
male than in female psychosis patients (Abbs et al.

2011; Adriano et al. 2012; Bora et al. 2012; Pruessner
et al. 2015b), and our previous ﬁndings in FEP patients
showing a blunted CAR particularly in male patients
(Pruessner et al. 2008b, 2013b). It is possible that the
observed sex differences are subsequent to neurodevelopmental discrepancies affecting the body’s stress

Markers of stress vulnerability in high risk for psychosis
regulatory system (Goldstein et al. 2002; Seeman, 2008),
perhaps in the context of early life adversity (Pruessner
et al. 2013b), which could render men more vulnerable
towards subsequent environmental insults and pathological processes.
Similar to other studies in FEP patients (Velakoulis
et al. 2006; Buehlmann et al. 2010; Malchow et al.
2013; Pruessner et al. 2015b) and UHR individuals
(Schobel et al. 2013), HV reduction was more pronounced in the left hemisphere. Particularly left HV
is related to changes in cortisol levels in psychosis
(Mondelli et al. 2010b; Collip et al. 2013; Pruessner
et al. 2015b) and affected in conditions involving traumatic experiences (Bremner et al. 1997; Stein et al.
1997; Hoy et al. 2012), supporting the role of stress
related mechanisms.
The observed association between HPA axis function and smaller HV in the UHR group supports the
notion of the neural diathesis-stress model of schizophrenia that abnormalities in both markers interact to
advance the onset or progression of psychotic symptoms in vulnerable individuals (Walker & Diforio,
1997; Walker et al. 2008) and resembles recent ﬁndings
in FEP patients (Pruessner et al. 2015b). Abnormalities
in both neurobiological markers can be a consequence
of genetic predisposition and/or chronic stress (Walker
& Diforio, 1997) and at the same time have metabolic
and functional consequences that likely increase the
vulnerability towards stress. For example, cortisol has
important metabolic effects including gluconeogenesis
and suppression of the immune system in times of
acute threat and increased demand, which help the organism to cope with stressful situations (Ulrich-Lai &
Herman, 2009). Lower cortisol levels after awakening
might render the organism ill prepared to deal with
the challenges of the day (Fries et al. 2009), thus increasing the vulnerability to stress and susceptibility
to mental illness. Reduced HV has been associated
with poor symptom remission in FEP patients
(Bodnar et al. 2010), increased emotional reactivity to
stress (Collip et al. 2013) and impaired memory processes in schizophrenia and high risk populations
(Mathew et al. 2014; Seidman et al. 2014).
The exact pathophysiological mechanisms linking
chronic stress, HPA axis function and HV in the context of psychosis are not fully understood, but neurochemical processes such as dopamine and glutamate
metabolism, or neuroinﬂammation appear to play an
important mediating role (Mizrahi, 2016). Recent research suggests that hippocampal pathology in UHR
individuals is predicted by increased glutamate metabolism (Schobel et al. 2013), which in turn appears to
be a consequence of chronic stress and associated
changes in glucocorticoid release (Popoli et al. 2012).
It is conceivable that such an advanced state of stress
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system dysregulation also potentiates the risk of conversion to psychosis.
The present study has a number of limitations. First,
as is a common problem with UHR studies, the number of participants was rather small. Given a low transition rate to psychosis of 11% in our UHR clinic
(Pruessner et al. 2015a), and an even lower rate in the
current sample, it was not possible to conduct any
meaningful analyses comparing converters and nonconverters to psychosis. Second, it cannot be excluded
that the observed association between HV and the cortisol response over the ﬁrst hour following awakening
is confounded by the gender effect in both measures.
However, separate analyses in male and female UHR
subjects did not reveal an association between both
measures. Third, we note that smaller HV and reduced
cortisol levels were not related to any stress or symptom measure directly. In fact, in the UHR group,
higher levels of perceived stress were related to a larger
cortisol output during the ﬁrst hour after awakening.
Here, it should be noted that our measures were rather
acute representations of stress and symptom severity at
the time of cortisol and HV assessment. It is possible
that neurobiological abnormalities are rather associated with long-term stress and long-standing
symptomatic impairments. Future studies should investigate HV and HPA axis function and their interaction in larger UHR cohorts and with longitudinal
study designs to gain a better understanding of their
impact on conversion to psychosis in various subgroups.
In conclusion, our ﬁndings suggest that HV reduction cannot be regarded in isolation but as important
component of the neuroendocrine circuitry modulating
stress vulnerability. Given that male compared to female individuals at UHR for the development of
psychosis appear to be more affected by HV loss and
that this abnormality is associated with lower cortisol
levels, we propose that this pattern renders male
individuals at UHR more vulnerable to stress and to
disadvantageous mental health outcomes. Paying attention to HPA axis function and sex differences
when investigating HV in individuals at UHR is
expected to contribute to a clariﬁcation of inconsistent
ﬁndings, and to aid in the explanation of various disadvantages in the illness course of male compared to
female patients.
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