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Abstract
Evidence is accumulating for dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis
in schizophrenia, with several studies pointing to a central role for cortisol in this severe
psychiatric disorder. Elevated cortisol levels in the morning and a blunted cortisol awakening
response (CAR) are common findings in patients with schizophrenia compared to healthy
controls. However, inconsistent conclusions have been drawn regarding afternoon and evening
cortisol levels, as well as with cortisol reactivity to psychosocial and physical stress in
schizophrenia. Therefore, we performed meta-analyses comparing patients with schizophrenia
to healthy controls on several cortisol outcomes to improve our understanding of HPA axis
dysregulation in schizophrenia. Our analyses revealed schizophrenia to be associated with
significantly elevated baseline cortisol levels both in the morning and in the evening. However,
no significant group differences were found in afternoon cortisol levels and, contrasting
previous meta-analytic findings, we also did not find evidence for an altered CAR in
schizophrenia. Our results on cortisol stress reactivity indicate a similar pattern of cortisol
secretion in patients with schizophrenia and healthy controls in response to mental and
physiological stress. Overall, we found meta-analytic evidence of time-specific alterations in
baseline cortisol secretion in association with schizophrenia. The lack of differences in cortisol
response to stress in our findings should be interpreted cautiously given the paucity of studies
investigating mental and physiological stress in schizophrenia. This work highlights the need
for further empirical investigation and warrants replication studies related to the current

findings in order to gain insight into how schizophrenia and HPA axis functioning are related.
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Meta-Analyses Investigating Basal and Stress-Induced Cortisol Levels in Schizophrenia
Patients and Healthy Controls

Schizophrenia is a severe neuropsychiatric disorder that typically manifests in late
adolescence or early adulthood and affects approximately 20 million of the world population,
as estimated by the World Health Organization (2019b). The disorder is characterized by a wide
spectrum of symptoms, with the core clinical features including hallucinations and delusions
(i.e., positive symptoms), affective flattening, alogia, avolition (i.e., negative symptoms), and
cognitive impairment, resulting in social and occupational dysfunctions according to the
Diagnostic and Statistical Manual of Mental Disorders (5th ed.; DSM-5; American Psychiatric
Association, 2013, p. 99). Despite its relatively low lifetime prevalence rate, estimated at about
1% worldwide (Saha et al., 2005), schizophrenia has been repeatedly found to be associated
with a range of adverse outcomes, ranking the disorder as the 22nd leading cause of disability-
adjusted life years in the age group 25-49 worldwide according to the Global Burden of Disease
Study (GBD 2019 Diseases and Injuries Collaborators, 2020). Compared to the general
population, higher prevalence rates of co-occurring general medical conditions (de Hert et al.,
2011; Leucht et al., 2007) and elevated suicide rates (Hor & Taylor, 2010; Palmer et al., 2005)
represent major contributors to increased premature mortality risks among individuals with
schizophrenia, with life expectancy reduced by an average of 15-20 years (E. E. Lee et al.,
2018). Moreover, schizophrenia is associated with a higher unemployment rate (Evensen et al.,
2016), a significantly lower quality of life (Dong et al., 2019), and a higher prevalence of
psychiatric comorbidities (Buckley et al., 2009). The early onset and often chronic recurrent
course of illness (Owen et al., 2016), as well as the often unsatisfactory response to treatment
(Saha et al., 2005), further add to the substantial overall health and economic burden that is not
only borne by the patients, but also by their families and society (Chong et al., 2016).

The diverse psychopathology which characterizes schizophrenia was already conveyed
in the first conceptualization of the disorder by Bleuler through the term “group of
schizophrenias” (Bleuler, 1950). Its complexity has since elicited continual debate and led to
frequent changes and re-conceptions of the disorder over the last several decades (Tandon et
al., 2013). Only recently has a tribute to the heterogeneity and variety of symptoms been given
via revision of the two major diagnostic systems of psychiatric classifications. By eliminating
the subtypes of schizophrenia and implementing a dimensional approach to diagnosis with
symptom specification, symptoms of the disorder can be more reliably described in the revised
versions of the DSM (DSM-5; American Psychiatric Association, 2013) and International
Classification of Diseases (ICD-11; World Health Organization, 2019a). Furthermore, the



revised versions of the diagnostic systems may provide useful platforms for integrating ongoing
ever-evolving scientific knowledge (Tandon et al., 2013). At the same time however, although
huge efforts are being made to better understand the pathophysiological underpinnings of the
disorder, the etiological factors implicated in schizophrenia still remain largely elusive
(Biedermann & Fleischhacker, 2016; Tandon et al., 2013).

A variety of models and theories have been proposed to explain schizophrenia causation,
ranging from biological approaches that focus on neurodevelopmental abnormalities (e.g.,
Fatemi & Folsom, 2009) to cognitive models that emphasize the role of dysfunctional cognitive
processes and emotions as important factors in the etiology of schizophrenia (e.g., Sarin &
Wallin, 2014). One of the most influential and widely accepted perspectives for conceptualizing
the etiology of schizophrenia is the diathesis-stress theory or vulnerability-stress theory,
respectively (Kendler, 2020). Even though several diathesis-stress models have been proposed
for schizophrenia (e.g., Ciompi, 1989; Nuechterlein & Dawson, 1984; Zubin & Spring, 1977),
the fundamental assumption of all these models is that the etiology of schizophrenia is most
likely multifactorial and based on a dynamic interaction between multiple vulnerability factors
(e.g., genetic predispositions) and stressors (Cheng et al., 2016). In particular, these models
posit that a range of stressors, defined as external environmental factors, may precipitate
schizophrenia in (genetically) predisposed individuals when the individual threshold point is
reached at which the stress level exceeds the vulnerability level (Cheng et al., 2016). Twin
studies suggest that schizophrenia is highly heritable, with estimates of around 80% (Owen et
al., 2016). Genome-wide association studies have identified a large number of genetic risk loci
for schizophrenia, indicating a substantial polygenic contribution to the genetic liability of
schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014).

There is evidence that individuals with a higher than average vulnerability to develop
schizophrenia (i.e., high-risk individuals) have an increased stress sensitivity as they are more
frequently exposed to adverse life events and minor daily stressors, report higher levels of
perceived stress and experience greater emotional reactivity in relation to these events (Fusar-
Poli et al., 2017; Myin-Germeys & van Os, 2007; Trotman et al., 2014). These findings are in
accordance not only with diathesis/vulnerability-stress models, posing that vulnerability factors
render an individual more or less reactive to stressors, but also with sensitization theory
whereby repeated or chronic exposure to environmental stressors results in greater response to
stressors over time in high-risk individuals (Collip et al., 2008). Moreover, similar to the
findings in high-risk individuals, patients with an established diagnosis of schizophrenia also

have reported a heightened number of stressful life events and traumas, and likewise have been



widely observed to have an altered response to stress (Mansueto & Faravelli, 2017; Myin-
Germeys et al., 2001). The definite causes of altered stress reactivity have not yet been fully
clarified, however, the biological counterparts of stress reactivity have been the focus of
research in recent years, and models incorporating neurobiological mechanisms (such as the
neural diathesis stress model; E. F. Walker & Diforio, 1997) suggest a pivotal role of the
hypothalamic-pituitary-adrenal (HPA) axis in this regard.

Stress and the Role of the HPA Axis in the Physiological Stress Response

Stress, originally defined by Selye as “the non-specific response of the body to any
demand” (Selye, 1975, p. 39), occurs when the dynamic equilibrium, or homeostasis, of an
organism is challenged by internal or external “stressors” with potentially adverse effects
(Deussing & Chen, 2018). When a stressor of any kind is appraised as stressful and exceeds a
certain threshold, behavioral and physiological compensatory mechanisms are activated. Such
a system enables the organism to adequately respond and adapt to the stressor, thereby helping
the body to maintain homoeostasis in the presence of stressors (S. Cohen et al., 2016; Deussing
& Chen, 2018).

In humans, the stress system subserves the adaptive response by activating the two major
stress-responsive systems, the locus caeruleus-norepinephrine-autonomic nervous system as
well as the HPA axis (Chrousos, 2009). Following a stressor, excitatory projections from brain
areas such as the amygdala and the medial prefrontal cortex activate the autonomic nervous
system and the HPA axis (Chrousos, 2009). When a stressor is detected, the hypothalamic
paraventricular nucleus (PVN) secretes corticotropin releasing hormone (CRH) and, to a lesser
extent, arginine vasopressin (AVP) into the hypophyseal portal system where the neuropeptides
CRH and AVP act on the anterior lobe of the pituitary gland to stimulate the production and
release of adrenocorticotropic hormone (ACTH). Subsequently, circulating ACTH binds to
receptors in the adrenal cortex and thereby induces the adrenal glands to synthesize and release
corticosteroids, including the glucocorticoid hormone cortisol, into the bloodstream (Corcoran
et al., 2003). The released cortisol in turn elicits cascading effects on various bodily functions
involving the metabolic, immune, cardiovascular, and gastrointestinal systems (Chrousos,
2009).

In the short term, in acutely stressful situations, the activation of the HPA axis is highly
adaptive as the rapid rise in cortisol levels mobilizes the critical energetic resources to cope
with the stressful challenge and furthermore exerts effects that are necessary for the termination
of the HPA axis response, i.¢., for the rapid return of cortisol to pre-stress levels (Charmandari

et al., 2004; Gjerstad et al., 2018). The latter is achieved via a negative feedback mechanism



which involves cortisol-mediated inhibition of HPA axis activity through inhibition of CRH
and ACTH secretion from the PVN and anterior pituitary gland, respectively (Charmandari et
al., 2004). See Figure 1 for an illustration of the basic functioning of the HPA axis. Long term
activation of the HPA axis and hypersecretion of cortisol due to prolonged stressful conditions
have been associated with hippocampal volume reduction (Lupien et al., 2009) and can result
in dysregulation of adaptive mechanisms. This in turn has been linked to development and
exacerbation of several mental and physical disorders (e.g., major depression, bipolar disorders,

schizophrenia, and anxiety disorders; de Kloet et al., 2005).

Figure 1
Basic Physiology of the HPA Axis in the Occurrence of a Stressor
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Note. CRH = corticotropin releasing hormone; ACTH = adrenocorticotropic hormone; the solid

arrows represent excitatory-based interactions and lines with a bar indicate inhibitory

connections that operate through negative feedback mechanisms.

In addition to its response to stressors, cortisol secretion exhibits a distinct 24-hour
circadian rhythm under basal conditions, with the highest cortisol concentrations typically
observed in the early hours of the morning just after awakening (Fries et al., 2009). This
dynamic phenomenon of a sharp increase in cortisol concentration triggered by the process of
awakening is known as the cortisol awakening response (CAR) and usually occurs during the
first hour after awakening, with cortisol levels peaking between 30 and 45 minutes post-
awakening (Steptoe & Serwinski, 2016; Wilhelm et al., 2007). Following this initial increase,

cortisol levels steeply decline over the next three hours after awakening and throughout the



remainder of the day, cortisol concentration then gradually declines before a nadir is reached
around midnight (Fries et al., 2009). Cortisol levels remain low during sleep and then begin to

escalate again prior to awakening (Fries et al., 2009).

Experimental Stress Induction and Measurement of Cortisol Levels

In human stress research, cortisol secretion, which can reflect the function of the HPA
axis, is commonly indexed using basal cortisol levels, the CAR, and the cortisol stress response.
Cortisol levels are usually measured at multiple time points, within one hour after awakening
in order to calculate the CAR represented as the area under the curve with respect to the cortisol
increase (AUGC;; J. C. Pruessner et al., 2003), and as the difference between before and after
stress induction for assessing the cortisol stress response. To investigate acute stress reactions
in healthy individuals, as well as in individuals with psychiatric disorders, a wide range of stress
induction methods can be applied in the laboratory setting, including methods to induce mental
(or psychological) stress and physiological stress. While mental stress is usually induced by
standardized laboratory paradigms which involve a social evaluation component or cognitive
load, physiological stress is usually induced by laboratory stimuli which provoke cortisol
increase due to physiological demands. Commonly applied paradigms for inducing mental
stress include the Trier Social Stress Test (TSST; Kirschbaum et al., 1993), the Montreal
Imaging Stress Task (MIST; Dedovic et al., 2005), the Paced Auditory Serial Addition Task
(PASAT; Gronwall, 1977), and mental arithmetic tasks; common methods for inducing
physiological stress include the cold pressor test, noise exposure and tests with bicycle
ergometer exercise.

Cortisol levels can be obtained from various biological specimens, the most common of
which include peripheral samples (e.g., in saliva, blood, urine, and hair) and cerebrospinal fluid.
While cortisol concentrations in saliva, blood and urine reflect stress-related changes over a
relatively short period of time, hair has been suggested to provide a measure of chronic stress
and has been established as method for retrospectively determining cumulative cortisol

secretion over prolonged periods of time, up to several months (M. Pruessner et al., 2017).

Schizophrenia and Stress

According to the neural diathesis-stress model of schizophrenia proposed by Walker
and Diforio (E. F. Walker & Diforio, 1997; E. Walker et al., 2008), predisposing biological
vulnerability factors and environmental stressors synergistically increase the risk for
developing schizophrenia. Biological vulnerability factors can lead to structural and functional
alterations in hippocampal brain areas and repeated or chronic exposure to environmental stress

can result in hyperactivation of the HPA axis and therewith elevate cortisol secretion (E. Walker
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et al., 2008). The HPA axis plays a pivotal role in mediating the effects of environmental
stressors on constitutional vulnerability. Dysregulation of the HPA axis can lead to triggering
and exacerbating schizophrenic symptoms via reciprocal regulatory processes between the
HPA axis and the subcortical dopamine system (E. Walker et al., 2008). The neural diathesis-
stress model as a theoretical framework for the development of schizophrenia draws on early
empirical findings which suggest a link between HPA axis function and psychosis, and has ever
since its first publication approximately 20 years ago sparked a great research interest in the
role of stress and HPA axis activity in schizophrenia. In accordance with the neural diathesis-
stress model, alterations in hippocampal volume, particularly reductions in hippocampal
volume, have been frequently reported in schizophrenia (Adriano et al., 2011). Furthermore,
accumulated evidence highlights HPA axis dysfunction in association with disorders across the
schizophrenia and psychosis spectrum (for a review on HPA axis function over the illness
course, see M. Pruessner et al., 2017).

Regarding baseline cortisol levels, studies generally yielded results consistent with
components of the neural diathesis-stress model, showing elevated salivary and blood cortisol
levels both in the morning and throughout the day. These findings were observed in both
patients with an established diagnosis of schizophrenia and those having had a first-episode
(e.g., Borges etal., 2013; Girshkin et al., 2014). Elevated morning cortisol levels may be largely
independent of patients’ medication status as they have been reported in single salivary and
blood samples among antipsychotic-naive and drug-free schizophrenia patients (e.g.,
Venkatasubramanian et al., 2010; Zhang et al., 2005), as well as among patients who were on
antipsychotic medication at the time of sampling (e.g., Bulut et al., 2016; Yildirim et al., 2011).
Apart from heightened morning cortisol levels, research also indicates elevated afternoon
cortisol levels in schizophrenia patients. These elevated levels of cortisol were evident in blood
samples collected from antipsychotic-naive first-episode patients and medicated schizophrenia
patients, respectively (Gallagher et al., 2007; Ryan, Sharifi, et al., 2004). Moreover, heightened
cortisol levels in schizophrenia patients have also been found in saliva samples collected in the
evening (Faravelli et al., 2017) and in indices of diurnal cortisol secretion calculated from
repeated cortisol measurements throughout the day (Mondelli et al., 2010). Although these
findings can collectively be seen as evidence for heightened baseline cortisol values in
schizophrenia patients, not all studies have replicated these findings.

A meta-analysis focusing on salivary cortisol levels concluded that there is evidence of
moderate elevations in salivary cortisol levels in ultra-high risk individuals relative to healthy

controls, however, no significant group differences in cortisol levels were found between first-
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episode patients and healthy controls (Chaumette et al., 2016). Consistent with these meta-
analytic findings, there are also several more recent studies that have reported similar baseline
concentrations of cortisol in schizophrenia patients and healthy controls. Two of which
examined morning levels of blood cortisol obtained at a single time point and found no
significant differences in cortisol levels between schizophrenia and first-episode patients
compared to healthy controls (Allott et al., 2018; C. H. Lee et al., 2019). In addition to these
results of non-significant differences, some studies even reported significantly lower cortisol
levels in patients with schizophrenia compared to healthy controls, as measured in morning
blood and afternoon saliva samples, respectively (Das et al., 2018; Phassouliotis et al., 2012).

Mixed results have also been reported in studies that have compared cortisol levels of
schizophrenia patients and healthy controls at multiple time points during the day. While some
studies reported heightened blood and saliva cortisol levels in schizophrenia patients both in
the morning and in the afternoon (Altamura et al., 1989; Morphy et al., 1985; Nordholm et al.,
2018), significantly reduced blood cortisol levels were found for these time windows in a study
of Hoshino et al. (1984). Interestingly, different results have also been found when cortisol
levels were compared at different time points during the day within the same studies. For
example, while significantly elevated blood cortisol levels were found in the afternoon in an
exclusively male sample of schizophrenia patients compared to healthy controls, no group
differences in cortisol levels were found in morning and evening measurements (Whalley et al.,
1985). Such findings may indicate disruptions of the normal circadian rhythm of cortisol
secretion, however, overall, findings regarding baseline cortisol levels in schizophrenia remain
inconclusive and further research is warranted to disentangle the empirical inconsistencies
(Bradley & Dinan, 2010).

Regarding the CAR, findings are also inconsistent as indicated by a systematic review
and meta-analysis of the CAR in high-risk individuals, first-episode patients and patients with
an established diagnosis of schizophrenia (Berger et al., 2016). While some studies reported
blunted awakening cortisol levels among first-episode patients relative to healthy controls
(Mondelli et al., 2010; Mondelli et al., 2015), several other studies did not observe group
differences in the CAR in first-episode patients compared to healthy controls (Girshkin et al.,
2016; Hempel et al., 2010). One study assessed the CAR in two subgroups of patients and found
the CAR to be significantly reduced among patients with schizophrenia who had been exposed
to cannabis before illness onset, whereas schizophrenia patients not previously exposed to
cannabis showed a CAR similar to healthy controls (Monteleone et al., 2014). Evidence from a

meta-analysis and review suggests attenuated CAR in first-episode patients and patients with
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schizophrenia (Berger et al., 2016; Borges et al., 2013), however, the number of studies
assessing CAR in patients with schizophrenia is limited and the results of more recent studies
are mixed (e.g., Aas et al., 2020; Nordholm et al., 2018; Seidenfaden et al., 2017).

Drawing on the crucial role of stress exposure in the onset of schizophrenia symptoms
postulated by etiological models of schizophrenia, several studies have been conducted to
investigate the HPA axis response to stressors in schizophrenia by examining the cortisol
response to acute laboratory stress tasks, which can be considered to serve as a proxy for the
stress response to real-life stressful situations (Zorn et al., 2017). Some of the paradigms most
commonly used to induce acute stress in a laboratory setting include public speaking tasks that
contain social evaluation of the individual’s performance, and tasks that are cognitively or
physiologically demanding.

Studies investigating the cortisol response to acute psychosocial stress tasks in disorders
across the schizophrenia and psychosis spectrum have generally yielded mixed results. The
TSST is a widely used experimental protocol to induce psychosocial stress that typically
consists of a job interview and a mental arithmetic task which occurs in front of a panel of
judges and is video recorded (Kirschbaum et al., 1993). Systematic reviews and meta-analyses
focusing on the cortisol response to the original or modified versions of the TSST have
proposed a blunted cortisol response in patients with schizophrenia compared to healthy
controls (Ciufolini et al., 2014; Zorn et al., 2017). Interestingly, in their meta-analysis, Ciufolini
et al. (2014) found significantly lower cortisol levels in the anticipatory phase and a
significantly attenuated peak cortisol response in the patient sample, however, no significant
group differences in cortisol levels were revealed for the recovery phase or for the total amount
of cortisol released in response to the TSST. The results of a more recent study are partially
consistent with these meta-analytic findings, demonstrating a lack of cortisol peak
concentrations in response to the TSST in patients with schizophrenia (Lange et al., 2017).
However, in the study by Lange et al. (2017), significant group differences in absolute cortisol
levels were reported at all time points of cortisol measurement, with the patient sample
exhibiting significantly blunted salivary cortisol levels compared to the sample of healthy
controls, even 60 minutes after acute psychosocial stress exposure.

Inconsistent findings were also reported in studies that employed the MIST. This
psychosocial stress paradigm consists of computerized mental arithmetic tasks presented during
functional magnetic resonance imaging (fMRI) or positron emission tomography (PET) and
involves negative visual and verbal feedback from the experimenter, along with a task difficulty

level and a time limit adjusted to be just beyond the individual’s performance level in the
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experimental condition (Dedovic et al., 2005). In the control (nonstress) condition, similar
arithmetic tasks are presented, but without time constraints or negative feedback from the
experimenter (Dedovic et al., 2005). Compared to healthy controls and individuals at high
clinical risk for developing psychosis, patients with schizophrenia who were not on
antipsychotic medication at the time of sampling demonstrated the largest changes in salivary
cortisol following a PET scan with sample collection occurring every 12 minutes throughout
the implemented MIST (Mizrahi et al., 2012). Another study using a very similar design with
sample collection in intervals of 15 minutes throughout the MIST could not replicate those
findings, reporting no significant group differences in cortisol stress response (Schifani et al.,
2018). Interestingly, similar to the results of Mizrahi et al. (2012), a study that applied a mental
arithmetic task without a social-evaluative component yielded higher blood cortisol levels in
schizophrenia patients compared to a sample of healthy controls (Albus et al., 1982). The
implementation of other cognitive paradigms such as the PASAT and the Mirror Tracing
Persistence Task (MTPT-C; Strong et al., 2003) along with measurement of salivary cortisol
levels however, have resulted in a lack of group differences for cortisol levels. (Chiappelli et
al., 2016).

Physiological paradigms that have been used to assess the cortisol stress response in
schizophrenia patients are very different in their nature while at the same time have also yielded
mixed results. An early study comparing unmedicated patients with schizophrenia and healthy
controls was comprised of a total of four standardized stress-induction tasks and reported
elevated blood cortisol levels in patients both in response to the cold pressor test (i.e., alternately
immersing the feet in ice cold water for 40 seconds) and to a noise stressor (Albus et al., 1982).
In contrast, in a more recent study that measured cortisol in saliva rather an attenuated cortisol
response to a noise stressor was observed in medicated patients with schizophrenia (Lincoln et
al., 2015). Another more recent study assessed blood cortisol levels in response to
administration of electrical stimulations just below the pain threshold and no significant group
differences in cortisol response between unmedicated patients with schizophrenia and healthy
controls were found (C. Z. Duval et al., 2016). This report of no group differences can be
considered in line with an earlier study in which salivary levels of cortisol were assessed in
medicated patients with schizophrenia and healthy controls during a 10-minute bicycle
ergometry exercise period as part of a total two-hour test session (Jansen et al., 2000).

Taken together, research on HPA axis functionality in schizophrenia has been growing
during the last decades, and scientific evidence on neuroendocrine mechanisms has

progressively been integrated into etiological models of the disorder. An increasing number of
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studies has focused on the evaluation of HPA axis hormones, particularly of the stress hormone
cortisol, within this context, and studies conducted on basal cortisol concentrations (i.e., without
an explicit stressor), frequently reported increased cortisol levels in patients with schizophrenia
compared to healthy controls — a finding often taken as evidence for hyperactivation of the HPA
axis in schizophrenia. However, as the above mentioned studies highlight, literature is still
characterized by conflicting findings, particularly regarding schizophrenia patient’s cortisol
levels at specific time points during the day (morning, afternoon, evening) and in response to
experimental stress induction. As of yet, most meta-analyses in this field have focused
specifically on morning cortisol levels or have evaluated baseline cortisol levels by including
cortisol measures from various single time points in one analysis. Metanalysis has not yet been
performed in relation to cortisol levels at specific time points taken separately throughout the
day. Importantly, there is evidence of altered cortisol levels in patients with schizophrenia at
specific time points during the day (e.g., Whalley et al., 1985) and such alterations may not be
adequately inferred from analyses that include measurements at various different time points.
Findings from previous systematic reviews and meta-analyses indicate an attenuated cortisol
response to psychosocial stress in schizophrenia, but these results are based on a small number
of studies analyzed and should therefore be considered as preliminary (Ciufolini et al., 2014;
Zorn et al., 2017). Furthermore, to our knowledge, as of yet, no meta-analysis has been
conducted to examine the cortisol response to physiological stressors, and only one systematic
review and meta-analysis has been carried out focusing specifically on the CAR among
schizophrenia and first-episode patients (Berger et al., 2016).

The present meta-analytic study therefore seeks to expand the scope of previous meta-
analyses by more rigorously analyzing published studies on the relationship of schizophrenia
and baseline cortisol levels, the CAR, and stress-induced cortisol levels. To this end, we aimed
to compare cortisol levels in patients with schizophrenia and healthy controls, and to
deliberately separate studies that provide baseline cortisol levels based on time of cortisol
sample collection in order to more rigorously assess potential differences in baseline cortisol
levels. Additionally, we aimed to run separate meta-analyses on cortisol levels in response to
mental and physiological stress induction. Given that various stressors generally elicit different
endocrine responses (Pacak & Palkovits, 2001), focusing on these two types of stressors enables
investigation of stressor-specific differences in cortisol secretion in schizophrenia patients
compared to healthy controls. Building on previous meta-analyses that assessed cortisol
reactivity exclusively to psychosocial stress, we aimed to extend these findings by including

both psychosocial and cognitive stress tasks in our analysis on mental stress.
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Regarding baseline cortisol levels, we expected to replicate previous findings of
elevated morning cortisol levels in schizophrenia patients, while for afternoon and evening
cortisol levels, our hypotheses were non-directional, as previous findings have yielded
inconsistent results. Regarding the CAR, we expected to replicate the meta-analytic finding of
a blunted CAR in patients with schizophrenia (Berger et al., 2016). Regarding cortisol stress
reactivity, as there are currently no meta-analytic studies available that focus on both cortisol
response to mental stress — with additional consideration of cognitive stress tasks — and to

physiological stress, hence our hypotheses were non-directional for these two meta-analyses.

Method

Literature Search and Selection of Studies
Search Strategy

Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Moher et al., 2009), a systematic literature search of the electronic
database PubMed (https://pubmed.gov) was performed from inception until April 20, 2021, to
identify relevant studies investigating cortisol levels in individuals with schizophrenia. The
search strategy was carried out using the search string consisting of the following key words:
“schizophrenia” OR “psychosis” OR “psychotic disorder” OR “first episode” OR “prodromal”
OR “clinical high risk” OR “ultra high risk” AND “cortisol”. The search was confined to human
studies, with no restrictions being imposed in terms of publication language or any other
criteria. No gray literature was included in the search.
Inclusion and Exclusion Criteria

Studies were considered eligible for inclusion if they met the following criteria: (a)
reporting cortisol levels, either unstimulated (baseline) values with specification of the time of
sample collection and/or CAR or raw data from at least three repeated measures taken within
the first hour after awakening that allowed calculation of CAR, and/or an index of stress-
induced change in cortisol levels (single or multiple values pre- and post-stress, values during
a stress/control condition, or respective delta values); (b) reporting cortisol levels either as mean
and standard deviation, mean and standard error, or in the form of raw values that allowed
calculation of these statistics; (¢) reporting cortisol levels measured either in saliva, blood, urine
or cerebrospinal fluid; (d) presenting cortisol in patients with a diagnosis on the schizophrenia
spectrum (including schizophrenia, schizoaffective disorder, schizophreniform disorder or
other non-affective psychoses) according to any version of the DSM, the ICD and/or the
Research Diagnostic Criteria (RDC) in comparison to healthy individuals without a psychiatric

diagnosis.
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Study exclusion occurred based on the following criteria: (a) no available full-text
version of the article (neither online nor upon request from the authors or through the document
delivery service of local libraries); (b) review article or meta-analysis; (c) article written in a
language other than English or German; (d) use of an incompatible sampling method (e.g.,
analyzing cortisol in post-mortem brain tissue); (¢) measurement of cortisol levels in specimens
other than saliva, blood, urine or cerebrospinal fluid (e.g., cortisol concentration in hair
indicative of long-term stress); (f) reporting cortisol levels either exclusively or in comparison
to those in healthy individuals, in participants without a diagnosis of a schizophrenia spectrum
disorder according to the DSM, ICD or RDC diagnostic criteria (e.g., in participants diagnosed
according to other criteria, such as those applied by Feighner et al. (1972), in healthy individuals
reporting on schizotypal traits, in individuals at high risk of developing a schizophrenia
spectrum disorder, in participants meeting the DSM criteria for a schizotypal personality
disorder, or in participants with other psychiatric diagnoses, such as affective disorders); (g)
lacking a comparison group comprised of healthy individuals without psychiatric diagnosis; (h)
nonavailability of cortisol data in the article or upon request from the authors; (i) providing
cortisol data that were considered incomplete or inadequate for inclusion in our analyses (i.e.,
only values for healthy controls were available and/or baseline cortisol levels were not reported
for stress induction; time of sample collection was not specified for baseline cortisol; and/or
only cortisol levels across the day or the total cortisol output during the day were provided;
and/or only values of cortisol metabolites were available; and/or no units were given for cortisol
values; and/or cortisol values were reported collectively and not individually for the patient
groups included; and/or only the median values and interquartile ranges were available). In
cases in which sample overlap was explicitly stated in the articles of potentially eligible studies,
or if the assumption of sample overlap could be confirmed by the corresponding authors, only
the study with the largest sample size was included.

The inclusionary and exclusionary criteria implementation was carried out in a two-step
approach. In the first stage, the titles and abstracts of all retrieved articles were screened for
relevance to the research question based on the selection criteria. Subsequently, the articles that
passed the initial screening and for which the full text was available, underwent full eligibility

assessment according to the inclusion and exclusion criteria.

Data Extraction and Statistical Analysis
If available the following data were extracted from included studies: Author(s), year of
publication, type of participants, characteristics of participants per group (sample size, age, sex

distribution, diagnosis and medication status of patients), source of cortisol (saliva, blood, urine,
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cerebrospinal fluid), time of sample collection for baseline cortisol, type of stress induction,
and respective cortisol values (either directly retrieved or calculated from raw data).

Baseline cortisol levels, measured either before a stressor was implemented or in the
absence of a stressor at time of collection, were analyzed according to the time of sample
collection using single cortisol raw values. Cortisol levels in response to awakening were
analyzed based on the corresponding cortisol index CAR, as well as on cortisol raw values from
at least three repeated measures within the first hour after awakening, which allowed for
calculation of post-awakening cortisol changes through the formula of the area under the curve

with respect to the increase (AUC;):

n—1( n ) ¢ n—-1
m . m. L] .
AUCl — <Z (i+1) - i l) _ (ml . Z tl)

i=1 i=1

with m; indicating the single measurements, t; indicating the time distance between the
measurements, and n indicating the total number of measurements (J. C. Pruessner et al., 2003).
To assess the secretion of cortisol in response to stress induction, delta values of change (pre-
versus post-stress) were used. In some cases, these delta values could be directly retrieved from
the corresponding publications, in all other cases, we used the mean cortisol concentrations at
baseline (pre-stress) and post-stress (peak) to calculate the mean peak cortisol change

(Cortisolchange = CortisOlpggi-siress peak — COrtisOlpressress). If cortisol levels peaked at different

time points post-stress in schizophrenia patients and healthy individuals, the time point of peak
in schizophrenia patients was used for calculations of the peak cortisol change in both groups.

Quantitative meta-analyses were performed using the open-source software
OpenMetaAnalyst (Wallace et al., 2009). Before extracted cortisol data was entered into the
software, values were transformed to standard international (SI) units of nmol/L through an
online SI units Conversion Calculator (https://unitslab.com) in case the values were originally
reported in other units of measurement. In the case that the data was provided as mean and

standard error (SE), the following formula was used to calculate the standard deviation (SD)

from the standard error: SD = SE x /N (Higgins et al., 2021). For all analyses, a random effects
model (DerSimonian & Laird, 1986) was fitted to calculate the standardized mean difference
(SMD) and the corresponding 95% confidence interval (CI), as we expected systematic
differences between studies regarding patient characteristics and cortisol assays. Hedge’s g, a
measure of effect size that is considered optimal for analysis of studies with small sample sizes

(Borenstein et al., 2009), was used in all analyses as a measure of SMD. Following established
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conventions, an effect size was considered small, medium, and large for values 0.20, 0.50, and
0.80, respectively (J. Cohen, 1988). Heterogeneity among the studies in each analysis was
quantified using Higgins’ /2 statistic (Higgins & Thompson, 2002), an estimate of the proportion
of between-study variability in effect size estimates that cannot be accounted for by random
sampling error but rather is due to heterogeneity. Based on commonly applied guidelines, /?
values of 25%, 50%, and 75% were interpreted as low, moderate, and high heterogeneity,
respectively (Higgins et al., 2003). Forest plots for each meta-analysis were generated to
graphically display the individual and pooled effect size estimate, and the corresponding 95%
confidence interval. For all analyses, results were considered statistically significant at the alpha
=.05 level (p <.05; two-tailed).

If studies reported cortisol levels separately for distinct diagnostic groups on the
schizophrenia spectrum (e.g., for individuals diagnosed with schizophrenia and individuals with
a diagnosis of schizoaffective disorder), only data from the schizophrenia sample were included
in the corresponding analyses. If studies reported a comparison of cortisol levels in
schizophrenia patients and healthy individuals separately for males and females, gender-
specific data were extracted and entered separately into the corresponding analyses as the male
and female subgroups can be considered independent samples (Borenstein et al., 2009).
However, if cortisol levels were available for two subgroups of schizophrenia patients
(medicated versus unmedicated) separately, we followed the recommendation of the Cochrane
Handbook for Systematic Reviews and Meta-Analyses (Higgins et al., 2021) and calculated
combined means and standard deviations in order to pool the subgroups together in the
corresponding analyses. This approach avoided the inclusion of the same sample of healthy
individuals twice in the same meta-analysis. The combined means and standard deviations were

calculated using the following formulae:

n X+ n, X,
n, + n,

X =

nn > >
o J(n1—1)512+(n2—1)522+ S (R, - XY

ng+n,—1

where X; and X, represent the subgroup means, n; and n, represent the subgroup sample sizes
and S; and S, represent the subgroup standard deviations (Higgins et al., 2021). If studies

reported cortisol levels in schizophrenia patients at two time points, once while medicated and



19

once while unmedicated, only the cortisol sample taken during the medicated period was
included in the corresponding analyses as this sample was considered to be more comparable
when taking into account that the patient sample in most studies comprised either medicated
and unmedicated or only medicated schizophrenia patients. This approach further allowed us

to avoid including the same sample of schizophrenia patients twice in the same meta-analysis.

Quality Assessment

Due to variation of study design types of the included studies, comprising observational
and randomized controlled studies, two different tools were applied for quality assessment as
recommended by Zeng et al. (2015).
Newcastle-Ottawa Scale

The methodological quality of included case-control studies was assessed using the
Newcastle-Ottawa Scale (NOS; Wells et al., 2014). The NOS, designed to assess the quality of
non-randomized case-control and cohort studies, consists of eight items representing the
following three domains of study quality: the selection of the study groups, the comparability
of the groups and the ascertainment of either the exposure (cohort studies) or study outcome
(case-control studies). A star rating system is used by which a study can be awarded a maximum
of one star for each item within each of the three domains, except in domain comparability
where a maximum of two stars can be awarded to a study. Thus, the total NOS score ranges
from zero to nine stars for each study, with higher scores indicating a better methodological
quality. The NOS has been widely applied for study quality assessment in meta-analyses and is
well accepted in the literature (Deeks et al., 2003; Farrah et al., 2019).
Revised Cochrane Risk-of-Bias Tool for Randomized Trials

We evaluated the methodological quality of included randomized controlled trials
(RCTs) according to the Revised Cochrane Risk-of-Bias Tool for Randomized Trials (RoB 2;
Sterne et al., 2019), which bases quality appraisal on the following five main domains: Bias
arising from the randomization process, bias due to deviations from intended interventions, bias
due to missing outcome data, bias in measurement of the outcome, and bias in the selection of
the reported result. Domain-level and overall risk of bias judgments across bias domains are
formulated and differentiated as low risk, some concerns and high risk. No studies in our

analyses were excluded based on quality assessment.

Assessment of Publication Bias
The potential for publication bias, defined as the propensity for selective publication of
studies with a statistically significant outcome leading to possible overestimation of effect sizes

in meta-analyses (e.g., Lin, 2018), was assessed using visual inspection of funnel plots (Sterne
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& Egger, 2001) and Egger’s regression test for funnel plot asymmetry (Egger et al., 1997). To
ensure sufficient statistical power to distinguish between chance and real asymmetry (Egger et
al., 1997), these methods to analyze publication bias were carried out only for meta-analyses
that comprised at least 10 studies. The metafor package (Viechtbauer, 2010) in the statistical
software R (Version 4.0.4) was used for creating the funnel plots and performing Egger’s
regression test. Results were considered statistically significant at the alpha = .05 level (p <.05;

two-tailed).
Results

Search Results

The database search yielded a total of 1863 records. Title and abstract screening resulted
in exclusion of 1418 articles, and for 442 of the retained 445 articles, a full text was available
or could be obtained (n = 3 excluded as unobtainable). The full-text articles were further
evaluated for eligibility according to the inclusion and exclusion criteria described in the
Method section. The study selection process is depicted in detail by the PRISMA flow diagram
(see Figure 2).



Figure 2
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PRISMA Flow Diagram of the Study Selection Process

PubMed literature search
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R Records excluded based on title
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= - Other diagnostic criteria used (n = 11)
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v 1
Overlapping samples (n = 10)
) ‘
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(n=174) n=17) (n=12)
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—

Note. CAR = cortisol awakening response; SPD = schizophrenia personality disorder; SZ =

schizophrenia.

? Some of the included studies were considered in more than one meta-analysis. Thus, the

number of studies included in the categories and in the analyses within a category may exceed

the number of studies indicated overall and for the respective category.
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In case of missing cortisol values (n = 78), the corresponding authors were contacted up
to two times with a data request. Eighteen authors were unreachable and of the 60 authors
contacted, 12 authors (35% of the responding authors) responded positively to the data request.
This resulted in a total of 80 studies eligible for inclusion in our meta-analyses. We were able
to categorize the literature based on the cortisol values reported in the studies for analyses: (a)
baseline cortisol, (b) cortisol awakening response, and (c) stress induction. According to the
time of cortisol sample collection, baseline cortisol could be further categorized in morning
cortisol, afternoon cortisol, and evening cortisol. Based on the type of stressor applied, stress
induction could be further categorized in mental stress and physiological stress. The categories

and included studies are displayed in the PRISMA flow diagram and are listed in Appendix A.

General Characteristics of Included Studies

The 80 included studies were published between 1982 and 2020 and the total sample
size comprised 5028 participants, 2675 patients diagnosed with schizophrenia (range of mean
age: 14.3-51.9 years, percentage of females: 31.25%) and 2353 healthy individuals (range of
mean age: 14.7-50.7 years, percentage of females: 32.64%). In most of the included studies,
cortisol was measured in blood samples (n = 60; 75.00%), with 26 studies specifically
measuring blood serum and 32 studies specifically measuring in blood plasma, while the
remaining two studies provided no detailed information on the blood component. Seventeen
studies measured cortisol in saliva, and two studies measured it both in the blood plasma and
saliva. In one study, cortisol was measured in cerebrospinal fluid. None of the included studies
assessed cortisol in urine. The majority of studies (n = 72; 90.00%) included exclusively adult
samples, while in eight studies, adolescents were also eligible to participate. Regarding
diagnosis, in most of the included studies, schizophrenia was diagnosed according to the DSM
and/or ICD criteria (n = 72; 90.00%), whereas in six and two studies the RDC or both RDC and
DSM criteria, respectively, were used. In about one third (n = 24; 30.00%) of the studies, the
patient sample entirely or partially consisted of individuals experiencing their first or an early
episode of illness. Based on the design, 76 of the included studies were observational studies
and four were randomized controlled trials. For an overview regarding the general

characteristics of included studies please refer to Appendix A.

Meta-Analyses Based on Different Categories
Baseline Cortisol

In total, 74 studies examined the basal levels of cortisol in schizophrenia patients and
healthy individuals. To take into consideration the circadian variation of cortisol levels (M.

Pruessner et al., 2017), we performed separate meta-analyses according to the time of cortisol
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assessment: (a) morning (time window between 06:00 a.m. and 12:00 p.m.), (b) afternoon (from
12:00 p.m. to 06:00 p.m.), (c) evening (from 06:00 p.m. to 01:00 a.m.).

Morning Cortisol. Fifty-six studies provided data on morning cortisol levels. These
studies comprised a total of 3639 participants, 1991 patients with schizophrenia and 1648
healthy individuals. Two of the included studies in this meta-analysis reported cortisol values
separately for female and male participants (Goldstein et al., 2015; Labad et al., 2016).

The meta-analysis yielded a small, statistically significant effect, indicating higher
cortisol levels in schizophrenia patients compared to healthy individuals in the morning (g =
0.33, 95% CI[0.14, 0.51], p <.001). Heterogeneity was high and significant in this analysis (/*
=85.17%, p <.001). See Figure 3 for the respective forest plot.
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Figure 3

Baseline Morning Cortisol Levels

Studies Hedge's g (lower/upper limit 95% CI)
Hoshino et al. (1984) -2.358 (-3.124, -1.592) ——&———
Whalley et al. (1985) 0.569 (-0.216, 1.353) -
Morphy et al. (1985) 0.881 (0.229, 1.533) —
Herz et al. (1985) 1.272 (0.487, 2.057) —
Gattaz et al. (1985) 0.038 (-0.576, 0.652) ——
Wolkowitz et al. (1986) -1.378 (-2.437, -0.319) —
Breier et al. (1988) -0.508 (-1.433, 0.417) =
Altamura et al. (1989) 0.910 (0.377, 1.444) —a—
Davila et al. (1989) -0.008 (-0.798, 0.782)
Parshad & Uppal (1989) -0.431 (-1.043, 0.182) —a—
Abel et al. (1996) 3.736 (2.462, 5.009) —_—.———
Jakovljevif et al. (1998) ] 0.996 (0.614, 1.379) —
Elman et al. (1998) 0.065 (-0.738, 0.868)
Monteleone et al. (1999) 0.818 (0.097, 1.540) —
F. Duval et al. (2000) 0.007 (-0.478, 0.493) ——
Jansen et al. (2000) -0.193 (-0.825, 0.438) -
Mokrani et al. (2000) -0.138 (-0.685, 0.409) —a—
Meltzer et al. (2001) 0.890 (0.295, 1.486) ——
Kaneda et al. (2002) 0.298 (-0.193, 0.790) ——
F. Duval et al. (2003) 0.413 (-0.193, 1.019) L
Ryan et al. (2003) 1.690 (1.056, 2.323) —.
Marcelis et al. (2004) -0.224 (-0.617, 0.169) —
Ritsner et al. (2004) 0.211 (-0.383, 0.806) —
Muck-Seler et al. (2004) 0.971 (0.350, 1.592) —
Ryan, Flanagan, et al. (2004) 0.997 (0.323, 1.671) —
Zhang et al. (2005) 0.804 (0.369, 1.238) — .
[Fiimaz etal. (2007) 0.679 (0.226, 1.131) .
Popovic et al. (2007) 0.665 (0.011, 1.319) i
Ritsner et al. (2007) 0.713 (0.168, 1.258) -
Brunelin et al. (2008) -0.656 (-1.403, 0.092) —a—
Venkatasubramanian et al. (2010) 0.936 (0.428, 1.445) —u—
Kale et al. (2010) 0.695 (0.207, 1.184) ——
Yildirnm et al. (2011) 3.718 (3.127, 4.309) —a—
Garner et al. (2011) 0.256 (-0.248, 0.761) ——
Steiner et al. (2012) 0.030 (-0.487, 0.548) —
Phassouliotis et al. (2012) -0.653 (-1.282, -0.025) —
White et al. (2014) -0.140 (-0.441, 0.161)
Manzanares et al. (2014) 0.083 (-0.378, 0.544) e
Montalvo et al. (2014) 0.191 (-0.260, 0.642) — i
Goldstein et al. (2015), males 0.112 (-0.546, 0.770) L
Goldstein et al. (2015), females -0.137 (-0.870, 0.596) -
M. A. Lee et al. (2015) 0.518 (0.097, 0.938) ——
Reniers et al. (2015) -0.071 (-0.662, 0.520) —a—
Bulut et al. (2016) 0.619 (0.158, 1.079) ———
Labad et al. (2016), males -0.215 (-0.702, 0.272) —
Labad et al. (2016), females 0.234 (-0.366, 0.834) —t—
Petrikis et al. (2016) 0.087 (-0.352, 0.525) —
Mizuno et al. (2016) -0.358 (-0.719, 0.002) ——
C. Z. Duval et al. (2016) 0.369 (-0.241, 0.979)
Girshkin et al. (2016) -0.396 (-0.781, -0.012) —l—
Solanki et al. (2017) 0.480 (-0.093, 1.054) ——
Eimseketal (2077) 0.516 (-0.071, 1.104) —a—
Ntouros et al. (2018) 0.100 (-0.467, 0.666) —
Bulut et al. (2018) 0.313 (-0.180, 0.806) 74.‘7
Cai et al. (2018) 0.383 (-0.023, 0.789) ——
Allott et al. (2018) 0.047 (-0.479, 0.573) —
C. H. Lee et al. (2019) 0.012 (-0.296, 0.319) E
Wedervang-Resell et al. (2020) 0.054 (-0.380, 0.487) =
Overall (I1*2=85.17 % , P< 0.001) 0.325 (0.143, 0.507)

T : T 1

Standardized Mean Differsnce (9)
Note. Forest plot displaying random-effects meta-analysis comparing baseline morning cortisol
levels between patients with schizophrenia and healthy controls. The black squares and the
horizontal lines represent the individual studies’ standardized mean difference (Hedge’s g)
effect size estimates and 95% confidence intervals, respectively. The center of the blue diamond
and the vertical red dotted line represent the pooled effect size estimate, with the width of the
blue diamond representing the corresponding 95% confidence interval. Positive effect size
estimates indicate higher baseline morning cortisol levels in patients with schizophrenia than in

healthy controls. CI = confidence interval; "2 = Higgins’ /? statistic.
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Afternoon Cortisol. Nineteen studies provided data on afternoon cortisol levels. These
studies comprised a total of 882 participants, 456 patients with schizophrenia and 426 healthy
individuals. Two studies differed slightly from the rest of the included studies as they assessed
cortisol in the time window between 11:30 a.m. and 12:30 p.m. (Whalley et al., 1986) or
between 02:00 p.m. and 08:00 p.m. (Lincoln et al., 2015). Considering that the collection
intervals specified in these two studies predominantly encompass the time around noon or the
afternoon hours, these two studies were included in this analysis.

The meta-analysis yielded no effect, indicating no significant group differences in
cortisol levels in the afternoon (g =0.06, 95% CI [-0.40, 0.52], p =.796). Heterogeneity between
studies was high and significant in this analysis (> = 89.98%, p < .001). See Figure 4 for the

respective forest plot.

Figure 4

Baseline Afternoon Cortisol Levels

Studies Hedge's g (lower/upper limit 95% CI)

Hoshino et al. (1984) -3.424 (-4.346, -2.502) ———— :

Whalley et al. (1985) 1.229 (0.391, 2.067) .
Morphy et al. (1985) 1.331 (0.643, 2.019) ' ——
Herz et al. (1985) 0.098 (-0.618, 0.814) R
Whalley et al. (1986) 0.300 (-0.376, 0.976) ——.—
Davila et al. (1989) -0.598 (-1.405, 0.209) —

Altamura et al. (1989) 0.748 (0.221, 1.275) P —
Ryan, Sharifi, et al. (2004) 0.458 (-0.353, 1.268) —
Walsh et al. (2005) 0.686 (-0.216, 1.588) —.
Gallagher et al. (2007) 0.532 (-0.099, 1.162) —+
Dinzeo et al. (2015) 0.554 (-0.250, 1.358) ——
Lincoln et al. (2015) -0.240 (-0.781, 0.301) ——
Chiappelii et al. (2016) -0.154 (-0.612, 0.304) —B—

Lange et al. (2017) -0.249 (-0.806, 0.307) —rw—
Nordholm et al. (2018) 0.397 (-0.142, 0.936) ——
Ntouros et al. (2018) 0.477 (-0.098, 1.051) ——
Das et al. (2018) -2.696 (-3.340, -2.051) —

Rojnic Kuzman et al. (2019) 0.597 (0.177, 1.017) ——

Aas et al. (2020) 0.888 (0.210, 1.566) ——
Overall (1*2=89.98 % , P< 0.001) 0.061 (-0

.398, 0.519) ﬁ>

r T T T T T 1

2 R 0
Standardized Mean Difference (g)

Note. Forest plot displaying random-effects meta-analysis comparing baseline afternoon
cortisol levels between patients with schizophrenia and healthy controls. The black squares and
the horizontal lines represent the individual studies’ standardized mean difference (Hedge’s g)
effect size estimates and 95% confidence intervals, respectively. The center of the blue diamond
and the vertical red dotted line represent the pooled effect size estimate, with the width of the
blue diamond representing the corresponding 95% confidence interval. Positive effect size
estimates indicate higher baseline afternoon cortisol levels in patients with schizophrenia than

in healthy controls. CI = confidence interval; I"2 = Higgins’ /7 statistics.
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Evening Cortisol. Eleven studies provided data on evening cortisol levels. These
studies comprised a total of 716 participants, 323 patients with schizophrenia and 393 healthy
individuals. One of the included studies in this meta-analysis reported cortisol values separately
for female and male participants (Labad et al., 2016).

The meta-analysis yielded a small statistically significant effect, indicating elevated
cortisol levels in schizophrenia patients compared to healthy individuals in the evening (g =
0.37, 95% CI [0.08, 0.66], p = .014). Heterogeneity between studies was moderate and
significant in this analysis (I* = 69.77%, p < .001). See Figure 5 for the respective forest plot.

Figure 5

Baseline Evening Cortisol Levels

Studies Hedge's g (lower/upper limit 95% CI)

Whalley et al. (1985) 0.370 (-0.405, 1.145) ]

Roy et al. (1986) 1.723 (0.870, 2.576) -
Zhou et al. (1987) -0.104 (-0.626, 0.418) —

Jiang & Wang (1998) -0.136 (-0.741, 0.470) L] T

Labad et al. (2016), males 0.305 (-0.183, 0.793) ——.—

Labad et al. (2016), females -0.121 (-0.720, 0.477) L ] -

Faravelli et al. (2017) 0.681 (0.343, 1.019) +

Seidenfaden et al. (2017) 1.218  (0.717, 1.720) § ——
Nordholm et al. (2018) 0.078 (-0.456, 0.612) i

Ntouros et al. (2018) -0.089 (-0.656, 0.478) L

Cherian et al. (2019) 0.244 (-0.330, 0.818) B

Aas et al. (2020) 0.510 (-0.149, 1.170) ]

Overall (1*2=69.77 % , P< 0.001) 0.368 (0.076, 0.661) Q—

r : Y T T T 1
05 0 05 1 15 2 25
Standardized Mean Difference (g)

Note. Forest plot displaying random-effects meta-analysis comparing baseline evening cortisol
levels between patients with schizophrenia and healthy controls. The black squares and the
horizontal lines represent the individual studies’ standardized mean difference (Hedge’s g)
effect size estimates and 95% confidence intervals, respectively. The center of the blue diamond
and the vertical red dotted line represent the pooled effect size estimate, with the width of the
blue diamond representing the corresponding 95% confidence interval. Positive effect size
estimates indicate higher baseline evening cortisol levels in patients with schizophrenia than in

healthy controls. CI = confidence interval; I"2 = Higgins’ /* statistic.

Cortisol Awakening Response
The CAR, defined as the increase in cortisol levels during the first 60 minutes following
awakening, was examined by seven studies. These studies comprised a total of 534 participants,

283 patients with schizophrenia and 251 healthy individuals. One of the included studies in this
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meta-analysis reported cortisol values separately for female and male participants (Labad et al.,
2016).

The meta-analysis showed a small, statistically non-significant effect, indicating lower
cortisol levels in schizophrenia patients compared to healthy individuals during the first 60
minutes after awakening (g = -0.34, 95% CI [-1.12, 0.43], p = .385). Heterogeneity was high
and significant in this analysis (I* = 94.07%, p < .001). See Figure 6 for the respective forest

plot.

Figure 6

Cortisol Awakening Response (CAR)

Studies Hedge's g (lower/upper limit 95% CI)

Mondelli et al. (2010) -0.433 (-0.867, -0.000) — B
Monteleone et al. (2014) -3.452 (-4.414, -2.490) —@&—
Mondelli et al. (2015) -0.767 (-1.132, -0.402) ——

Labad et al. (2016), males -0.122 (-0.608, 0.364) +
Labad et al. (2016), females 0.132 (-0.467, 0.730) ——I—
Seidenfaden et al. (2017) 2.098 (1.508, 2.687) : —R—
Nordholm et al. (2018) -0.707 (-1.257, -0.157) —.——

Aas et al. (2020) 0.194 (-0.457, 0.845) ——

Overall (12=94.07 % , P< 0.001) -0.344 (-1.121, 0.432) "\"\7)

2 = 0 1 2
Standardized Mean Difference (g)

Note. Forest plot displaying random-effects meta-analysis comparing cortisol awakening
response (CAR) between patients with schizophrenia and healthy controls. The black squares
and the horizontal lines represent the individual studies’ standardized mean difference (Hedge’s
g) effect size estimates and 95% confidence intervals, respectively. The center of the blue
diamond and the vertical red dotted line represent the pooled effect size estimate, with the width
of the blue diamond representing the corresponding 95% confidence interval. Positive effect
size estimates indicate a higher cortisol awakening response in patients with schizophrenia than

in healthy controls. CI = confidence interval; "2 = Higgins’ /? statistic.

Stress Induction

Mental Stress. The effect of mental stress paradigms on cortisol levels in schizophrenia
patients and healthy individuals was assessed by eight studies, which comprised a total of 363
participants, 167 patients with schizophrenia and 196 healthy individuals. Five of the included
studies focused on a psychosocial stress component by application of paradigms such as the
MIST, variations of the TSST or other types of public speaking tasks, while three studies
applied stress tasks related to a cognitive component such as a mental arithmetic task, an

aversive affective arousal task using visual image stimuli, and computerized tasks to assess
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cognitive function. One of the included studies in this meta-analysis reported cortisol values
separately for female and male participants (Goldstein et al., 2015).

The meta-analysis showed no effect, indicating no group differences in cortisol change
after induction of mental stress (g = -0.12, 95% CI [-0.56, 0.32], p = .589). Heterogeneity was
medium and significant in this analysis (1> = 75.50%, p < .001). See Figure 7 for the respective
forest plot.

Figure 7

Influence of Mental Stress on Cortisol Levels

Studies Hedge's g (lower/upper limit 95% CI)

Albus et al. (1982) -0.113 (-0.793, 0.568) — .
Jansen et al. (2000) -0.906 (-1.567, -0.245) - n

Mizrahi et al. (2012) 1.057 (0.135, 1.978) L ]
Lincoln et al. (2015) 0.065 (-0.469, 0.599) ——
Goldstein et al. (2015), males 0.182 (-0.477, 0.841) ——
Goldstein et al. (2015), females 0.451 (-0.290, 1.192) ]
Chiappelli et al. (2016) 0.000 (-0.457, 0.457) —

Lange et al. (2017) -1.439 (-2.061, -0.817) ——————l—

Schifani et al. (2018) -0.130 (-0.995, 0.735) =

Overall (1*2=75.5 % , P< 0.001) -0.122 (-0.564, 0.320) ‘<:ﬁ

Standardized Mean Difference (g)

Note. Forest plot displaying random-effects meta-analysis comparing change in cortisol levels
(from pre-to-post) in response to mental stress induction between patients with schizophrenia
and healthy controls. The black squares and the horizontal lines represent the individual studies’
standardized mean difference (Hedge’s g) effect size estimates and 95% confidence intervals,
respectively. The center of the blue diamond and the vertical red dotted line represent the pooled
effect size estimate, with the width of the blue diamond representing the corresponding 95%
confidence interval. Positive effect size estimates indicate either a higher increase or lower
decrease in cortisol levels following mental stress induction in patients with schizophrenia than

in healthy controls. CI = confidence interval; I"2 = Higgins’ I statistic.

Physiological Stress. Four studies provided cortisol values for the effect of a
physiological stress paradigm on cortisol levels. These studies comprised a total of 174
participants, 79 patients with schizophrenia and 95 healthy individuals. The physiological
stressors applied in the studies comprised the cold pressor test, noise paradigms, electrical
stimulations, and a session of bicycle exercise. One study (Albus et al., 1982) applied two
experimental conditions to assess cortisol stress response, the cold pressor task (alternately
putting each foot into ice water for 40 seconds) and a noise condition (sine-wave and structured

noise with a mean intensity of 95 dB).
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The meta-analysis showed no effect, indicating no group differences in cortisol change
after physiological stress induction (g = -0.09, 95% CI [-0.39, 0.21], p = .557). Heterogeneity
was low and non-significant in this analysis (# = 0.00%, p = .511). Meta-analysis did not yield
different results when including the noise paradigm from the Albus et al. (1982) study (g = -
0.09, 95% CI [-0.40, 0.21], p = .549), and there was low, non-significant between-study
heterogeneity (12 = 0.00%, p = .498). See Figure 8 for the respective forest plot for the analysis
which included the cold pressor task from the Albus et al. (1982) study.

Figure 8

Influence of Physiological Stress on Cortisol Levels

Studies Hedge's g (lower/upper limit 95% CI)

Albus et al. (1982) -0.540 (-1.231, 0.150) L ]

Jansen et al. (2000) -0.028 (-0.657, 0.602) L
Lincoln et al. (2015) 0.127 (-0.407, 0.661) L ]
C. Z. Duval et al. (2016) -0.084 (-0.689, 0.522) L )

Overall (1*2=0 % , P=0.511) -0.091 (-0.395, 0.213) <:F_—~—

05 0
Standardized Mean Difference (g)

05

Note. Forest plot displaying random-effects meta-analysis comparing change in cortisol levels
(from pre-to-post) in response to physiological stress induction between patients with
schizophrenia and healthy controls. The black squares and the horizontal lines represent the
individual studies’ standardized mean difference (Hedge’s g) effect size estimates and 95%
confidence intervals, respectively. The center of the blue diamond and the vertical red dotted
line represent the pooled effect size estimate, with the width of the blue diamond representing
the corresponding 95% confidence interval. Positive effect size estimates indicate either a
higher increase or lower decrease in cortisol levels following physiological stress induction in
patients with schizophrenia than in healthy controls. CI = confidence interval; I"2 = Higgins’

I statistic.

Quality Assessment

The overall study quality of included observational studies, as assessed by the NOS, and
expressed as the overall NOS quality score, varied between 1 and 8, with the rating median
being 5 stars. For randomized controlled trials, the study quality, as assessed using the RoB 2,
was low in two studies and rated as having some concerns in the other two studies. The primary
methodological limitations of the included observational studies were that cortisol levels were
not assessed blindly according to the sample’s case/control status (n = 61), and that no response

rate was indicated in the studies (n = 75). The methodological quality of two of the four
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randomized controlled studies, both of which were rated as having some concerns, was limited
by deviations from the intended interventions and missing outcome data. See Appendix A for

the quality ratings of the included studies.

Assessment of Publication Bias

Visual inspection of the funnel plots for the analysis of morning, afternoon and evening
cortisol did not indicate substantial asymmetry (see Appendix B for the respective funnel plots)
and Egger’s test did not yield significance. These results were consistent for the analysis of
morning (z = 1.07, p = .284) and afternoon cortisol (z = -0.89, p = .372), as well as for the
analysis of evening cortisol (z = 0.91, p = .364), overall indicating a low probability of
publication bias in the three analyses of baseline cortisol levels.

Due to the insufficient number of studies included in the meta-analyses performed on
CAR, mental stress, and physiological stress, no formal graphical or statistical assessment of

publication was conducted for these meta-analyses.
Discussion

Summary and Interpretation of the Meta-Analytic Findings
Baseline Cortisol

Our meta-analysis on morning cortisol levels demonstrated significantly higher cortisol
levels in patients with schizophrenia compared to healthy controls, with small effect size
estimates. Of the nineteen studies showing significantly elevated cortisol levels among patients
with schizophrenia, two studies (Abel et al., 1996; Yildirnm et al., 2011) showed a
comparatively large effect. Three of the included studies in this analysis showed significantly
reduced cortisol levels in patients compared to healthy controls with one study reporting
exceptionally low cortisol levels (Hoshino et al., 1984) among patients compared with the other
studies. Of the studies reporting significantly elevated cortisol levels in patients with
schizophrenia, seven measured cortisol levels between 06:00 a.m. and 08:00 a.m., whereas 12
studies collected samples between 08:00 a.m. and 12:00 p.m., overall indicating that cortisol
levels in schizophrenia are not only found to be elevated in the early morning hours until 08:00
a.m., but also in the later morning hours approaching noon. Of all included studies involving
morning cortisol, 31 measured cortisol levels in patients on antipsychotic medication, whereas
25 reported cortisol levels in antipsychotic-naive or minimally treated patients. Twelve of the
latter studies reported significantly elevated cortisol levels among patients. The majority of
studies within this analysis comprised adult samples, seven did not explicitly exclude

adolescents. In most of the included studies, cortisol levels were measured in blood, three
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studies measured salivary cortisol and one study measured cortisol in cerebrospinal fluid. As
has been pointed out in several of the included studies and in previous meta-analyses, it should
be noted that results of blood cortisol may be confounded by potential stress associated with
phlebotomy. However, while this factor may possibly have influenced some of the individual
study findings, given the large number of studies included in this analysis, we consider it
unlikely to have a substantial impact on our meta-analytic findings.

Overall, our finding of elevated morning cortisol levels in patients with schizophrenia
is in line with our hypothesis and beyond replicating the findings of previous meta-analyses,
we were also able to extend them. The meta-analysis conducted by Girshkin et al. (2014)
focused on morning cortisol levels from single blood and salivary samples which had been
collected from medicated and unmedicated schizophrenia and first-episode patients until 10:00
a.m. On the basis of 44 included studies, they found elevated cortisol levels among patients,
with a small-to-medium effect size estimate (g = 0.387). In contrast to Girshkin et al. (2014),
we based our analysis on a broader definition of morning and thus also included cortisol
measurements between 10:00 a.m. and 12:00 p.m. This inclusion of cortisol measurements later
in the morning could potentially explain the relatively smaller effect size in our meta-analysis
compared to Girshkin et al. (2014), an assumption that would certainly require further statistical
testing but would complement the results of the subgroup analysis performed by Girshkin et al.
(2014), indicating cortisol levels in schizophrenia to be particularly elevated in the early
morning (until 08:00 a.m.) but not after 08:00 a.m.

Our meta-analysis on afternoon cortisol levels did not reveal significant group
differences. Measurements included in this analysis spanned a wide time interval, with seven
studies measuring cortisol levels within the 12:00 p.m. to 01:00 p.m. time window and nine
studies reporting cortisol levels within the 01:00 p.m. to 05:00 p.m. time window. Three studies
reported cortisol levels in unique time windows (12:00 p.m. to 04:00 p.m. in Chiappelli et al.,
2016; 01:00 p.m. to 20:00 p.m. in Lincoln et al., 2015; 11:30 a.m. to 12:30 p.m. in Whalley et
al., 1986). Most of the studies reporting cortisol levels within the 12:00 p.m. to 01:00 p.m. time
window found no significant group differences. Descriptively, however, one of these studies
(Davila et al., 1989) found cortisol levels to be reduced in patients with schizophrenia, whereas
five studies found elevated cortisol levels in patients with schizophrenia compared to healthy
controls. Due to the within-subjects design of the study by Davila et al. (1989), only the cortisol
levels of medicated patients could be included in this analysis. Although some of the other
studies measuring cortisol levels within the time frame earlier in the afternoon and were also

comprised of medicated patients, it cannot be ruled out that the finding of reduced cortisol levels
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in the study by Davila et al. (1989) is due to all patients receiving their usual neuroleptic dose
four hours before sample collection.

Significantly reduced cortisol levels were reported in two studies (Das et al., 2018;
Hoshino et al., 1984), which measured cortisol at 04:00 p.m. (Hoshino et al., 1984) and in the
time frame from 02:00 p.m. until 04:00 p.m. (Das et al., 2018). Das et al. (2018) assessed the
relationship between cortisol and aggression in schizophrenia and found reduced afternoon
cortisol levels in the subsample of patients with aggression compared to the subsample of
patients without aggression. This finding within the patient subgroups may explain the
particularly reduced afternoon cortisol levels in patients with schizophrenia compared to the
healthy controls in this study. Contrasting the findings of Hoshino et al. (1984) and Das et al.
(2018), four studies which also measured cortisol later in the afternoon (Altamura et al., 1989;
Morphy et al., 1985; Rojnic Kuzman et al., 2019; Whalley et al., 1985) reported significantly
elevated cortisol levels in patients with schizophrenia compared to healthy controls. Likewise,
Aas et al. (2020) reported significantly elevated cortisol levels, albeit in women with
postpartum psychosis and with samples collected at noon. Given that the studies included in
this analysis spanned a wide time interval for afternoon cortisol samples, and given the different
findings of studies with sample collection earlier and later in the afternoon, the topic deserves
a more detailed examination to provide further insight into the potential time-specific
differences in cortisol secretion.

The meta-analysis on evening cortisol demonstrated significantly higher cortisol levels
in patients with schizophrenia compared to healthy controls, with a small effect size estimate.
Of the 11 studies included in this analysis, three showed significantly elevated evening cortisol
levels in patients with schizophrenia compared to healthy controls. One of these studies (Roy
et al., 1986) found particularly high cortisol levels in patients who had been withdrawn from
antipsychotic medication prior to sample collection at 08:00 p.m. Given the relatively small
sample size of 36 participants, the impact of this study on the overall meta-analytic finding is
comparatively small, but interestingly, the finding of significantly elevated evening cortisol
levels in schizophrenia patients has been replicated in two more recent larger studies comprising
156 and 76 participants, and measuring cortisol levels at 08:00 p.m. and 06:00 p.m., respectively
(Faravelli et al., 2017; Seidenfaden et al., 2017).

Our hypotheses regarding differences between patients with schizophrenia and healthy
controls in afternoon and evening cortisol levels were non-directional as, to our knowledge,
there have been no studies conducted to investigate cortisol levels in these two samples within

the time frames spanning the afternoon and evening by means of separate meta-analyses. Our
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meta-analytic findings differ from the results of individual studies that report cortisol levels at
multiple time points. For example, Aas et al. (2020) and Whalley et al. (1985) found cortisol
levels in patients with schizophrenia to be significantly elevated compared to healthy controls
in the afternoon, while for the evening, they found no significant group differences in cortisol
levels. In two other studies however, no significant group differences were found between the
groups both in the afternoon and in the evening (Nordholm et al., 2018; Ntouros et al., 2018).

Altogether, our meta-analyses on baseline cortisol levels in schizophrenia are consistent
with the relationship between schizophrenia and HPA axis dysfunction as proposed in the
neural diathesis-stress model (E. F. Walker & Diforio, 1997; E. Walker et al., 2008) and add to
a growing body of literature linking altered HPA axis regulation to schizophrenia which is
manifested by altered cortisol secretion. Our findings replicate previous meta-analytic findings
of elevated morning cortisol levels (Girshkin et al., 2014). Moreover, our results extend existing
research that found disruptions in the 24-h diurnal rhythm of cortisol secretion in schizophrenia
based on the area under the curve with respect to a baseline (AUCg; J. C. Pruessner et al., 2003)
and further samples collected over the course of a day (e.g., Aas et al., 2020; Mondelli et al.,
2015). Crucially, on the basis of such aggregate values, no adequate inferences can be made
about potential alterations of cortisol secretion at specific time points during the day. By
carrying out separate meta-analyses for specific time intervals, we demonstrate that
schizophrenia is associated with time-specific alterations in cortisol secretion, with significantly
elevated baseline cortisol levels in the morning and evening, but no significant group
differences in cortisol levels measured in the afternoon.

It is important to note that heterogeneity was significant in all three meta-analyses
conducted on baseline cortisol levels and may reflect factors which confound the results. One
factor that may potentially account for these heterogenous results is symptomatology. Several
studies have found baseline plasma cortisol levels to be positively associated with the severity
of negative symptoms (e.g., Altamura et al., 1989; Zhang et al., 2005), whereas others have
reported an association with more severe positive symptoms (e.g., Belvederi Murri et al., 2012;
Walder et al., 2000). Moreover, also related to illness characteristics, higher baseline cortisol
levels have been reported in schizophrenia inpatients as compared to outpatients in the meta-
analysis by Girshkin et al. (2014), a finding that may be explained by increased levels of stress
due to admission to a psychiatric clinic (Bradley & Dinan, 2010). Between-study heterogeneity
may also be related to medication status of schizophrenia patients. A body of research indicates
that antipsychotic medication, in particular atypical antipsychotics, may reduce cortisol levels

and thus lead to an underestimation of differences in cortisol levels between patients with



34

schizophrenia and controls (Venkatasubramanian et al., 2010; Zhang et al., 2005). Interestingly,
Cohrs et al. (2006) examined the effects of antipsychotic drugs in healthy individuals and found
that while first-generation antipsychotics have little effect on cortisol levels, second-generation
drugs reduce cortisol levels. This finding suggests that the effect of antipsychotics in reducing
cortisol levels may be independent of its influence on the symptoms of schizophrenia and rather
be due to the direct pharmacologic actions inhibiting HPA axis activity (Cohrs et al., 2006).

Results regarding the influence of age and gender on cortisol levels have been divergent,
with some studies reporting increased cortisol secretion during adolescence (E. F. Walker et al.,
2001) and higher baseline cortisol levels in men compared to women (Klinger-Konig et al.,
2021; Paris et al., 2010), and others finding no differences related to age in adult samples
(Girshkin et al., 2014) and no sex differences in baseline cortisol levels (Kirschbaum et al.,
1992; Liu et al., 2017). As in some of the studies included in our baseline analysis, adolescents
have not been explicitly excluded from study participation, it cannot be ruled out that
differences in effect sizes may also partly be due to age effects. Two of the studies included in
our meta-analyses on baseline cortisol levels reported cortisol levels for the patient and control
group stratified by sex (Goldstein et al., 2015; Labad et al., 2016). Although neither of these
studies found significant sex differences in baseline cortisol levels, our results could
nonetheless be confounded by sex-specific differences in cortisol levels, considering that the
samples of the included studies were composed differently, with some consisting exclusively
of male or female participants. Furthermore, studies did not always control for menstrual cycle
phase and/or use of oral contraceptives. This may be problematic particularly in mixed gender
samples as higher baseline cortisol levels have been reported in oral contraceptive users
compared to non-users and in the follicular phase compared to the luteal phase in free-cycling
women (Hamidovic et al., 2020; Hertel et al., 2017).

Another factor that has not always been controlled for in individual studies and thus
may have influenced our meta-analytic results is smoking status. Compared to the general
population, patients with schizophrenia exhibit a high incidence of tobacco smoking and
nicotine dependence (de Leon & Diaz, 2005). In healthy individuals, tobacco smoking is
associated with elevated cortisol levels, whereas results on an association between cortisol and
smoking in patients with schizophrenia are more divergent (Nedic Erjavec et al., 2017) and few

studies have been dedicated to the topic.

Cortisol Awakening Response
Our meta-analysis on CAR did not reveal significant group differences and thus did not

replicate the finding of a previous meta-analysis of significantly blunted cortisol secretion in
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response to awakening in patients with schizophrenia compared to healthy controls (Berger et
al., 2016).

Due to this previous meta-analysis being published in 2016, we were able to identify
and include some additional empirical findings in our meta-analysis, two studies partly
comprised of first-episode patients and medicated (Labad et al., 2016) or antipsychotic-naive
patients (Nordholm et al., 2018), one study comprised of women with a diagnosis of postpartum
psychosis (Aas et al., 2020), and one study comprised of patients with schizophrenia who were
on antipsychotic medication (Seidenfaden et al., 2017). Four of the studies included in the meta-
analysis of Berger et al. (2016) were excluded from our meta-analysis due to missing values of
cortisol (M. Pruessner et al., 2008; M. Pruessner et al., 2013), missing units for cortisol levels
(M. Pruessner et al., 2015), overlap of study findings (Aas et al., 2011) with findings from a
larger sample (Mondelli et al., 2010), and cortisol data only available for two time points
(Hempel et al., 2010). The time points at which cortisol was measured differed between studies.
While five studies reported values from 0, 15, 30 and 60 minutes after awakening (Aas et al.,
2020; Mondelli et al., 2010; Mondelli et al., 2015; Monteleone et al., 2014; Nordholm et al.,
2018), Labad et al. (2016) reported a CAR which was calculated based on the time points 0, 30
and 60 minutes after awakening, and an additional sampling point (45 minutes post-awakening)
was considered in the study by Seidenfaden et al. (2017). From the study by Monteleone et al.
(2014), which originally reported CAR for two days, only the measurements of the first testing
day were considered for our analysis.

Since in the meta-analysis by Berger et al. (2016), no study had been included that
reported significantly elevated CAR in patients with schizophrenia compared to healthy
controls, the discrepancy with our meta-analysis, which did not reveal significant group
differences in CAR, may be explained by the inclusion of the study by Seidenfaden et al. (2017)
in our analysis. This study examined the relationship between schizophrenia and childhood
adversities in a patient sample in which about half of the individuals reported a high frequency
of experienced childhood adversities. In addition to methodological differences regarding the
sampling protocol which may account for the significant between-study heterogeneity, it is
important to note that none of the included studies objectively verified participants adherence
with the timed cortisol sampling instructions. According to expert consensus guidelines,
objective control of sample timing accuracy and wake time, for example through use of
actigraphy and objective monitoring, is crucial for obtaining valid CAR measures as even small
delays in sample collection can result in inaccurate estimation of CAR (Stalder et al., 2016).

Some of the studies included followed earlier recommendations of extending the sampling
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period to two days, however, cortisol data for two days was usually not available for all
participants and more recent research highlights that state-related covariates such as
examination context (e.g., whether samples are collected at home or in hospital facilities) cannot
be controlled through sample period extension (Stalder et al., 2016). Except for the study by
Seidenfaden et al. (2017) which measured cortisol levels in a subsample of inpatients at a
psychiatric ward, all other studies instructed participants to sample cortisol at home.

Similar to our analyses on baseline cortisol levels, we did not consider potential
confounders in our analysis on CAR, therefore, we cannot rule out that effects of medication
(e.g., status, type, timing in relation to sampling), sex and age, as well as of menstrual cycle

phase and use of oral contraceptives may have influenced our meta-analytic results.

Stress Induction

Our meta-analysis on the effect of mental stress on cortisol levels did not reveal
significant group differences. Five of the included studies assessed responses to psychosocial
stress tasks, while three applied cognitive tasks to invoke stress. Of the eight studies, three
reported the cortisol response to stress as difference in aggregated cortisol levels (i.e., AUCg; J.
C. Pruessner et al., 2003) measured during a stress and a control task (Jansen et al., 2000;
Mizrahi et al., 2012; Schifani et al., 2018). Regarding psychosocial stress, two studies (Mizrahi
et al., 2012; Schifani et al., 2018) applied the MIST in a neuroimaging setting and assessed
cortisol stress reactivity in unmedicated schizophrenia patients by collecting saliva samples.
While one study found an increase of cortisol in patients with schizophrenia compared to
healthy controls (Mizrahi et al., 2012), no significant group differences in change of cortisol
levels were observed in the study by Schifani et al. (2018). In the other three studies that focused
on psychosocial stress, mainly comprising medicated patients, cortisol saliva samples were
collected while participants performed either a modified version of the TSST (Lange et al.,
2017) or another type of public speaking task (Jansen et al., 2000; Lincoln et al., 2015). Whereas
two studies reported a significantly blunted cortisol response in patients with schizophrenia
compared to healthy controls (Jansen et al., 2000; Lange et al., 2017), the other study found no
significant group differences in cortisol response to psychosocial stress.

Of the studies applying a cognitive stress task, one study assessed cortisol stress
reactivity to a mental arithmetic task (Albus et al., 1982), Goldstein et al. (2015) reported sex-
specific data of cortisol response to a visual-stress challenge, and in the study by Chiappelli et
al. (2016), a behavioral paradigm comprising computerized tasks to assess cognitive function
was used. With the exception of the study by Albus et al. (1982), which comprised patients who

were not on medication at the time of sampling, in all studies the patient samples were at least
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partially comprised of medicated individuals. None of the studies focusing on the cognitive
component of mental stress found significant group differences in cortisol response.

Overall, our finding of an absence of group differences in cortisol response to mental
stress induction contradicts the finding of significantly reduced cortisol stress response found
in patients with schizophrenia compared to healthy controls in the meta-analysis by Zorn et al.
(2017). The explanation of this divergence is potentially twofold. Firstly, it may be explained
by the fact that we, apart from studies explicitly applying stressors with a social-evaluative
component, also included studies that assessed cortisol stress response to cognitive stress
paradigms. Secondly, the divergent findings may be due to the authors of the Zorn et al. (2017)
meta-analysis only including studies that examined the total amount of cortisol released over
the period of stress induction (i.e., aggregate measures of cortisol stress response).

While our results are consistent with those of Ciufolini et al. (2014), it is important to
note that their meta-analysis examined the cortisol stress response (delta) from the peak
secretion in the recovery and anticipatory phases, and, similar to Zorn et al. (2017), solely
focused on studies that applied social-evaluative stressors. Interestingly, apart from the stress-
induced change in cortisol levels, Ciufolini et al. (2014) also meta-analytically assessed the
peak in cortisol secretion during stress induction and found peak levels to be significantly lower
in patients with schizophrenia compared to healthy controls. As the investigation of stress
reactivity takes into account baseline cortisol levels and considering that these were measured
at variable time points within variable time frames in the individual studies (e.g., between 10:00
a.m. and 04:00 p.m. in Jansen et al., 2000; between 02:00 p.m. and 08:00 p.m. in Lincoln et al.,
2015), we would assume based on our analyses on baseline cortisol, that due to the time-
specificity of altered cortisol secretion in schizophrenia, baseline cortisol levels differ both
among participants within the same study as well as between the studies. Therefore, the finding
of attenuated peak cortisol levels during stress induction as compared to the finding of no
differences in cortisol stress response may be explained by ceiling effects of baseline cortisol
elevations that are operating time-specifically (i.e., when baseline cortisol levels are elevated
in patients with schizophrenia, that is in the morning and evening). The variability of the time
frame in which the stressor was applied may be considered as one potential factor in explaining
the significant between-study heterogeneity in this meta-analysis. Another potentially
confounding factor that was not controlled for in our analysis and that would require further
investigation by the means of subgroup analyses is participants’ sex. In our analysis, only one
study (Goldstein et al., 2015) analyzed cortisol response to stress stratified for sex. This shows

a dearth of research evaluating gender effects despite results which have indeed suggested sex
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differences in cortisol response to psychosocial stress (Kirschbaum et al., 1992). Equally
important, it seems that whether or not sex differences are found also depends on
methodological aspects such as sampling and procedural variations (Liu et al., 2017).

Neither our meta-analysis nor any of the underlying studies revealed significant group
differences in cortisol response to physiological stress. There was great variability in tasks used
to assess cortisol stress response and except for C. Z. Duval et al. (2016), all studies within this
analysis applied at least two different types of stressors and were also included in our analysis
on mental stress. Albus et al. (1982) applied two experimental conditions to assess cortisol
stress response, the cold pressor test and a noise condition, while the other studies applied
electrical stimulations (C. Z. Duval et al., 2016), noise (Lincoln et al., 2015) and bicycle
exercise (Jansen et al., 2000), respectively.

Taken together it should be noted that we were able to include only a small number of
studies in our meta-analyses on cortisol stress reactivity and that our meta-analytic findings
should be interpreted cautiously due to the variety of stress induction paradigms that may have
influenced heterogeneity of findings and the overall lack of significant group differences in
cortisol response to mental and physiological stress in our analyses. Most of the included studies
assessed other physiological stress measures (e.g., heart rate) in addition to cortisol levels, and
also analyzed subjective stress response. Usually, these data confirmed the validity of the
respective stress induction methods, as they elicited a similar increase in heart rate in patients
and controls. However, some studies found higher ratings of subjective stress and state anxiety
in patients compared to controls following stress induction, a finding that seems contradictory
to the lack of significant group differences in cortisol response. Interestingly, despite higher
self-reported state anxiety in patients, Jansen et al. (2000) observed group differences with
attenuated cortisol stress response in patients specifically to psychosocial stress and not to
physiological stress. According to Dickerson & Kemeny (2004), stressors are not uniformly
likely to trigger a cortisol response, and they identified stressors characterized by explicit social
evaluation, uncontrollability, and unpredictability as particularly likely to reliably provoke a
cortisol response. This specificity may explain why in the study by Jansen et al. (2000), only
psychosocial stress, but not physiological stress, led to group differences in cortisol response.
Furthermore, the absence of at least one of these three components in mere cognitive and
physiological challenge tasks may provide an explanation for why no significant group

differences in cortisol response were observed in the respective studies.
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Strengths and Limitations

To the best of our knowledge, this is the first study to meta-analyze a variety of cortisol
outcomes in schizophrenia, including examining possible time-point specific variations in
baseline cortisol levels in schizophrenia by separately analyzing studies according to the time
point(s) at which cortisol was measured. In addition, to our knowledge, the present study is the
first to evaluate patients with schizophrenia and healthy controls with respect to their cortisol
response to physiological stress induction by means of meta-analysis. Thus, our analyses
provide a broad picture of cortisol profiles in schizophrenia. We only included patients with a
diagnosis according to the three classical diagnostic systems, the ICD, DSM or RDC, thereby
minimizing heterogeneity of symptoms. It should also be noted that the assessment for a
potential publication bias showed favorable results about the power of our meta-analytic
findings, as none were indicative of being significantly influenced by small-study effects,
thereby signaling a strength of our chosen methods.

We would also like to point out several limitations of our meta-analyses that should be
considered when interpreting the present findings. One limitation pertains to our search
strategy. We consulted only one database for relevant literature and did not consider screening
reference lists of included articles or searching the gray literature. Thus, although our analyses
did not indicate that our findings were significantly affected by publication bias, the possibility
that some relevant studies were missed cannot be definitively excluded. Furthermore, due to
significant between-study heterogeneity in almost all meta-analyses performed, findings should
be interpreted with caution. In particular, it should be noted that our meta-analyses on cortisol
stress reactivity were based on a rather small number of studies, most of which characterized
by sample sizes of less than 50. Thus, these meta-analyses may have lacked sufficient statistical
power to detect group differences in cortisol response to mental and physiological stress, and
precision of pooled effect size estimates may have been limited. The influences of potential
confounding variables that may have contributed to significant between-study heterogeneity, as
well as the effects of potential moderators, such as characteristics of participants (e.g., age, sex
and specific to patients, medication status) and methodological aspects related to cortisol
sampling (e.g., assay type), were not examined. Important to note is that although the overall
quality of the included studies can be considered adequate, ratings of study quality varied
largely across the studies which may limit the validity of our results. Another limitation pertains
to our analyses on cortisol stress reactivity. Our approach of only considering the pre-to-post
change in cortisol levels in the two groups limits conclusions to whether cortisol levels changed

differently in patients with schizophrenia compared to healthy controls, but does not allow
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conclusions about the direction of change. Thus, higher delta values of change may either
signify a greater increase or a smaller decrease in cortisol levels in the patient group.
Furthermore, it is important to mention that our analyses did not distinguish between diagnoses
on the schizophrenia and psychosis spectrum. This was due to the majority of studies grouping
these diagnoses together and not reporting cortisol levels separately for patients with specific
diagnoses. In this regard, it also should be noted that while we limited our study to patients with
an ICD, DSM or RDC diagnosis, the criteria differ slightly across these diagnostic systems and
across the different versions. Additionally, there were inconsistencies in the included studies
with regard to controlling for comorbid psychiatric disorders as well as patients’ duration of
illness and medication status, a critical factor as blunted levels of cortisol have frequently been
linked to use of antipsychotic medication (e.g., Cohrs et al., 2006). As alterations in cortisol
secretion suggestive of HPA axis dysfunction have also been reported in other psychiatric
diagnosis, for example in major depression (for a meta-analysis, see Burke et al., 2005), it
remains unclear as to what extend the variations in cortisol secretion found in our meta-analyses
are clearly attributable to the primary diagnosis of patients or as to whether they may also be
influenced by alterations of cortisol secretion associated with psychiatric comorbidities.
Overall, heterogeneity amongst the patient samples with regard to diagnosis, illness stage and
medication status may on one hand increase the generalizability of our findings, however, on
the other hand it considerably limits the conclusions about possible diagnosis-specific

alterations in HPA axis functioning.

Directions for Future Research and Conclusion

The present meta-analytic study supports previous research of elevated baseline cortisol
levels in schizophrenia. However, by applying an approach in which we performed several
individual meta-analyses according to the time points that the baseline cortisol levels were
measured in the primary studies, we were able to pinpoint these alterations in HPA axis
functioning to specific time frames, demonstrating that schizophrenia is clearly associated with
elevated cortisol levels in the morning and in the evening.

Our meta-analyses focusing on the CAR and on cortisol stress reactivity in
schizophrenia highlight the paucity of further research on these topics. Specifically, to our
knowledge, there has only been one previous meta-analysis conducted on the pattern of cortisol
response to awakening in schizophrenia. While we were able to update the findings of Berger
et al. (2016) with inclusion of more recent empirical findings, the results from our meta-analysis
opposed their report related to significantly blunted CAR in schizophrenia patients, whereas

our analyses showed no significant group differences in CAR. Considering the sparsity of
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research and the inconsistencies in findings, future research is clearly warranted in examining
the CAR in schizophrenia. It is strongly recommended that future studies employ methods to
ensure objective verification of sampling times as even small delays in sampling can result in
inaccurate estimates of CAR (Stalder et al., 2016).

With the aim to assess stressor-dependent cortisol response in schizophrenia, we
performed two separate meta-analyses, one focusing on mental stress and one on physiological
stress. As mentioned in the Strengths and Limitations section, both meta-analyses were
characterized by a small number of included studies. Although our finding of no significant
group differences in cortisol response to mental stress is consistent with the meta-analytic
findings of Ciufolini et al. (2014), more studies are needed to replicate these results before any
firm conclusions can be drawn. More recently, use of the Experience Sampling Method (ESM)
as a more ecologically valid method to assess cortisol stress reactivity has replicated the finding
of no group differences in cortisol response to psychosocial stress in a more naturalistic setting
(Vaessen et al., 2018). As our results on cortisol response to mental stress are to be considered
as preliminary, so are the results of our meta-analysis on cortisol response to physiological
stress. Only four studies were considered in our meta-analysis on physiological stress and there
was great variation in the physiological challenges applied. Thus, it is strongly recommended
that future studies are designed in a way that allows for replication of these findings and thereby
help to elucidate whether schizophrenia might be associated with stressor-specific variations in
cortisol response. In general, accumulation of more research on the relationship between
schizophrenia and cortisol stress reactivity would also allow to investigate potential sources of
heterogeneity by employing subgroup analyses and meta-regression.

Additional meta-analyses are currently in the planning in which we aim to assess cortisol
stress reactivity in schizophrenia across illness stages, including the high-risk stage, thereby

hoping to shed more light on the role of stress in the etiology of schizophrenia.
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Appendix A
Characteristics of I ncluded Studies

Study Schizophrenia patients Healthy individuals Sample  Study
- . — type quality
N Sex Age, Diagnosis Medication N Sex Age,
(femaless  mean status® (femaless mean
males) (SD) males) (SD)
Morning cortisol
Hoshino et al. (1984) 19 10:9 35.0 RDC diagnosis of schizophrenia medicated 26 12:14 27.0 (-) plasma NOS: 2
o)
Whalley et al. (1985) 13 0:13 25.6 RDC diagnosis of schizophrenia drug free 13 0:13 30.0 plasma NOS: 6
(7.5) (8.6)
Morphy et al. (1985) 18 3:15 38.9 DSM-III and RDC diagnosis of medicated 22 15:7 34.2 serum NOS: 4
(13.8)  schizophrenia (8.5)
Herz et al. (1985) 15 8:7 32.0 DSM-III diagnosis of schizophrenia or drug free 15 8:7 34.5 serum NOS: 4
(9.6) schizoaffective disorder 6.7)
Gattaz et al. (1985)¢ 28 0:28 30.6 RDC diagnosis of schizophrenia mixed 16 2:14 35.0 CSF NOS: 3
(1.5) (3.9)
Wolkowitz et al. 9 — — DSM-III and RDC diagnosis of mixed 8 4:4 — serum NOS: 8
(1986) schizophrenia or schizoaffective
disorder
Breier et al. (1988) 8 1:7 - DSM-III diagnosis of schizophrenia mixed 11 7:4 — plasma NOS: 1
Altamura et al. 54 19:35 31.9 DSM-III diagnosis of schizophrenia medicated 20 - — plasma NOS: 4
(1989) (10.2)
Davila et al. (1989) 11 0:11 30.0 RDC diagnosis of schizophrenia medicated 14 0:14 33.0(-) plasma NOS: 2
-
Parshad & Uppal 20 0:20 28.9 DSM-III diagnosis of schizophrenia medicated 22 0:22 31.6 serum NOS: 4
(1989) (11.2) (16.7)
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample  Study
type ualit
N Sex Age,  Diagnoss Medication N Sex Age, P quattty
(femaless mean status?® (femaless mean
males) (SD) males) (SD)
Morning cortisol
Abel et al. (1996)° 13 3:10 29.5 DSM-III-R diagnosis of schizophrenia naive 13 3:10 31.7 plasma NOS: 6
(8.3) (8.3)
Jakovljevi¢ et al. 59 0:59 36.2 DSM-III-R diagnosis of schizophrenia drug free 59 0:59 31.8 plasma NOS: 4
(1998) (6.5) 4
Elman et al. (1998) 13 3:10 37.9 DSM-1V diagnosis of schizophrenia medicated 11 2:9 324 plasma NOS: 5
(8.7 (6.5)
Monteleone et al. 16 8:8 28.1 DSM-1V diagnosis of schizophrenia drug free 16 8:8 28.2 plasma RoB 2:
(1999) (7.3) (6.3) low risk
F. Duval et al. (2000) 41 13:28 34.6 DSM-1V diagnosis of schizophrenia drug free 27 13:14 35.5 plasma NOS: 5
(11.5) 94)
Jansen et al. (2000) 18 7:11 27.7 DSM-1V diagnosis of schizophrenia medicated 21 8:13 27.0 saliva NOS: 3
(4.3) 54
Mokrani et al. (2000) 31 8:23 29.8 DSM-1V diagnosis of schizophrenia drug free 22 13:9 34.8 serum NOS: 4
9.1) (10.2)
Meltzer et al. (2001) 51 9:42 36.1 DSM-III-R diagnosis of schizophrenia drug free 15 5:10 25.5 plasma RoB 2:
(8.3) or schizoaffective disorder 5.7 some
concerns
Kaneda et al. (2002) 53 20:33 51.9 DSM-1V diagnosis of schizophrenia medicated 23 10:13 50.7 plasma NOS: 1
(10.3) (15.8)
F. Duval et al. (2003) 20 9:11 32.5 DSM-1V diagnosis of schizophrenia mixed 23 12:11 342 serum NOS: 7
(11.6) (7.2)
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample  Study
- : — type quality
N Sex Age, Diagnosis Medication N Sex Age,
(females: mean status? (females: mean
males) (SD) males) (SD)
Morning cortisol
Ryan et al. (2003)° 26 11:15 33.6  DSM-IV diagnosis of schizophrenia naive 26 11:15 344 plasma NOS: 7
(13.5) (1.9)
Marecelis et al. (2004) 50 24:26 31.2  RDC diagnosis schizophrenia or medicated 50 25:25 35.0 plasma NOS: 8
(7.5)  schizoaffective disorder (8.9)
Ritsner et al. (2004) 40 2:38 38.0  DSM-IV diagnosis of schizophrenia medicated 15 2:13 35.1 plasma NOS: 6
(11.1) (7.6)
Muck-Seler et al. 20 20:0 33.1 DSM-IV diagnosis of schizophrenia drug free 25 25:0 39.5 plasma NOS: 6
(2004) (8.8) (7.7)
Ryan, Flanagan, etal. 19 4:15 31.0  DSM-IV diagnosis of schizophrenia naive 19 4:15 32.6 plasma NOS: 8
(2004)° (2.5) (2.3)
Zhang et al. (2005) 78 18:60 43.8  DSM-II-R diagnosis of schizophrenia  drug free 30 8:22 40.4 serum RoB 2:
(7.2) (10.3) low risk
Yimaz et al. (2007) 66 0:66 33.6  DSM-IV diagnosis of schizophrenia medicated 28 0:28 344 serum NOS: 5
(11.0) (12.0)
Popovic et al. (2007) 18 9:9 28.8  ICD-10 diagnosis of schizophrenia medicated 20 12:8 304 serum NOS: 4
(1.6) (2.1)
Ritsner et al. (2007) 43 3:40 34.1 DSM-1V diagnosis of schizophrenia medicated 20 2:18 37.2 serum NOS: 6
9.2) 8.7
Brunelin et al. (2008) 15 5:10 28.6  DSM-IV diagnosis of schizophrenia medicated 14 8:6 29.1 plasma NOS: 5
(7.5) (7.2)

(continued on the next page)
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample  Study
- - — type quality
N Sex Age, Diagnosis Medication N Sex Age,
(females: mean status® (females: mean
males) (SD) males) (SD)
Morning cortisol
Venkatasubramanian 33 13:20 33.8 DSM-IV diagnosis of schizophrenia naive 33 13:20 322 serum NOS: 6
et al. (2010) (8.2) (8.0)
Kale etal. (2010)b 31 17:14 32.7 DSM-1V diagnosis of schizophrenia, naive 38 - - plasma NOS: 8
(8.0) schizophreniform or schizoaffective
disorder
Yildirim et al. 60  29:31 36.3 DSM-IV diagnosis of schizophrenia mixed 60 30:30 37.3 serum NOS: 3
(2011) 9.5) 9.9)
Garner et al. (2011) 39 13:26 20.6 DSM-IV diagnosis of schizophrenia, naive or 25 4:21 22.5 serum NOS: 7
b (2.6) schizophreniform, schizoaffective, minimally (2.0)
delusional, or psychotic disorder, treated

bipolar disorder or major depression
with psychotic features

Steiner et al. (2012) 26  9:17 34.7 DSM-1V diagnosis of schizophrenia mixed 32 12:2 34.4 serum NOS: 6
(11.3) (10.8)

Phassouliotis et al. 21 9:12 20.6 DSM-1V diagnosis of schizophrenia, naive or 20 8:12 224 serum NOS: 6

(2012)° 2.9 schizophreniform, schizoaffective, minimally 2.3)

delusional, psychotic disorder bipolar  treated
disorder or major depression with
psychotic features

White et al. (2014) 85  19:66 - DSM-IV diagnosis of schizophrenia medicated 85 - - plasma NOS: 7
Manzanares et al. 65  26:39 24.4 DSM-1V diagnosis of schizophrenia, medicated 25 14:11 27.0 plasma, NOS:7
(2014)° 4.7 schizophreniform, schizoaffective, or 3.9 saliva

psychotic disorder

(continued on the next page)
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample  Study
- " — type quality
N Sex Age, Diagnosis Medication N Sex Age,
(femaless mean status® (females: mean
males) (SD) males) (SD)
Morning cortisol
Montalvo et al. 55 25:30 24.5 DSM-IV diagnosis of mixed 29 14:15 26.4 plasma NOS: 6
(2014)° (5.3) schizophreniform, schizoaffective, or 4.3)
psychotic disorder
Goldstein et al. 32 16:16 41.9 DSM-IV diagnosis of non-affective medicated 33 — - blood, NOS: 6
(2015)° 5.9 psychoses or affective psychoses no
details
M. A. Lee et al. 69  0:69 33.7 DSM-1V diagnosis of schizophrenia or drug free 33 0:33 28.6 plasma RoB 2:
(2015) (6.9) schizoaffective disorder (7.4) some
concerns
Reniers et al. (2015) 22 4:18 20.6 DSM-IV diagnosis of schizophrenia, naive or 22 4:18 22.5 serum NOS: 6
b 2.4) schizophreniform, schizoaffective, minimally (2.0)
delusional, or psychotic disorder, treated
bipolar disorder or major depression
with psychotic features
Bulut et al. (2016) 38 0:38 39.0 DSM-IV-TR diagnosis of medicated 38 0:38 393 serum NOS: 5
(10.5)  schizophrenia (12.5)
Labad etal. (2016)° 60  21:39 24.6 DSM-1V diagnosis of schizophrenia, medicated 50 22:28 23.8 saliva NOS: 5
5.4 schizophreniform, schizoaffective, or 4.7
psychotic disorder
Petrikis et al. (2016) 40  13:27 32,5 DSM-1V diagnosis of schizophrenia, naive 40 15:25 31.9 serum NOS: 7
b (9.8) schizophreniform disorder, or brief (8.3)
psychotic episode
Mizuno et al. (2016) 60  38:22 459 DSM-1V diagnosis of schizophrenia medicated 60 30:3 41.0 plasma NOS: 4
(10.0) (17.6)

(continued on the next page)
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample  Study
. . P—r type quality
N  Sex Age, Diagnosis Medication N Sex Age,
(femaless mean status® (females: mean
males) (SD) males) (SD)
Morning cortisol
C.Z.Duval et al. 21 5:16 37.7 DSM-IV-TR diagnosis of drug free 21 5:16 37.4 blood, NOS: 3
(2016) 9.2) schizophrenia (10.7) no
details
Girshkin et al. 56  24:32 42.8 ICD-10 diagnosis of schizophrenia or ~ medicated 59 27:32 34.9 saliva NOS: 6
(2016) (11.5)  schizoaffective disorder (11.8)
Solanki et al. (2017) 30  12:18 243 ICD-10 diagnosis of schizophrenia naive 20 7:13 27.9 serum NOS: 7
b (5.4) (6.1)
Simsek et al. (2017) 23 15:8 14.3 DSM-IV diagnosis of early onset naive 23 15:8 14.7 serum NOS: 5
b (1.4) schizophrenia (1.5)
Ntouros et al. (2018) 25  0:25 25.5 DSM-IV-TR diagnosis of psychotic drug freeor 23 0:23 27.0 serum NOS: 5
b (5.4 episode without affective features naive 2.9
Bulut et al. (2018) 32 320 334 DSM-IV-TR diagnosis of medicated 32 32:0 34.6 serum NOS: 5
(7.5) schizophrenia (7.7)
Cai et al. (2018)° 53 23:30 249 DSM-IV diagnosis of schizophrenia, naive 43 19:24 25.6 plasma NOS: 5
(8.6) schizophreniform or schizoaffective (7.2)
disorder
Allottetal. (2018)> 35  9:26 20.3 DSM-1V diagnosis of naive or 23 5:18 22.1 serum NOS: 6
(2.5) schizophreniform, schizoaffective, minimally (1.8)
delusional, or psychotic disorder, treated
bipolar disorder or major depression
with psychotic features
C.H. Lee et al. 86  33:53 35.8 DSM-IV-TR diagnosis of medicated 77 38:39 31.7 serum NOS: 5
(2019) (8.3) schizophrenia or schizoaffective (8.5)

disorder

(continued on the next page)
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample Study
. . P—r type quality
N  Sex Age, Diagnosis Medication N Sex Age,
(females: mean status? (females: mean
males) (SD) males) (SD)
Morning cortisol
Wedervang-Resell 31 20:11 16.3 DSM-1V diagnosis of schizophrenia, mixed 60 31:29 159 serum NOS: 3
et al. (2020)° (1.4) schizophreniform, schizoaffective, or (1.4)
psychotic disorders
Afternoon cortisol
Whalley et al. 12 10:2 42.8 RDC diagnosis of schizophrenia medicated 29 - - plasma  NOS: 6
(1986) )
Ryan, Sharifi, et al. 12 57 33.6 DSM-1V diagnosis of schizophrenia naive 12 5:7 35.8 plasma  NOS: 8
(2004)° (12.6) (12.0)
Walsh et al. (2005)° 10  0:10 26.8 DSM-1V diagnosis of schizophrenia naive 10 0:10 25.0 plasma  NOS:7
(1.3) (2.2)
Gallagher et al. 20 2:18 421 DSM-1V diagnosis of schizophrenia medicated 20 2:18 453 plasma  NOS:7
(2007) (10.3) (12.4)
Dinzeo et al. (2015) 16 79 41.1 DSM-1V diagnosis of schizophrenia or medicated 10 5:5 36.7 saliva NOS: 6
(6.6) schizoaffective disorder (8.8)
Lincoln et al. (2015) 28  10:18 - ICD-10 diagnosis of schizophrenia or ~ medicated 26 11:15 — saliva NOS: 7
schizoaffective disorder
Chiappelli et al. 34 14:20 39.9 DSM-1V diagnosis of schizophrenia or medicated 40 20:20 38.1 saliva NOS: 6
(2016) (12.9)  schizoaffective disorder (14.1)
Lange et al. (2017) 25 7:18 38.3 DSM-1V diagnosis of schizophrenia or medicated 25 9:16 41.2 saliva NOS: 4
(13.5)  schizoaffective disorder (11.1)
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample Study
t ualit
N Sex Age, Diagnoss Medication N Sex Age, P aualy
(females: mean status® (femaless mean
males) (SD) males) (SD)
Afternoon cortisol
Nordholm et al. 26 - — ICD-10 diagnosis of schizophrenia or ~ naive 28 — — saliva NOS: 8
(2018)° schizoaffective psychosis
Das et al. (2018) 58  8:50 31.5 ICD-10 diagnosis of schizophrenia or ~ drug free 22 4:18 31.9 saliva NOS: 3
(9.8) psychosis (8.6)
Rojnic Kuzman etal. 46 - — ICD-10 diagnosis of psychotic episode  naive 45 — — saliva NOS: 6
(2019)° with schizophrenia features
Aas et al. (2020) 14 14:0 34.1 DSM-1V diagnosis of brief psychotic - 26 26:0 344 saliva NOS: 5
3.9 disorder with postpartum onset 4.7)

Further studies: Hoshino et al. (1984), Whalley et al. (1985), Morphy et al. (1985), Herz et al. (1985), Altamura et al. (1989), Davila et al. (1989), Ntouros et al.
(2018)", see above section Morning cortisol

Evening cortisol

Roy et al. (1986) 9 5:4 30.0 DSM-III diagnosis of schizophrenia drug free 27 - - plasma  NOS: 3
()

Zhou et al. (1987) 48  20:28 27.8 DSM-IIT and ICD-9 diagnosis of — 20 10:10 33.8 plasma  NOS: 4
(9.0) schizophrenia (10.7)

Jiang & Wang (1998) 21  0:21 273 DSM-1V diagnosis of schizophrenia medicated 21 0:21 29.7 serum NOS:4
(7.2) (11.0)

Faravelli et al. (2017) 54  24:30 43.7 DSM-1V diagnosis of schizophrenia, — 102 49:53 43.5 saliva NOS:5

b (10.5)  schizophreniform, schizoaffective, or (12.2)

delusional disorder

0L
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample Study
: : — type quality
N  Sex Age, Diagnosis Medication N Sex Age,
(femaless mean status? (femaless mean
males) (SD) males) (SD)
Evening cortisol
Seidenfaden et al. 37 20:17 323 ICD-10 diagnosis of schizophrenia medicated 39 19:20 31.7 plasma, NOS: 4
(2017) (10.7) 9.7 saliva
Cherian et al. (2019) 16 — - DSM-1V diagnosis of schizophrenia or  mixed 44 - - plasma  NOS: 4

schizoaffective disorder

Further studies: Whalley et al. (1985), Labad et al. (2016)°, Ntouros et al. (2018)", see above section Morning cortisol; Nordholm et al. (2018)°, Aas et al. (2020), see
above section Afternoon cortisol

Cortisol awakening response (CAR)

Mondelli et al. 50  18:32 29.2 DSM-1V diagnosis of schizophrenia, mixed 36 10:26 27.3 saliva NOS: 6
(2010)° (1.1) schizophreniform, delusional, (0.8)

schizoaffective, or psychotic disorder
Monteleone et al. 28 8:20 41.0 DSM-IV-TR diagnosis of medicated 15 3:12 37.6 saliva NOS: 7
(2014) (7.5) schizophrenia (6.9)
Mondelli et al. 68  22:46 29.2 DSM-1V diagnosis of schizophrenia, mixed 57 21:36 26.8 (0.6) saliva NOS: 6
(2015)° (1.3) schizophreniform, schizoaffective,

delusional, or psychotic disorder

Further studies: Labad et al. (2016) ", see above section Morning cortisol; Nordholm et al. (2018)°, Aas et al. (2020), see above section Afternoon cortisol;
Seidenfaden et al. (2017), see above section Evening cortisol

Mental stress

Albus et al. (1982) 12 - 34.0 ICD diagnosis of schizophrenia drug free 27 - - plasma  NOS: 2
(8.5)

IL
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Appendix A (continued)

Study Schizophrenia patients Healthy individuals Sample Study
- - — type quality
N  Sex Age, Diagnosis Medication N Sex Age,
(females: mean status® (females: mean
males) (SD) males) (SD)
Mental stress
Mizrahi et al. (2012) 9 — — DSM-1V diagnosis of schizophrenia or  naive 12 5:7 26.1 saliva NOS: 4
schizophreniform disorder (3.8)
Schifani et al. (2018) 9 - - DSM-IV diagnosis of schizophrenia, drug freeor 12 5:7 26.0 saliva NOS: 3
schizoaffective, delusional, or naive (6.5)

schizophreniform disorder

Further studies: Jansen et al. (2000), Goldstein et al. (2015)°, see above section Morning cortisol; Lincoln et al. (2015), Chiappelli et al. (2016), Lange et al. (2017),
see above section Afternoon cortisol

Physiological stress

Studies: Jansen et al. (2000), C. Z. Duval et al. (2016), see above section Morning cortisol; Lincoln et al. (2015), see above section Afternoon cortisol; Albus et al.
(1982), see above section Mental stress

Note. The different sections accentuated with gray background represent the categories for which we performed meta-analyses. The dash (-) indicates that the data was
not reported in the respective article and was not available upon request. CAR = cortisol awakening response; CSF = cerebrospinal fluid; DSM = Diagnostic and Statistical
Manual of Mental Disorders; ICD = International Classification of Diseases; N = number of subjects that had cortisol values available, not necessarily the total sample
sizes of the respective studies; NOS = Newcastle-Ottawa Scale; RDC = Research Diagnostic Criteria; RoB 2 = Revised Cochrane Risk-of-Bias Tool for Randomized
Trials.

*drug free = all or the majority of patients underwent a wash-out period or were antipsychotic-free at the time of sampling; medicated = all or the majority of patients
were on antipsychotic treatment at the time of sampling; minimally treated = patients had received maximally 10 days of treatment with any psychotropic medication prior
to study entry; mixed = at least some of the patients were on antipsychotic treatment at the time of sampling; naive = all patients were antipsychotic naive at study entry.
® All or the majority of patients in these studies were specified as experiencing an early or first episode of schizophrenia or psychosis. Early psychosis was defined as
psychotic disorder with less than three years of illness duration in the studies by Labad et al. (2016) and Montalvo et al. (2014), and as psychotic disorder with less than
five years of illness duration in the study by Manzanares et al. (2014). Early-onset psychosis in the study by Wedervang-Resell et al. (2020) was defined as psychosis with
onset prior to 18 years of age. No explicit definition of early onset was available from the study by Simsek et al. (2017).

¢In this study, non-affective psychosis included the diagnoses schizophrenia, schizoaffective disorder and psychosis not otherwise specified.

4In this study, two samples of schizophrenia patients were reported on, but only one patient sample was compared to healthy individuals and thus qualified for inclusion.
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Appendix B
Funnel Plots for Assessment of Publication Bias
Figure B1
Funnel Plot for Publication Bias Assessment of the Meta-Analyses on (4) Baseline Morning
and (B) Baseline Afternoon Cortisol Levels
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Note. Funnel plots of individual studies’ standardized mean difference (Hedge’s g) effect size
estimates representing the association between schizophrenia and cortisol levels against the

standard error of the effect size estimates with pseudo 95% confidence intervals.

Figure B2
Funnel Plot for Publication Bias Assessment of the Meta-Analysis on Baseline Evening

Cortisol Levels
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Note. Funnel plot of individual studies’ standardized mean difference (Hedge’s g) effect size

estimates representing the association between schizophrenia and cortisol levels against the

standard error of the effect size estimates with pseudo 95% confidence interval.



