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Background: In schizophrenic psychoses, the normal sexual dimorphism of the brain has been shown to be
disrupted or even reversed. Little is known, however, at what time point in emerging psychosis this occurs.
We have therefore examined, if these alterations are already present in the at-risk mental state (ARMS) for psy-
chosis and in first episode psychosis (FEP) patients.
Methods:Data from65ARMS (48 (73.8%)male; age=25.1±6.32) and 50 FEP (37 (74%)male; age=27±6.56)
patients were compared to those of 70 healthy controls (HC; 27 (38.6%) male; age = 26± 4.97). Structural T1-
weighted imageswere acquired using a 3 Tesla magnetic resonance imaging (MRI) scanner. Linearmixed effects
models were used to investigate whether subcortical brain volumes are dependent on sex.
Results:We found men to have larger total brain volumes (p b 0.001), and smaller bilateral caudate (p=0.008)
and hippocampus volume (p b 0.001) thanwomen across all three groups. Older subjects hadmore GM andWM
volume than younger subjects. No significant sex × group interaction was found.
Conclusions: In emerging psychosis there still seem to exist patterns of normal sexual dimorphism in total brain
and caudate volume. The only structure affected by reversed sexual dimorphism was the hippocampus, with
women showing larger volumes than men even in HC. Thus, we conclude that subcortical volumes may not be
primarily affected by disrupted sexual dimorphism in emerging psychosis.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Schizophrenic psychoses are potentially severemental disorders, af-
fecting approximately 0.48% of the population worldwide (Simeone et
al., 2015) and typically emerging in late adolescence or early adulthood
(Häfner et al., 1992; Riecher-Rössler et al., 2007). They are associated
with structural changes in the brain (Bora et al., 2011a; Dukart et al.,
2017; Schmidt et al., 2017), cognitive impairments (Bora and Pantelis,
2015; Bora et al., 2010) aswell as positive (i.e., delusions, hallucinations
(Häfner et al., 1992)) and negative (i.e., alogia, social withdrawal
(Carbon and Correll, 2014)) symptoms. To prevent poor outcome in pa-
tients at risk for psychosis it is important to detect these patients as
early as possible. The identification of so-called at-risk mental state
(ARMS) patients based on clinical signs (Yung et al., 1998; Yung et al.,
2004) is a promising approach (Kim et al., 2011; Riecher-Rössler et al.,
2009; Riecher-Rössler and Studerus, 2017). ARMS patients experience
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an increased risk for developing psychosis, with a transition rate of
about 32% within 3 years after initial presentation (Fusar-Poli et al.,
2012a). Although many factors have been associated with the risk of
transition to psychosis (i.e., impaired cognitive functioning (Bora et al.,
2014; Fusar-Poli et al., 2012b; Hauser et al., 2017), brain structural alter-
ations (Fusar-Poli et al., 2012c); for review see (Riecher-Rössler and
Studerus (2017); Studerus et al. (2016)) it is still not possible to reach
sufficient accuracy in the calculated prediction of psychosis. Apart
frommethodological problems (Studerus et al., 2017), one of the factors
contributing to this may be the different disease trajectories male and
female patients experience.

Sex differences in age of onset (Eranti et al., 2013; Häfner et al.,
1991), clinical course (Walker et al., 2002) and functional impairment
(Thorup et al., 2007) are well documented in schizophrenia. Men have
a higher incidence (1.15-fold greater) than women (van der Werf et
al., 2014) but there are no sex differences in prevalence (McGrath et
al., 2008). Female onset is typically later, with a second peak post-men-
opause (Falkenburg and Tracy, 2014; Häfner et al., 1992). Some report
men to show more negative but less depressive symptoms (Abel et al.,
2010; Ochoa et al., 2012) and have a poorer prognosis than women
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Walder et al., 2013), whereas positive symptoms differ in content be-
tween sexes (Falkenburg and Tracy, 2014). Furthermore, women
seem to have a better response to antipsychotics (Crawford and
DeLisi, 2016; Riecher-Rössler and Häfner, 1993; Riecher-Rössler and
Kulkarni, 2010).

A recent review on sex differences in ARMS reportedmale ARMS pa-
tients to present with more negative symptoms, worse social function-
ing and longer duration of untreated illness (Barajas et al., 2015).
Furthermore, several studies reported neurocognitive impairments to
differ between sexes, with female patients performing better especially
on verbal tasks and male patients performing better on selective/work-
ing memory tasks (Ittig et al., 2015; Walder et al., 2008; Walder et al.,
2015). Brain structural alterations are already evident in ARMS patients,
before the first psychotic symptoms emerge (Dazzan et al., 2015) and
include gray and white matter volume reductions of prefrontal
(Cannon, 2015; Smieskova et al., 2013), temporal (Fusar-Poli et al.,
2014; Smieskova et al., 2013) and cingulate cortices (Fusar-Poli et al.,
2012c; Fusar-Poli et al., 2014; Smieskova et al., 2013), parahippocampal
gyrus and hippocampus (Fusar-Poli et al., 2012c), and caudate
(Smieskova et al., 2013). However, all of the aforementioned structural
alterations in ARMS have not been investigated with a specific focus on
sex differences. Sex, or in meta-analyses the gender ratio, was usually
incorporated as covariate, thereby controlling for its potential influence.
Nevertheless, one recent study (Savadjiev et al., 2016) found a reversal
of the normal sexual dimorphism in white matter geometry of the cor-
pus callosum in a sample of 35 subjects at familial high risk for psychosis
compared to HC.

However, several methodological limitations (e.g., sampling bias,
gender differences in help-seeking, diagnostic differences across studies
regarding the at-risk state, or medication status (Crawford and DeLisi,
2016) make it difficult to generalise the results.

Results from structural studies showed that healthymen have larger
whitematter volumes thanwomen (Paus et al., 2010), whereaswomen
have a higher percentage of gray matter (Cosgrove et al., 2007) and
present with a larger gray matter-white matter ratio than men
(Sacher et al., 2013). Furthermore, males have larger total brain
(Cosgrove et al., 2007) and intracranial volume (Tan et al., 2016) than
females across all ages (Giedd et al., 2012). Brain structures affected
by sex in healthy subjects are white matter volumes of the corpus
callosum (Ardekani et al., 2013; Sacher et al., 2013) and cingulate cortex
(Sacher et al., 2013), as well as gray matter volumes of the caudate nu-
cleus and hippocampus (all structures lager inwomen than inmen) and
amygdala (Giedd et al., 2012) and cerebellum (Giedd et al., 2012;Wang
et al., 2012) (both smaller in women than in men). These structural dif-
ferences in healthy men and women are also referred to as sexual di-
morphism, a term which we will further employ in this study.

Disrupted patterns of normal morphological sexual dimorphism in
schizophrenia have been found for volumes of amygdala (Gur et al.,
2004; Gur et al., 2000b; Takayanagi et al., 2011), hippocampus (Irle et
al., 2011), hypothalamus (Goldstein et al., 2007), as well as orbitofrontal
(Gur et al., 2000a), anterior cingulate (Goldstein et al., 2002; Takahashi
et al., 2002), and insular cortex (Duggal et al., 2005). Furthermore, evi-
dence for a disrupted sexual dimorphism has been found for asymme-
try, which refers to neuroanatomical differences between the left and
right hemisphere of the brain, of gray matter volume in the inferior pa-
rietal lobe (Frederikse et al., 2000), in the white matter geometry of the
torque (i.e., female brains were more asymmetric than males whereas
in HC male brains tend to be more asymmetric than female brains
(Savadjiev et al., 2014)), in the gyrification index (Vogeley et al.,
2000), and in the cortical folding of the right superior frontal cortex
(Narr et al., 2004).

Especially in the field of neuroanatomical studies, sexual dimor-
phism in brain structure and particularly subcortical volumes of ARMS
patients has largely been neglected, even though evidence for a disrup-
tion of normal sexual dimorphism in schizophrenia is given (Falkenburg
and Tracy, 2014; Riecher-Rössler et al., 2010;Walder et al., 2015). Thus,
Please cite this article as: Egloff, L., et al., Sexually dimorphic subcortical bra
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the aim of the present study was to investigate the influence of sex on
subcortical brain volumes (i.e., amygdala, accumbens, caudate, hippo-
campus, pallidum, putamen, and thalamus) in ARMS patients and com-
pare those to FEP patients and HC. Based on the existing literature on
sexual dimorphism in HC and Schizophrenia, we hypothesized that 1)
normal sexual dimorphism will be found in HC; 2) sexual dimorphism
as found in HC is no longer present in FEP patients; 3) ARMS patients
show patterns of diminished sexual dimorphism, but not to the same
extent as in FEP patients.

2. Materials and methods

2.1. Setting and recruitment

All data analysed in this study were collected by the specialized
“Früherkennung von Psychosen” (FePsy) clinic at the University of
Basel Psychiatric Hospital, Basel, Switzerland. A more detailed descrip-
tion of the overall study design can be found elsewhere (Riecher-
Rössler et al., 2007; Riecher-Rössler et al., 2009). Patientswere recruited
between July 2008 and May 2016 and included if they had complete 3
Tesla MRI data. The HC were gathered from the same geographical
area as the patient groups and recruited via hospital staff and online ad-
vertisement. They were only included into the study if they had no cur-
rent psychiatric disorder, no history of psychiatric illness, head trauma,
neurological illness, serious medical or surgical illness, or substance
abuse, and no family history of any psychiatric disorder as assessed by
an experienced psychiatrist in a detailed clinical assessment
(Smieskova et al., 2012a,b). The studywas approved by the Ethics Com-
mittee northwest/central Switzerland (EKNZ). All participants provided
written informed consent.

2.2. Screening procedure

The ARMS and FEP status was assessed using the Basel Screening In-
strument for Psychosis (BSIP) (Riecher-Rössler et al., 2008) which is
based on the Personal Assessment and Crisis Evaluation (PACE) criteria
by Yung et al. (1998). Inclusion required one of the following: a) atten-
uated psychotic-like symptoms (APS), b) brief limited intermittent psy-
chotic symptoms (BLIPS), c) a first or second degree relative with a
psychotic disorder in combination with at least two further risk factors
similar to the PACE criteria (Yung et al., 1998) or d) a minimal amount
and combination of certain risk factors according to the BSIP (Riecher-
Rössler et al., 2008) (see Table 1). All ARMS patients were followed-up
at regular intervals (monthly during the first year after initial presenta-
tion, quarterly during the second and third year, and annually thereaf-
ter) to distinguish those ARMS patients with later transition to
psychosis (ARMS-T) from those who did not transition (ARMS-NT). Ex-
clusion criteria were age b18 years, insufficient knowledge of German,
IQ b70, previous episode of schizophrenic psychosis (treated with anti-
psychotics for N3 weeks (lifetime) and/or a total lifetime chlorproma-
zine equivalent (CPE) dose of 2500 mg), psychosis clearly due to
organic reasons or substance abuse, or psychotic symptoms within a
clearly diagnosed affective psychosis or borderline personality disorder.

2.3. Psychopathological assessment

Positive psychotic symptoms (i.e., hallucinations, suspiciousness,
unusual thought content and conceptual disorganisation) were
assessed with the Brief Psychiatric Rating Scale Expanded Version
(BPRS-E) (Lukoff et al., 1986; Velligan et al., 2005; Ventura et al., 1993).

2.4. Image acquisition

Structural images were acquired using a 3 Tesla magnetic resonance
imaging (MRI) scanner (Magnetom Verio, Siemens Healthcare, Er-
langen, Germany) with a 12-channel phased-array radio frequency
in volumes in emerging psychosis, Schizophr. Res. (2018), https://doi.
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Table 1
Inclusion criteria for at-risk mental state or first episode psychosis patients in the FePsy project.

At-risk mental state
(ARMS)

A) “Attenuated”psychotic symptoms (APS)
Psychotic symptoms below transition cut off (BPRS scales: hallucinations 2–3, unusual thought content 3–4, suspiciousness 3–4) at least several
times per week, in total persisting for N1 week)
OR
Brief limited intermittent psychotic symptoms (BLIPS)
Psychotic symptoms over transition cut-off (BPRS scales: hallucinations ≥4, unusual thought content ≥5, suspiciousness ≥5, conceptual
disorganisation ≥5) but each symptom b1 week before resolving spontaneously

B) Genetic risk category
First or second degree relative with psychotic disorder and at least two further risk factors according to screening instrument (BSIP)

C) Unspecific risk category
Minimal amount and combination of certain risk factors according to screening instrument. (BSIP)
Precondition for all categories: criteria of transition to psychosis not fulfilled.

First episode psychosis
(FEP)

• At least one of the following symptoms:
Suspiciousness (BPRS ≥ 5): says others are talking about him/her maliciously, have negative intentions or may harm him/her (incidents more than
once a week OR partly delusional conviction).
Unusual thought content (BPRS ≥ 5): full delusion(s) with some preoccupation OR some areas of functioning disrupted (not only ideas of reference/
persecution, unusual beliefs or bizarre ideas without fixed delusional conviction).
Hallucinations (BPRS ≥ 4): occasional hallucinations OR visual illusions N2/week or with functional impairment (not only hearing of own name,
non-verbal acoustic or formless visual hallucinations/illusions).
Conceptual disorganisation (BPRS ≥ 5): speech difficult to understand due to circumstantiality, tangentiality, neologisms, blockings or topic shifts
(most of the time OR three to five instances of incoherent phrases).

• Symptoms at least several times a week.
• Change in mental state lasting N1 week.

Note. Criteria A) and B) correspond to those of Yung et al. (1998). Criterium C) additionally permits the inclusion of individuals at lower risk, i.e., of patients without pre-psychotic symp-
toms or genetic risk who only exhibit a combination of certain unspecific risk factors and indicators such as prodromal symptoms or marked social decline (unspecific risk group).
Patients with first-episode psychosis (FEP) are those who at intake already fulfil the criteria for transition to psychosis as defined by Yung et al. (1998).
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head coil at the University Hospital Basel. Participants were given ear-
plugs and noise-cancellation headphones. Foam pads on each side of
the headphones were used to minimise head motion during the scans.
A 3D T1-weighted magnetisation prepared rapid gradient echo
(MPRAGE) sequence was used with the following parameters: inver-
sion time = 1000 ms, flip angle = 8°, TR = 2 s, TE = 3.37 ms, band-
width = 200 Hz/pixel, FOV = 256 × 256 mm2, acquisition matrix =
256 × 256 × 176, resulting in 176 contiguous sagittal slices with 1 × 1
× 1 mm3 whole-brain isotropic spatial resolution.

All scans were screened for gross radiological abnormalities by resi-
dent neuroradiologists.

2.5. Image processing

All image processing steps were conducted according to the
“ENIGMA1 - GWAS Meta Analysis of Hippocampal, Intracranial and
Total Brain Volume” guidelines (http://enigma.ini.usc.edu/) using the
FMRIB software library (FSL) 5.0 (Jenkinson et al., 2012) running on
Ubuntu version 16.04. Volumetric segmentation of subcortical struc-
tures was estimated on the whole-brain T1-weighted data sets by ap-
plying the FMRIB's Integrated Registration and Segmentation Tool
(FSL-FIRST) (Patenaude et al., 2011). Furthermore, in order to extract
thedifferent brain tissue volumes for normalisation purposes, all images
were skull stripped using FSL-BET (Smith, 2002), aligned to the Mon-
treal Neurological Institute (MNI) 152 FSL standard brain using FSL-
FLIRT (Jenkinson et al., 2002; Jenkinson and Smith, 2001) and seg-
mented into white matter (WM), gray matter (GM) and cerebrospinal
fluid (CSF) using FSL-FAST (Zhang et al., 2001). The resulting brain tis-
sue volumes could then be calculated according to the results from
the FSL-FAST partial volume maps and the total brain volume was ex-
tracted according to the sum of WM, GM and CSF.

2.6. Image quality assessment

First, all data setswere checked for overall quality, coverage ofwhole
brain, contrast between WM and GM and presence of noise and arti-
facts. Second, to check the whole brain volume, all skull stripping files
were controlled to ensure that the whole brain images were cropped
correctly. In a further step, the alignment of each brain image was
Please cite this article as: Egloff, L., et al., Sexually dimorphic subcortical bra
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controlled with regard to the reference brain (MNI 152 sample). Third,
all segmentation files were controlled for the alignment of the subcorti-
cal volumes. Fourth, all volumes were plotted for each subject individu-
ally to detect outliers. In case of successful fulfillment of the quality
assessment steps the volumetric data were included for statistical anal-
yses (see Table 2 for information on the volumes of each subcortical
structure under investigation).

The following exclusion criteriawere fulfilled and led to a removal of
data sets before further analyses: motion artifacts (N = 6), shift of the
interhemispheric fissure (N = 1), incorrect skull stripping (N = 1),
and abnormal inclination of head (N= 1).
2.7. Statistical analyses

All analyses were conducted using the R environment for statistical
computing, R version 3.4.0 (R Core Team, 2016). Sex, use of antipsy-
chotics, antidepressants, and anxiolytics were compared between
groups with Pearson's chi-square tests. Age and years of education
were compared with ANOVA. Current use of cannabis was analysed
using Fisher's Exact test and BPRS total score was compared with inde-
pendent t-test. For ease of interpretation of the brain structural volumes
the following steps were applied: 1) the cube root was taken, 2) vol-
umes were normalised to the individual whole brain volume by divid-
ing them by the total brain volume, 3) volumes were centred and
scaled (i.e., z-transformed).

To analyse group and sex differences in total brain, GM andWMvol-
ume, we usedmultiple linear regressionmodels. For each volume, a lin-
ear regression model was fitted that included the brain structural
volume as dependent variable and group, sex, and age as independent
variables. Additionally, the models included an interaction term be-
tween group and sex.

Since all subcortical structures were measured bilaterally we
analysed them with linear mixed effects models (LME) using the lme4
package in R (Bates et al., 2015). For each subcortical structure an LME
model was fitted including the volume as dependent variable and sex,
group, hemisphere, and age as independent variables. Additionally,
the models included all possible interaction terms between sex, group,
and hemisphere and a per subject randomly varying intercept. Signifi-
cance values of the LME models where estimated using the Kenward
in volumes in emerging psychosis, Schizophr. Res. (2018), https://doi.
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Table 2
Raw values of subcortical volumes by group and sex.

ARMS ARMS-NT ARMS-T FEP HC

Women
(n = 17)

Men
(n = 48)

Women
(n = 7)

Men
(n = 30)

Women
(n = 8)

Men
(n = 10)

Women
(n = 13)

Men
(n = 37)

Women
(n = 43)

Men
(n = 27)

Accumbens
Left 513.18

(81.67)
586.38
(119.86)

504
(80.79)

596.1
(121.88)

501.75
(74.33)

546.7
(113.25)

497.39
(98.32)

553.95
(100.18)

518.48
(106.08)

517.98
(108.46)

Right 400.24
(76.09)

459.56
(103.03)

382
(97.11)

474.67
(93.11)

404.875
(48.53)

389.7
(124.48)

424.23
(92.86)

432
(91.04)

414.19
(106.17)

442.39
(117.66)

Amygdala
Left 1188.35

(209.48)
1293.67
(231.19)

1120.57
(137.78)

1273.2
(219.42)

1198.16
(256.95)

1363.5
(271.62)

1164.39
(229.40)

1281.62
(225.31)

1205.25
(218.74)

1280.95
(394.43)

Right 1260.29
(276.51)

1396.94
(265.98)

1269.43
(244.35)

1392.63
(291.86)

1218.25
(340.29)

1400.6
(267.91)

1178.92
(208.20)

1318.22
(237.86)

1243.15
(244.98)

1391.24
(299.70)

Caudate
Left 3590.94

(393.14)
3880.50
(317.55)

3640
(497.79)

3923.63
(310.65)

3502.38
(346.38)

3765
(342.01)

3456.85
(455.74)

3745.16
(431.35)

3523.81
(440.08)

3637.52
(550.33)

Right 3618.65
(418.98)

3946.08
(352.21)

3628.86
(538.75)

4004.27
(294.77)

3556.38
(365.62)

3739.3
(494.63)

3498.08
(412.95)

3757.32
(424.60)

3598.79
(477.66)

3617.25
(651.94)

Hippocampus
left 3592.35

(369.07)
3852.21
(373.14)

3568.86
(501.71)

3825.1
(419.45)

3527.25
(232.52)

3840.1
(337.86)

3538.85
(378.92)

3869.68
(388.78)

3686.30
(543.44)

3714.65
(590.57)

right 3677.06
(393.13)

3889.71
(499.49)

3628
(455.94)

3950.03
(505.87)

3654.38
(390.04)

3843.9
(293.67)

3579.92
(430.97)

3975.51
(398.38)

3799.73
(433.10)

3855.21
(415.49)

Pallidum
Left 1655.53

(185.87)
1909.58
(248.67)

1653.29
(229.66)

1922.43
(175.51)

1688.38
(158.32)

1913.7
(460.47)

1693.85
(138.55)

1881.16
(167.37)

1704.04
(172.42)

1865.66
(204.26)

Right 1689.06
(154.29)

1907.46
(166.62)

1669.72
(176.75)

1938
(160.57)

1712.25
(157.11)

1838.3
(217.62)

1713.15
(131.19)

1907.77
(155.82)

1709.99
(178.06)

1860.48
(220.95)

Putamen
Left 4756.47

(550.42)
5286.04
(496.23)

4793.14
(844.15)

5382.4
(521.68)

4772.38
(255.42)

5163.8
(478.84)

4692.54
(441.77)

5315.54
(466.95)

4759.85
(441.19)

5194.97
(426.13)

Right 4924.77
(514.47)

5404.33
(502.84)

4966
(751.76)

5521.27
(499.26)

4883.75
(339.04)

5254.9
(536.85)

4852.77
(499.22)

5408.84
(450.14)

4796.01
(377.90)

5274.75
(421.76)

Thalamus
Left 7495.88

(473.75)
8526.98
(636.27)

7398.43
(512.03)

8641.07
(692.71)

7568.25
(464.85)

8335.3
(580.43)

7560.31
(517.50)

8389.73
(687.11)

7863.42
(744.65)

8318.18
(696.20)

Right 7199.06
(464.68)

8268.38
(623.79)

7112
(440.73)

8366.47
(674.73)

7304
(457.84)

8047.1
(546.61)

7311.92
(495.16)

8258.95
(648.33)

7757.16
(709.19)

8185.48
(709.26)

Note. Values are given in mean ± 1 standard deviation in parentheses. Volumes are presented as raw values in mm3.
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Roger modification of F-tests (Halekoh and Højsgaard, 2014; Kenward
and Roger, 1997) for LME using the ANOVA function of the car package
(Fox and Weisberg, 2011) in R with the option test.statistic = “F” and
type III sums of squares (Supplementary File 1 shows the R code in
detail).

In case of significant interaction effects, post-hoc analyseswere con-
ducted within each diagnostic group separately.

P-values were corrected for multiple testing across all tested brain
structures using the false discovery rate (Benjamini and Hochberg,
1995).

3. Results

In total, 65 ARMS and 50 FEP patients fulfilled the inclusion criteria
(see Table 3 for sociodemographic and clinical sample characteristics)
and were compared to 70 HC. In the HC group there were significantly
morewomen than in the ARMS and FEP groups. Compared to ARMS pa-
tients, FEP patients showed a significantly higher total score on the Brief
Psychiatric Rating Scale (BPRS). While ARMS hardly had any intake of
antipsychotic medication, some FEP patients had taken antipsychotics
for a short time period (cumulative CPE dose b 2500mg). Furthermore,
both ARMS and FEP patients had significantly less years of education
compared to HC.

When comparing women against men across all groups, women
showed significantly more years of education than men (see Table 3).
On all other variables no significant sex differences were found.

Men had significantly larger total brain volume (p b 0.001) and
smaller caudate (p = 0.008) and hippocampus (p b 0.001) volumes
than women. There were no interactions between sex and hemisphere
Please cite this article as: Egloff, L., et al., Sexually dimorphic subcortical bra
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and sex and group, indicating that these sex differences were indepen-
dent of hemisphere and diagnostic group (see Supplementary Table 1).

Brain volumes did not differ between diagnostic groups. However,
there was a significant interaction between group × hemisphere for
the dependent variable thalamus volume (p=0.016). Analyses of sim-
ple main effects revealed that this was due to significantly larger left
than right thalamus volumes in HC (F(1, 69) = 5.3887, p = 0.023)
and significantly larger left than right thalamus volumes in ARMS pa-
tients (F(1, 64)=8.6831, p=0.005) (see Fig. 1.A).When further inves-
tigating the subgroups of ARMS with (ARMS-T; mean follow-up
duration = 1.36 ± 1.45 years; min = 0.08 years) and without later
transition to psychosis (ARMS-NT; mean follow-up duration = 3.94 ±
0.97 years; min = 2.13 years), there was no main effect of sex and no
significant interaction between sex and group. However, both ARMS-
NT (F(1, 36) = 4.5109, p = 0.041) and ARMS-T (F(1, 17) = 4.5008, p
= 0.049) patients had significantly larger left and smaller right thala-
mus (see Fig. 1.B).

Age was significantly positively associated with GM and WM vol-
umes (both p b 0.001).

All of the above reported results did not change when subjects with
current antipsychotic medication were excluded. Results also remained
stable for the main effects when analyses of subgroups ARMS-NT and
ARMS-T were conducted (for whole and antipsychotic-naïve sample).

4. Discussion

We foundnormal sexual dimorphismof total brain and bilateral cau-
date volume across all groups. Reversed sexual dimorphism was found
for bilateral hippocampus volume, again across all three groups. In
in volumes in emerging psychosis, Schizophr. Res. (2018), https://doi.
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Table 3
Sociodemographic sample characteristics.

ARMS FEP HC p-valuea ARMS-NT ARMS-T p-valueb Women Men p-Value

N = 65 N = 50 N = 70 N = 37 N = 18 N = 73 N = 112

Age 25.1 ± 6.32 27.0 ± 6.56 26.0 ± 4.97 0.238c 25.0 ± 6.65 25.8 ± 6.84 0.496c 25.8 ± 5.78 26.1 ± 6.05 0.662c

Sex: b0.001***d b0.001***d

Women 17 (26.2%) 13 (26.0%) 43 (61.4%) 7 (18.9%) 8 (44.4%)
Men 48 (73.8%) 37 (74.0%) 27 (38.6%) 30 (81.1%) 10 (55.6%)

Years of education 12.5 ± 2.73 11.8 ± 2.88 15.5 ± 2.67 b0.001***c 13.0 ± 2.86 11.4 ± 2.15 b0.001***c 14.3 ± 2.95 12.9 ± 3.20 0.004**c

Antipsychotics currently 1 (1.75%) 14 (31.1%) b0.001***d 0 (0.0%) 0 (0.0%) b0.001***d 5 (18.5%) 10 (13.3%) 0.535d

Antidepressants currently 24 (42.1%) 11 (24.4%) 0.098d 15 (41.7%) 6 (50.0%) 0.127d 11 (40.7%) 24 (32.0%) 0.559d

Anxiolytics currently 7 (12.3%) 8 (17.8%) 0.619d 3 (8.33%) 2 (16.7%) 0.494d 6 (22.2%) 9 (12.0%) 0.215d

Cannabis use currently: 0.822e 0.389e 0.482e

None 42 (75.0%) 36 (76.6%) 27 (79.4%) 10 (71.4%) 23 (88.5%) 55 (71.4%)
Rarely 5 (8.93%) 2 (4.26%) 3 (8.82%) 1 (7.14%) 0 (0.0%) 7 (9.09%)
Several times per month 1 (1.79%) 0 (0.0%) 0 (0.0%) 1 (7.14%) 0 (0.0%) 1 (1.30%)
Several times per week 5 (8.93%) 5 (10.6%) 3 (8.82%) 0 (0.0%) 2 (7.69%) 8 (10.4%)
Daily 3 (5.36%) 4 (8.51%) 1 (2.94%) 2 (14.3%) 1 (3.85%) 6 (7.79%)

BPRS total score 39.9 ± 9.74 52.6 ± 12.0 b0.001***f 39.0 ± 10.3 42.9 ± 9.56 b0.001***f 44.2 ± 11.2 45.9 ± 12.9 0.500f

Note. Values of continuous variables are stated as mean ± 1 standard deviation. ARMS= patients with an at-risk mental state for psychosis; FEP = patients with a first episode of psy-
chosis; HC = healthy controls; ARMS-NT = patients with an at-risk mental state for psychosis without later transition to psychosis; ARMS-T = patients with an at-risk mental state
for psychosis with later transition to psychosis.

a ARMS vs. FEP vs. HC.
b ARMS-NT vs. ARMS-T vs. FEP vs. HC.
c ANOVA.
d Pearson's χ2 test.
e Fisher's Exact test.
f Independent t-test.
* p ≤ 0.05.
** p ≤ 0.01.
*** p ≤ 0.001.
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contrast to ourhypothesis,we did notfindevidence for disrupted sexual
dimorphism in subcortical brain volumes in emerging psychosis. More-
over, our results indicate a significant effect of age, with higher GM and
WM volumes in older compared to younger subjects. Unexpectedly, we
did not find any group differences between HC and the patient groups.

Our finding of larger total brain volumes in men than in women is
supported by a recent meta-analysis on sex differences in the healthy
human brain (Ruigrok et al., 2014). The authors also reported men to
have larger brain volumes than women. Thus, our results suggest that
total brain volume remains sexually dimorphic even in emerging psy-
choses and may therefore not be useful to discriminate those subjects
with subsequent transition to frank psychosis from those who won't
transition to psychosis.

The observed main effect of sex regarding higher volumes of bilat-
eral caudate in women compared to men are well in line with a review
by Giedd et al. (2012) reporting proportionately larger caudate in
women across different ages and different applied methodologies. Our
results indicate that the caudate is well affected by sex but not by
group, even though Smieskova et al. (2013) reported the caudate to
be associated with prodromal symptoms in patients with a clinical
high risk for psychosis. However, their review focused on longitudinal
studies and we may not have found evidence for group differences
due to the cross-sectional nature of this study. Another reason may be
the differential conceptualizations of the at-risk state for psychosis lead-
ing to distinct study inclusion criteria regarding when the at-risk status
is fulfilled and when not (i.e., in-/exclusion of unspecific symptoms; for
overview see Fusar-Poli et al. (2013a)).

We found enlarged bilateral hippocampus volumes in women com-
pared to men, which contradicts the meta-analysis of Ruigrok et al.
(2014) reporting men to have larger GM volume in bilateral hippo-
campi. Our results even persisted, when the patient (p b 0.002) and
the HC groups (p b 0.005) were investigated separately. However,
Neufang et al. (2009) found in a sample of 46 males and 46 females
aged 8–15 years that hippocampal size was larger in girls. Accordingly,
Giedd et al. (1997) described in their study of 121 healthy children
and adolescents hippocampal volume to increase for both sexes over
time, but more in females than in males. This may probably be due to
Please cite this article as: Egloff, L., et al., Sexually dimorphic subcortical bra
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an increased amount of estrogen receptors in the hippocampus (Giedd
et al., 1997; Sholl and Kim, 1989) as the hippocampus is, just as the cau-
date, a structure rich in sex steroid receptors (i.e., estrogen receptors)
(Giedd et al., 2012; Morse et al., 1986). Some authors also reported
that testosterone levels predicted hippocampal size in females, with
larger hippocampus in younger females (Neufang et al., 2009).

Furthermore, the hippocampus is one of the stress response regions,
which is regulated by the coordinated action of hypothalamic–pitui-
tary–gonadal (HPG) and hypothalamic–pituitary–adrenal (HPA) axis
hormones (Goldstein et al., 2015). Hence, we may speculate that the ob-
served pattern of sexual dimorphism across HC and emerging psychosis
might be due to higher stress levels in men than in women, leading to a
neuro-hormone deficit in the male hippocampus (Goldstein et al.,
2015) and in consequence to a decreased volume. Conjunctly, early
stressful life events such as childhood maltreatment may later manifest
in enhanced stress sensitivity (Gorka et al., 2014; Lardinois et al., 2011)
and hypo- or hypercortisolemia (Wieck et al., 2014) and have been re-
ported to be associated with reduced hippocampus volume (Frodl and
O'Keane, 2013) inhealthymales, but not in females (Samplin et al., 2013).

Regarding the thalamus, we observed an interaction effect of group
× hemisphere suggesting that ARMS patients have a significantly larger
left and smaller right thalamus volume. When further investigating the
ARMS group, and comparing thosewith (ARMS-T) andwithout (ARMS-
NT) later transition to psychosis, results suggested that the significant
between-group difference was due to both ARMS-NT and ARMS-T
which had larger left and smaller right thalamus volumes. Even though
ARMS-T and ARMS-NT patients showed a similar pattern of larger left
than right thalamus volumes as HC, the difference between left and
right hemisphere was significantly larger in ARMS than in HC. In a re-
view of meta-analyses the authors found the thalamus to be the second
most often reported structure to present with a patient (schizophrenia
and bipolar disorder)-control difference (Crow et al., 2013). However,
the findings on volumetric decreases in thalamus are somewhat incon-
sistent. Some studies reported higher volumetric decreases in the right
thalamus (Ellison-Wright et al., 2008) or the left thalamus (Ellison-
Wright and Bullmore, 2010), whereas others again reported bilateral
volumetric loss (Bora et al., 2011b; Fornito et al., 2009; Glahn et al.,
in volumes in emerging psychosis, Schizophr. Res. (2018), https://doi.
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Fig. 1. Interaction effect of group × hemisphere for thalamus volume. Note. ARMS = at-risk mental state for psychosis patients; ARMS-NT = at-risk mental state for psychosis patients
without later transition to psychosis; ARMS-T = at-risk mental state patients with later transition to psychosis; FEP = first episode psychosis patients; HC = healthy controls. Part A
shows the comparison of ARMS, FEP and HC. Part B shows the post-hoc analyses of the interaction effect of group × hemisphere for thalamus volume using the subgroups ARMS-T and
ARMS-NT.
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2008; Yu et al., 2010). Another study on repeated MRI scans in 60 ado-
lescent subjects reported heterogeneous maturation in the thalamus,
with more pronounced thalamus volume decreases in the left hemi-
sphere (Dennison et al., 2013). The authors also reported that this volu-
metric decrease was moderated by sex, with a significant effect for
female subjects but not for males. Furthermore, amultimodalmeta-anal-
ysis (Cooper et al., 2014) reported hypo-activation of the left thalamus in
subjects at familial risk for psychosis and integrated this finding in the
large body offindings on altered size, shape and structure of the thalamus
in genetic and clinical high risk for psychosis patients as well as the re-
ported hypo-activation in schizophrenia patients. Hence, we may specu-
late that the larger left thalamus found in our ARMS sample could be a
compensatory reaction to adverse life events or perceived stress and in
turn have prevented in some ARMS patients a probable transition to psy-
chosis. In linewith this hypothesiswould be a recent study inmice,which
reported higher thalamus volumes to be associated with lower social
avoidance scores in resilient mice (Anacker et al., 2016). However, our
finding remains controversial and may not ultimately be resolved based
on the present data, especially due to the unequal group sizes and imbal-
anced sex ratio in our sample of ARMS-T and ARMS-NT patients.

The higher GM volumes in older participants may be an indicator for
the stated inverse U shaped developmental trajectories in cortical GM
volumes in longitudinal studies, which can reach peak sizes at different
ages in different regions (Giedd et al., 2012). In contrast to the GM vol-
ume trajectories,WMvolume increasesmainly over thefirst four decades
(Giedd et al., 2012). Thus, our results regardingGMandWMvolumes in a
relatively young samplemay be indicative for developmental trajectories
of the very same towards their estimatedpeak points. However, thisfind-
ing needs further elucidation in longitudinal analyses to draw firm con-
clusions and may not be resolved solely based on the present data.

Interestingly, we could not observe any significant between-group or
between-sex differences regarding amygdala, putamen and pallidum
volumes. These subcortical structures have been described in the litera-
ture to be sexually dimorphic (Giedd et al., 2012; Ruigrok et al., 2014).
Giedd et al. (2012) reported in their review putamen and pallidum vol-
ume to be larger in young adultmen, whereas the amygdala has been re-
ported to be proportionately larger in adult and adolescent men (Abel et
Please cite this article as: Egloff, L., et al., Sexually dimorphic subcortical bra
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al., 2010). Furthermore, WM volume has been described to increase
more rapidly in men, supposedly due to enhanced testosterone levels
(Perrin et al., 2008). However, the effect sizes derived from Ruigrok et
al. (2014) and Giedd et al. (2012) differed (amygdala: d′ = 0.16right/
0.19left − 0.79; putamen: d′ = 0.12right/0.11left − 0.611; pallidum: d′
=0.19− 0.625). Hence, the lack of positive results regarding these sub-
cortical volumes in our studymay be due to the reasonable but not huge
sample size and to the imbalanced sex ratio between groups.

Changes in GM volumes in FEP or schizophrenia patients might also
be due to the effects of antipsychotic medication (Dazzan et al., 2015;
Fusar-Poli et al., 2013b). A meta-analysis by our group (Fusar-Poli et
al., 2013b) provided evidence for progressive brain changes in schizo-
phrenia patients when compared to HC, with longitudinal decreases in
GM volume in schizophrenia patients being associated with higher cu-
mulative exposure to antipsychotic medication over time, while no ef-
fects were observed for duration of illness and severity of symptoms.
However, aswe only analysed cross-sectional data and our patient sam-
ple had not received a cumulative CPE dose higher than 2500mg at the
time of MRI acquisition, we may not draw any firm conclusions on the
impact of antipsychotic medication in our sample. However, when we
repeated our analyses with only antipsychotic-naïve patients, no differ-
ent results emerged.

Schizophrenia has early neurodevelopmental origins, which later
manifest through disrupted neuromaturational processes (Walker and
Bollini, 2002). Neurobiological stress (Walker and Diforio, 1997) has
to be taken into consideration as well as perinatal complications affect-
ing brain development (Walder et al., 2014) and genetic liability
(Lichtenstein et al., 2009;Wray andGottesman, 2012). Additionally, do-
paminergic dysregulation, disturbed glutamatergic neurotransmission
and increased proinflammatory status of the brain (Kahn and
Sommer, 2015) aswell as the so-called Polygenic Schizophrenia-related
Risk Score (PSRS; referring to the polygenic predisposition for schizo-
phrenia in a clinical sample) (Harrisberger et al., 2016; Lencz et al.,
2014) may contribute to brain changes before the onset of psychosis.
Hence, these findings emphasize the need of taking evidence from ge-
netic, neuroimaging and treatment studies into account when further
investigating the possible causes of emerging psychoses.
in volumes in emerging psychosis, Schizophr. Res. (2018), https://doi.
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4.1. Limitations

The following limitations have to be taken into account. Firstly, only
about a third of the patients in our patient samplewere female whereas
in the HC sample only about a third of subjects were male. This unequal
sex distributionmay have prevented significant between-group sex dif-
ferences. Moreover, when investigating ARMS-T and ARMS-NT the sex
distribution got evenmore unbalanced due to the unique characteristics
of these subgroups. Thus, the results of these analyses should be
interpreted with certain precaution. Pooling data for future analyses
on sex differences are indicated to overcome the issue of imbalanced
gender ratios in clinical and control samples.

Secondly, our results may not resolve the question of asymmetry
since in our analyseswe only corrected the subcortical volumes for indi-
vidual total brain volume, but not for hemispherical (left/right) volume.
Hence, we may not draw any conclusions regarding asymmetry.

A third point deserving attention is the cross-sectional nature of this
study, which precluded the detection of subtle changes in subcortical
volumes over time. Future studies warrant longitudinal data analysis
to detect sex-specific and sex-dependent changes in subcortical brain
volumes over time.

4.2. Conclusion

We found patterns of normal sexual dimorphism in total brain vol-
ume and caudate volume, which are in line with those reported in re-
cent meta-analyses and reviews. The only structure affected by a
reversed sexual dimorphismwas the hippocampus. However, this find-
ing was consistent across all three groups. We suggest that subcortical
volumes are not afflicted by a disrupted or even reversed sexual dimor-
phism in emerging psychosis andmay hence not be used for the predic-
tion of transition to psychosis.
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