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Cortisol, the end product of the hypothalamic-pituitary-adrenal axis, regulates cognitive function and emotion
processing. Cushing’s disease, which is characterized by a unique excess of cortisol upon clinical diagnosis, serve
as an excellent in vivo “hyperexpression” model to investigate the neurobiological mechanisms of cortisol in the
human brain. Previous studies have shown the association between cortisol and functional connectivity within an
a priori brain network. However, the whole-brain connectivity pattern that accompanies endogenous cortisol
variation is still unclear, as are its associated genetic underpinnings. Here, using resting-state functional magnetic
resonance imaging in 112 subjects (60 patients with Cushing’s disease and 52 healthy subjects), we performed a
voxel-level brain-wide association analysis to investigate the functional connectivity pattern associated with a
wide variation in cortisol levels at 8 a.m. The results showed that the regions associated with cortisol as of 8 a.m.
were primarily distributed in brain functional hubs involved in self-referential processing, such as the medial
prefrontal cortex, anterior and posterior cingulate cortex, and caudate. We also found that regions in the middle
temporal, inferior parietal and ventrolateral prefrontal cortex, which is important for social communication
tasks, and in the visual and supplementary motor cortex, which is involved in primary sensorimotor perception,
were adversely affected by excessive cortisol. The connectivity between these regions was also significantly
correlated with neuropsychiatric profiles, such anxiety and depression. Finally, combined neuroimaging and
transcriptome analysis showed that functional cortisol-sensitive brain variations were significantly coupled to
regional expression of glucocorticoid and mineralocorticoid receptors. These findings reveal cortisol-biased
functional signatures in the human brain and shed light on the transcriptional regulation constraints on the
cortisol-related brain network.

1. Introduction the prefrontal cortex (Wellman, 2001). In human brains, task-based

functional magnetic resonance imaging (fMRI) studies have shown

Cortisol, the end product of the hypothalamus-pituitary—adrenal
(HPA) axis, plays a crucial role in modulating aspects of cognitive
function and emotional processing in the brain, including working
memory and social stress (Harkness et al., 2011; Merz et al., 2010; Oei
et al., 2006). In a nonhuman primate model, cortisol administration
impaired the inhibitory control of behavior by affecting medial pre-
frontal cortex activity (Lyons et al., 2000). In a rat model, cortisol
exposure also caused dendritic reorganization of pyramidal neurons in
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that cortisol acts on brain regions involved in reward-related circuitry,
such as the basolateral amygdala, striatum and anterior cingulate cortex
and medial temporal cortex (Kinner et al., 2016; Montoya et al., 2014).
Stress-induced increased cortisol levels also elicit greater brain activa-
tion during working memory maintenance, which involves brain regions
such as the posterior cingulate cortex, prefrontal cortex and hippo-
campus (Abercrombie et al., 2011; Qin et al., 2009; Weerda et al., 2010).
Moreover, the severity of neuropsychological symptoms in major
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psychiatric disorders moderate the relationship between cortisol levels
and emotional brain activation in the regions of the anterior cingulate
cortex, hippocampus, insula and parietal cortex (Abercrombie et al.,
2011; Quidé et al., 2020). This evidence from task-based fMRI studies
has provided extensive insight into the modulating effects of cortisol on
neural activity in the human brain. However, these cortisol-induced
alterations in brain patterns are dependent on the particular task para-
digms used, which can limit investigations to the comprehensive effects
of cortisol on neural activity in the whole brain. Moreover, the effects of
cortisol on the brain cannot be explained by only localized activation in
a small number of regions. In contrast, this cortisol-induced alteration
could also be associated with the functional coupling between brain
regions, which is consistent with the prevailing “disconnection” hy-
pothesis of psychopathology studies (Catani and ffytche, 2005; Sha
et al., 2019; Xia et al., 2018).

Therefore, task-free functional connectivity (FC) in resting-state
fMRI is a powerful tool that can be used to investigate the functional
correlation of regional spontaneous brain activity by examining low-
frequency fluctuations of blood oxygenation level-dependent fMRI sig-
nals. This approach not only has the potential to overcome limitations of
task-dependent brain patterns but also has been widely used to char-
acterize functional network architecture at the whole-brain level in
healthy and diseased cohorts (Biswal et al., 2010; Fornito et al., 2015;
Power et al., 2011; van den Heuvel and Sporns, 2019). Accordingly,
intrinsic FC has illustrated the organization of large-scale cerebral
functional networks in the human brain, such as the default-mode
network (DMN, e.g., the posterior cingulate, medial prefrontal and
lateral temporal cortex), visual network (VN, e.g., the medial and lateral
visual cortices) and limbic network (LN, e.g., the orbitofrontal cortex
and amygdala)(Power et al., 2011; Yeo et al., 2011). Regarding cortisol
secretion, previous studies have shown that endogenous cortisol levels
are associated with FC between the medial prefrontal cortex and
amygdala in healthy subjects, defined as the DMN and LN, and involved
in self-referential processing and emotional regulation (Bressler and
Menon, 2010; Menon, 2011). Another study showed a negative associ-
ation between cortisol variations and FC within regions of the DMN,
such as the medial prefrontal cortex and posterior cingulate cortex,
which serve as potential brain functional signatures of stress-related
vulnerability (W. Zhang et al., 2019). However, these seed-based find-
ings are hypothesis-driven and identify cortisol-sensitive brain FC by
measuring the correlation between seed regions defined by a priori
knowledge, which could lead to potential bias and a lack of global and
independent views on the neural mechanisms of cortisol in response to
excess cortisol. Therefore, it is necessary to extensively investigate the
FC signatures associated with cortisol variations at the whole-brain
level. However, the cortisol-sensitive whole-brain FC pattern is still
not clear.

Molecular studies have shown that cortisol acts in the brain to sup-
port adaptation to stress by directly modulating the activity of two types
of nuclear receptors, mineralocorticoid receptors and glucocorticoid
receptors (de Kloet et al., 2005). Mineralocorticoid receptors mediate
the onset of the stress response, whereas glucocorticoid receptors are
involved in termination of the stress response. The mineralocorticoid
receptor known as nuclear receptor subfamily 3, group C, member 2
(NR3C2) is a protein encoded by the NR3C2 gene in humans. Mineral-
ocorticoid receptors are widely expressed in the cingulate cortex,
amygdala and inferior frontal cortex (de Kloet, 2013; Klok et al., 2011).
The glucocorticoid receptor known as nuclear receptor subfamily 3,
group C, member 1 (NR3C1) is the receptor to which cortisol binds.
Glucocorticoid receptors are highly dense in the occipital cortex and
parietal cortex in the human brain (Joels, 2018; Perlman et al., 2007).
Thus, whether cortisol-associated FC architecture is constrained by the
spatial distribution of mineralocorticoid and glucocorticoid receptors
remains unknown. Thus, identifying the cortisol-sensitive functional
network signature and its associated gene transcription profiles could
contribute to revealing the modulatory effects of cortisol on the neural
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network and genetic underpinnings in the human brain.

Cushing’s disease (CD) is a common neuroendocrine disorder that is
characterized by the unique excess of endogenous cortisol upon clinical
diagnosis. Therefore, this disease naturally serves as a valuable in vivo
“hyperexpression” model to elucidate the effect of cortisol on brain
function (Y. Zhang et al., 2021). This study is the first to apply a novel
data-driven approach, a voxel-wise brain-wide association study
(BWAS)(Cheng et al., 2015; Cheng et al., 2016; Gong et al., 2018), to
extensively explore the FC signatures associated with cortisol variation
across a wide range at the whole-brain level and how they are linked to
clinical variables. This approach is in line with genome-wide association
studies, in which genotype information is pooled to identify significant
genetic variations associated with specific traits (Hirschhorn and Daly,
2005). Second, Neurosynth (Yarkoni et al., 2011), a platform for the
large-scale synthesis of task fMRI data, was used to explore the cognitive
processes associated with cortisol-affected functional brain systems.
Finally, we explored the topological relationship between
cortisol-associated FC architecture and the expression profiles of a
glucocorticoid receptor (NR3C1) and a mineralocorticoid receptor
(NR3C2) from the Allen Human Brain Atlas (Hawrylycz et al., 2012).

2. Material and methods
2.1. Participants

Sixty CD patients and 54 healthy controls (HCs) were initially
recruited by The First Medical Center of Chinese People’s Liberation
Army General Hospital between May 2017 and November 2020. The
study was approved by the local Ethics Committee of the Chinese PLA
General Hospital, and written informed consent was obtained from each
participant. According to the latest clinical practice guidelines, CD was
diagnosed by experienced endocrinologists with the combination of a
low-dose dexamethasone suppression test, a high-dose dexamethasone
suppression test, inferior petrosal sinus sampling, and dynamic
gadolinium-enhanced MRI of the pituitary gland, which was used to
increase the sensitivity of adrenocorticotropic hormone (ACTH)-
secreting pituitary tumors to MRI detection (Supplementary Informa-
tion). Patient diagnosis of CD was also confirmed by postsurgical pa-
thology. In this study, we included only patients (1) who met the criteria
for CD diagnosis, (2) who were 20-60 years of age and (3) for whom
disease onset was more than one month prior. We excluded CD patients
with large pituitary tumors, which oppress important blood vessels and
optic nerves and disrupt brain morphometry. HCs matched for age, sex,
and education with the patients were recruited from the local commu-
nity and interviewed by experienced psychiatrists. All participants were
right-handed and had normal vision and auditory sensation. Exclusion
criteria for HCs and individuals with CD included a current or history of
any neurological disorder (e.g., central nervous system infection, mul-
tiple sclerosis, toxic metabolic disease, Parkinson’s disease, epilepsy,
intracranial tumor and hypothyroidism, etc.), neurodevelopmental dis-
order or mental disorder; a medical condition that affects neurovascular
function (e.g., hypertension); current substance abuse or dependence;
MRI contraindications; pregnant or breastfeeding women and in-
dividuals who had experienced a major life event within a year (e.g.,
divorce, unemployment or the death of a loved one).Two HCs were
excluded because no sample was collected for cortisol measurements,
leaving 60 CD cases and 52 HCs.

2.2. Image acquisition

All participants were scanned the day of serum cortisol sampling.
Images were acquired on a 3.0-T MR system (Discovery MR750, General
Electric) with an 8-channel head coil. High-resolution structural 3D T1-
weighted images were collected using a sagittal fast spoiled gradient-
echo sequence with the following parameters: repetition time = 6.7
ms, echo time = 2.9 ms, flip angle = 7°, field of view = 250 x 250 mm?,
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number of slices = 192, and voxel size = 1 x 1 x 1 mm® with no gap.
Functional images were acquired using an echo-planar imaging
sequence with the following parameters: repetition time = 2000 ms,
echo time = 30 ms, flip angle = 90°, thickness/gap = 3.5 mm/0.5 mm,
slices = 36, field of view = 224 x 224 mm?, voxel size = 3.5 x 3.5 x 3.5
mm®, and total volume = 240. Soft earplugs were used to attenuate
scanner noise, and head motion was restrained with foam padding.
During functional scanning, all participants were asked to keep their
eyes closed to avoid thinking anything in particular and to avoid falling
asleep, as confirmed by a post-scan questionnaire.

2.3. Neuroendocrine and neuropsychological assessment

Each participant completed MRI scans and neuroendocrine and
neuropsychological assessments within three days. All CD patients un-
derwent biochemical evaluation to assess the functional status of the
HPA axis. For each subject, we quantified the levels of 24-h urinary free
cortisol (24-h UFC, nmol/24 h), serum cortisol (nmol/L) and plasma
adrenocorticotropic hormone ACTH (pmol/L) at 8 a.m. Cortisol and
ACTH levels were analyzed by chemiluminescence immunoassay. Spe-
cifically, ACTH was measured using an Immulite 2000 Analyzer
(Siemens Healthcare Diagnostics Inc., LA, USA). Cortisol was detected
with an ADVIA Centaur Analyzer (Siemens Healthcare Diagnostics,
Tarrytown, NY, USA).

The majority of subjects underwent a comprehensive neuropsycho-
logical assessment using the Self-Rating Depression Scale (Zung, 1972),
Self-Rating Anxiety Scale (Zung, 1971), Mini-Mental State Examination
(Tombaugh, 2005) and Montreal Cognitive Assessment (Hachinski et al.,
2006). Moreover, the health-related quality of life and neuropsychiatric
symptoms of the CD patients were evaluated with the Cushing’s
Quality-of-Life questionnaire (Nelson et al., 2013) and the Chinese
version of the neuropsychiatric inventory (Leung et al., 2001),
respectively.

2.4. Resting-state fMRI data preprocessing

The resting-state fMRI data were preprocessed using SPM12 and
Data Processing Assistant for Resting-State fMRI (DPABI, http://www.
restfmri.net/forum/DPARSF). The first 10 vol of the functional images
were discarded to avoid initial steady-state problems. Then, functional
images were spatially realigned to the first image for motion correction
and corrected for slice acquisition temporal delay. Any images indi-
cating head motion at 2-mm translation or a 2° rotation in any direction
were excluded. Subsequently, functional images were coregistered to
each participant’s segmented gray matter T1 image, spatially normal-
ized to Montreal Neurological Institute (MNI) space and resampled to 4-
mm isotropic voxels to reduce computational complexity and burden.
Next, the global signal, white matter signal, cerebrospinal fluid signal
and 24-motion head motion parameters (i.e., 6 head motion parameters,
6 head motion parameters one time point before, and the 12 corre-
sponding squared items) were regressed from the data. Linear detrend-
ing and bandpass filtering (0.01-0.08 Hz) were carried out to reduce the
effects of low-frequency drift and high-frequency physiological noise.
Finally, to better control for head motion, we corrected head motion
using a “scrubbing” procedure on the preprocessed images (Power et al.,
2014). Briefly, volumes with a framewise displacement exceeding a
threshold of 0.5 mm and their adjacent volumes (1 back and 2 forward)
were replaced with data interpolated from the nearest neighbor within
the fMRI image from each subject.

2.5. Brain-wide association study

To identify cortisol-related FC in the whole brain, we performed a
voxel-wise BWAS based on serum cortisol at 8 a.m. using a published,
available BWAS toolbox (Gong et al., 2018) (https://github.
com/weikanggong/BWAS).
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Step 1: Calculate the voxel-wise FC

In this study, each preprocessed fMRI image included 19,158 voxels,
which were obtained from the automated anatomical labeling atlas
(Tzourio-Mazoyer et al., 2002). This was generated by extracting over-
lapping voxels in the automated anatomical labeling template and the
thresholded prior gray matter probability map (>0.2) provided by
SPM12. For each voxel, the time series was extracted to perform Pearson
correlation with other voxels in the whole brain, followed by Fisher’s
r-to-z transformation. Next, the relationship between the FC of each pair
of voxels and cortisol dosage was examined by a general linear model
across subjects while controlling for age and sex.

Step 2: Chart the association map in relation to the cortisol variation

This procedure was also implemented in the BWAS toolbox. In this
approach, all FCs with a p-value smaller than a certain cluster-defining
threshold (z-score) of 5 (corresponding to a p-threshold of 3 x 10’7),
which was considered a valid threshold for whole-brain analysis in the
original study (Gong et al., 2018), were identified. A measure for the
association (MA) between voxel i and the cortisol level was then defined
as MA = N,, where N, was the number of cortisol-associated FCs
(z-score>5) between voxel i and every other voxel in the brain.
Accordingly, an MA map was created, in which each statistic of each
voxel (MA value) represents the number of cortisol-affected links
(z-score>5).

Step 3: Identification of FC clusters linked to cortisol dosage

As a parallel analysis, which is independent of analysis in step 2 at
the voxel level, we also tested the association of cortisol level with FC at
the cluster level, i.e. testing whether FC clusters formed by spatially
connected regions were larger than those expected by chance, with a
familywise error rate-corrected p-value<0.05 for each cluster as
determined by random field theory. This procedure was also imple-
mented with the BWAS toolbox. Each identified FC cluster included a
number of voxelwise FC variables linked to two regions of interest. To
further control the false positive rate of FC clusters that we identified, we
used a relatively strict threshold to assess the cluster size of regions of
interest with more than 10 voxels, following the methods of previous
studies (Cheng et al., 2016; Hart et al., 2012; Konrad et al., 2006;
Wittmann et al., 2005).

Additionally, we tested the effect of group on the significant asso-
ciations between the FC clusters and cortisol variation. Specifically, for
each identified FC cluster, time series of two regions were extracted to
calculate Pearson correlation coefficient, which was used to examine the
effect of group by a generalized linear regression model with the
following formula across all participants:

FC = cortisol + group + cortisol * group + sex + age

2.6. Correlation with neuropsychological variables

To investigate the clinical outcomes of cortisol-associated FC clus-
ters, we performed partial correlation analysis of neuropsychological
scores. Specifically, for each subject, we first calculated the FC co-
efficients of significant FC clusters identified by the BWAS analysis
described above. For each FC cluster, the time series were extracted in
each region of interest by averaging the blood oxygenation lev-
el-dependent signals of all significant voxels within that region. The FC
coefficient was evaluated between each pair of regions of interest by
calculating the Pearson correlation coefficient and then applying
Fisher’s z transformation. Then, for each subject, the mean FC coeffi-
cient was obtained by averaging all these FC coefficients. Finally, we
performed a separate partial correlation analysis between mean FC
scores and each neuropsychological variable across available subjects;
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this analysis included data from the Self-Rating Depression Scale, the
Self-Rating Anxiety Scale, the Mini-Mental State Examination, the
Montreal Cognitive Assessment, the Cushing’s Quality-of-Life ques-
tionnaire and the Chinese version of the Neuropsychiatric Inventory.
The statistical threshold for correlation analysis was set to a Bonferroni-
corrected threshold of p < 0.05/6 after permuting the clinical score
labels assigned as each set of variables (n = 10,000). In addition, we
performed separate correlation analyses of Self-Rating Depression Scale,
Self-Rating Anxiety Scale, Mini-Mental State Examination and Montreal
Cognitive Assessment scores within the CD and HC groups.

2.7. Functional annotation of cortisol-affected brain regions

To refine the potential cognitive functions of cortisol-related brain
regions, we used the available online platform Neurosynth (https
://neurosynth.org/) to access meta-analytic brain maps from over
11,000 human neuroimaging studies. Neurosynth provides meta-
analytic maps related to 50 topics encapsulating different aspects of
cognitive function. Each topic illustrates a cluster of semantically related
words that tend to occur together in a shared cognitive architecture.
Neurosynth uses these weighted term clusters to create topic-specific
association maps in which the statistical value in each voxel (z-score)
represents the likelihood that the voxel is preferentially activated by the
topic in question over all other topics. Then, we performed Pearson
correlation analysis between our identified MA map and the Neurosynth
association statistics for each of 50 topic maps across the nonzero voxels.
A stringent Bonferroni-corrected threshold of p < 0.05/50 was used for
multiple testing correction. We also emphasized topics with significant
correlation coefficients >0.1 or < -0.1 in the figure.

2.8. Gene expression restraints on the cortisol brain network

Next, we investigated the topographical relationship between the
cortisol-affected brain functional network and glucocorticoid and
mineralocorticoid systems. Given that NR3C1 and NR3C2 are well-
known genes that regulate the expression of glucocorticoid and miner-
alocorticoid receptors (Fan et al., 1989; Hollenberg et al., 1985), we
used the NR3C1 and NR3C2 expression profiles to evaluate the extent of
the relationship between cortisol receptor systems and functional brain
architecture in the cerebral cortex. First, we separately extracted the
gene expression profiles of NR3C1 and NR3C2 from the whole-brain
transcriptome atlas created by Whitaker et al. (2016). For each gene,
this atlas provides averaged expression values in each of 306 parcella-
tions across cortical postmortem samples obtained from 6 adult brains.
The microarray data for six donors in this atlas are available from the
Allen Institute for Brain Science (http://human.brain-map.org/static
/download)(Hawrylycz et al., 2012). Second, mean MA values were
extracted from the nonzero voxels of the abovementioned MA map
across the same 306 regions. Finally, Pearson correlation analysis was
used to separately examine the relationships between the
cortisol-associated MA map and NR3C1 and NR3C2 expression profiles
across 306 brain regions. In addition, using a leave-one-donor-out
approach and ComBat(Johnson et al., 2007), the gene expression atlas
analyzed in the present study was confirmed to be robust in terms of the
effects of interindividual differences and batch- and donor-induced ar-
tifacts (Romero-Garcia et al., 2019). This evidence supports the validity
of extracting the spatial NR3C1 and NR3C2 expression patterns from the
atlas used in the present study.

2.9. Sensitivity analysis

First, given that cortisol levels vary across different collection ap-
proaches and sources, we next performed cross-body fluid validation
analysis to test the robustness of the significant regions sensitive to
serum cortisol in the BWAS. Accordingly, we reperformed the BWAS
using cortisol derived from urine collected for 24 h. Second, because the

Neurobiology of Stress 15 (2021) 100414

biological significance of global signals in relation to brain activity re-
mains unclear and the procedure for removing global signals is still
under debate (Murphy and Fox, 2017), we reprocessed the fMRI data
without global signal removal. Then, we reanalyzed the MA map using
fMRI data with global signals to assess the reproducibility of the
cortisol-related brain functional pattern. Third, given that the level of
cortisol secretion fluctuates from morning to night and because the
variation in the time gap between MRI scanning and participant cortisol
sampling (8 a.m.) might have implications for the BWAS results, we
examined the time-dependent BWAS data and treated the time gap as
the dependent variable, with age and sex as covariates.

3. Results
3.1. Demographic and endocrinological results

We ultimately included 60 CD patients and 52 HCs in this study. No
significant between-group difference (p > 0.05) was found in the de-
mographic characteristics of the subjects (Table 1). Compared with HCs,
CD patients had significantly lower Mini-Mental State Examination
(MMSE) and Montreal Cognitive Assessment scores and higher Self-
rating Depression Scale and Self-Rating Anxiety Scale scores (Table 1).
As expected, CD patients had significantly higher levels of serum
cortisol, 24-h UFC and plasma ACTH (p < 0.001, Table 1) than HCs.

3.2. BWAS of cortisol

Frequency histograms of the cortisol levels for CD patients and HCs
are provided in Fig. S1. Fig. 1A shows the spatial distribution of all
voxels in the brain that had cortisol-associated FCs (z-score>5) across
subjects. The regions with a higher number of FCs (z-score>5) were
primarily distributed in the bilateral visual cortex, inferior parietal
cortex, medial prefrontal cortex, anterior cingulate cortex, posterior

Table 1
Demographic and clinical characteristics of the participants.
CD patients (N HCs (N = 52) Statistic P-value
= 60) value
Age (years) 37.77 £ 10.55 34.87 +10.75 1.44 0.15
Sex (female/male) 54/6 49/3 0.67 0.41
Education (years) 11.25 + 4.15 11.83 + 3.15 —-0.82 0.41
Illness duration 43.84 + 52.01 - - -
(months)
Neuropsychological Tests
MMSE 28.02 £2.39 (N 29.25 +0.93 —3.45 8.22E-
=53) (N =51) 4
MoCA 22.57 + 419 (N 27.67 + 2.03 —7.86 4.10E-
=53) (N =51) 12
SDS 39.93 £9.66 (N  27.16 + 4.47 8.61 8.97E-
=54) (N =51) 14
SAS 37.81 + 8.08 (N 26.98 + 4.54 8.40 2.55E-
= 54) (N=51) 13
CNPI 12.78 + 10.09 - - -
(N =54)
Cushing QOL 36.81 £+ 846 (N - - -
=54)
Endocrinological Tests
Serum cortisol at 725.90 + 276.36 359.82 + 8.98 8.26E-
8am (nmol/L) 106.79 15
ACTH at 8am 20.89 + 16.05 5.00 + 3.09 7.02 1.88E-
(pmol/L) 10
24-h UFC (nmol/ 2349.70 + 258.33 + 9.11 1.40E-
24 h) 1534.17 (N = 118.50 (N = 14
51) 45)

Note: All values are expressed as the mean + standard deviation. Abbreviations:
CD: Cushing’s disease patients; HC: healthy controls; MMSE: Mini-Mental State
Examination; MoCA: Montreal Cognitive Assessment; SDS: Self-Rating Depres-
sion Scale; SAS: Self-Rating Anxiety Scale; CNPI: Chinese version of the
Neuropsychiatric Inventory; Cushing QOL: Cushing Quality-of-Life Scale; ACTH:
adrenocorticotropic hormone; 24-h UFC: 24-h urinary free cortisol.


https://neurosynth.org/
https://neurosynth.org/
http://human.brain-map.org/static/download
http://human.brain-map.org/static/download

Y. Zhang et al.

Neurobiology of Stress 15 (2021) 100414

B Cortisol-associated functional connectivity
1 20
C ) . .
r=0.30 [l CD patients r=0.34 [l CD patients r=0.45 [l CD patients

60 p=0.0006 Healthy subjects p=0.0001 Healthy subjects %0 [p=0.0007 .
o . ] % 60 % E
8 . @ By = .
2 8 z 5
£ g%
40 g kS
o - 40 &
£ =) S
s = 2
£ : -

20 20

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Cortisol-related functional connectivity

Cortisol-related functional connectivity

Cortisol-related functional connectivity

Fig. 1. Cortisol-associated FC signatures and their relation with neuropsychological variables.

(A) Voxels with cortisol-associated FC (z-score>5). The value on a voxel represents the measure of association (MA), i.e., the number of z-score of functional
connectivity related to this voxel greater than 5. No further statistical threshold was applied on the MA map. The regions associated with cortisol variations were
prominently located in the bilateral insula, visual, medial prefrontal, inferior parietal and posterior cingulate cortices. (B) A schematic diagram showing 39 FC
clusters associated with cortisol levels across subjects. The yellow dots represent regions of interest, which are positioned at the peak coordinates of our identified
voxel region of interest-based connectivity clusters (Table S2). The lines between yellow dots represent FC between brain regions. The red and blue lines represent
positive and negative correlations between the FC and cortisol level across subjects, respectively. (C) Significant correlations between the cortisol-associated FC
clusters and anxiety (left), depression (middle) and neuropsychiatric scores (right). X-axis represents the average of all the significant FC clusters identified in the
BWAS analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cingulate cortex, putamen and insula (Table S1). The regions most
strongly associated with cortisol variation were located in the visual
cortex (Table S1; peak coordinate (x, y, z) = -16, —76, 12, MA value =
194). Having aligned the cortisol association map with a previously
well-validated large-scale functional brain network layout (Menon,
2011; Yeo et al.,, 2011) in which regions coupled with spontaneous
neural signals at rest were clustered with each other to form an inde-
pendent system, we observed that the regions with strong links to
cortisol variations were primarily embedded in several neurocognitive
networks. For example, the anterior cingulate cortex and insula consti-
tute the salience network (SN), the medial prefrontal and posterior
cingulate cortex are the core elements that make up the DMN, the
inferior parietal cortex has been assigned to the frontoparietal network
(FPN), and the visual cortex is localized to the VN (Fig. 1).

After applying the cluster-level inference approach, we identified 39
significant FC clusters. We found that the regions with significant
cortisol-associated FC clusters were consistent with the MA map. Most of
the significant FC clusters showed positive correlations with cortisol;
these regions were primarily distributed in the DMN (e.g., medial pre-
frontal, posterior cingulate, superior temporal cortex), FPN (e.g., infe-
rior parietal and dorsolateral prefrontal cortex), SN (e.g., insula and
anterior cingulate cortex) and VN (e.g., visual cortex) (Fig. 1B and
Table S2). We also observed six negative correlations with FC between
regions of the DMN, including the medial prefrontal cortex, posterior
cingulate cortex, and ventrolateral prefrontal cortex, as well as FC be-
tween the posterior cingulate cortex and the visual cortex (Fig. 1B and
Table S2).

We next examined the effect of group on the identified FC clusters
using the generalized linear regression model. The results showed that
neither cortisol nor cortisol-group interaction effects of each FC cluster

were significant after correction for multiple testing, suggesting that a
mixture of the group difference and cortisol variance contributed to
significant associations (Table S3).

3.3. Correlations of the cortisol-related functional brain signatures with
clinical scores

To quantify the clinical relevance of cortisol-associated FC clusters,
we performed partial correlation analysis with neuropsychological
variables. We found that the mean correlation coefficient of identified
cortisol-related FC clusters had significant positive correlations with
anxiety (r = 0.30, p = 0.0006) and depression scores (r = 0.34, p =
0.0001) across all participants, as well as with Neuropsychiatric In-
ventory scores (r = 0.45, p = 0.0007) in CD patients (Fig. 1C and
Table S4).

In addition, we did not find any significant correlations between the
mean correlation coefficients of identified cortisol-related FC clusters
and Self-Rating Depression Scale, Self-Rating Anxiety Scale, Mini-
Mental State Examination or Montreal Cognitive Assessment scores
within either the CD group or the HC group (Table S5).

3.4. Cognitive function of the cortisol functional network

To explore behavioral characterization of the cortisol-associated
brain circuit, we screened for specific cognitive topics with associated
brain activation maps that overlapped with cortisol-biased MA map.
After Bonferroni correction of p < 0.05, we found 24 significant cogni-
tive domains that were associated with the MA map derived from the
BWAS (Fig. 2). With reference to the spatial profile of cognitive acti-
vation enrichment, we further emphasized five cognitive topics with |



Y. Zhang et al.

connectivity _functional_network
stimulation_somatosensory_tms
social_participants_empathy
visual_auditory_sensory
motor_movement_movements
action_actions_motor
reading_language_words
reward_decision_risk
volume_gray_structural
semantic_words_word
emotional_faces_facial
patients_schizophrenia_controls
sentences_comprehension_language
patients_controls_reho
task_performance_cognitive
patients_disease_ad
learning_feedback_error
face_faces_recognition
conflict_response_trials
activation_subjects_condition
language_hemispheric_lateralization
pattern_patterns_ica
memory_working_wm
human_role_information

Neurobiology of Stress 15 (2021) 100414

Fig. 2. Neurosynth cognitive topics correlated with
the cortisol network.

The histogram illustrated details for Neurosynth
cognitive topics showing significant spatial correla-
tions with the MA map derived from the BWAS. Each
topic is named after three text terms with top load-
ings. The red columns represent cognitive domains
with a correlation coefficient >0.1 or < -0.1. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

0 0.05

0.1

0.15

Correlation coefficients

r|>0.1, such as functional brain hubs, social communication and pri-
mary sensory perception (Fig. 2, Table S6 and Fig. S2). Specifically, the
top topic was “connectivity_functional network” (that is, the functional
hub; r = 0.13, p = 2.05 x 10~°%), which was likely contributed to by the
regions medial prefrontal cortex, anterior cingulate cortex, posterior
cingulate cortex and temporoparietal junction. These hub regions also
constitute the core element of the DMN, which is involved in self-
reference processing and thinking about others (Jenkins, 2019). The
supplementary motor and visual areas identified in our cortisol-sensitive
brain map could be activated by tasks involving sensorimotor and visual
perception, annotated by the terms “stimulation_somatosensory_tms” (r
= —0.13, p = 6.08 x 10_19), “motor_movement_movements” (r =
—0.11, p = 1.73 x 10716 and “visual_auditory_sensory” (r = 0.11, p =
7.24 x 10729, The “social_participants empathy” item (r = 0.13, p =
2.98 x 10728) might account for the cognitive functions implicated by
the inferior parietal cortex, ventrolateral prefrontal cortex and middle
temporal cortex.

3.5. Transcriptional signature underlying cortisol-sensitive functional
architecture

To investigate gene expression underlying cortisol-related brain
functional variations, we analyzed the relationship between the

transcription levels of a glucocorticoid receptor (NR3C1) and the MA
map and between a mineralocorticoid receptor (NR3C2) and the MA
map. Fig. 3A and B illustrate that the spatial expression patterns of these
two genes varied across the 306 brain parcellations defined by Whitaker
et al. (2016), with higher expression in the visual, parietal, dorsolateral
prefrontal and posterior cingulate cortices. We also observed signifi-
cantly positive correlations between both the NR3CI and NR3C2
expression patterns and regions significantly associated with cortisol
across the brain (NR3C1:r = 0.41,p =8.71 x 10’14; NR3C2:r=0.45, p
= 2.36 x 1076 Fig. 3C and D), suggesting that the cortisol-associated
functional network is restricted by the spatial distribution of cortisol
receptor systems.

3.6. Sensitivity analysis

First, given that cortisol levels vary across different bodily fluids, we
next explored whether the cortisol-sensitive neural network identified
by our BWAS was affected by different sources from which cortisol was
acquired. We reanalyzed the BWAS data using urinary cortisol measured
by 24-h UFC. The MA map illustrated that most of the cortisol-associated
regions were consistent with our main findings, such as the anterior and
posterior cingulate cortices, the insula and the inferior parietal cortex
(Fig. S3). Second, given that global signal regression could have an
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Fig. 3. Transcriptional signatures capture cortisol-associated brain functional variations.

Spatial distribution of NR3CI (A) and NR3C2 (B) expression; red and blue indicate the brain regions with high and low gene expression, respectively. The results
showed positive correlations between expression of both NR3C1 (C) and NR3C2 (D) and the cortisol-associated MA map derived from the BWAS. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

impact on the brain FC pattern, we then reperformed the BWAS using
the fMRI data without global signal removal. The results illustrated that
the regions affected by cortisol were still evident in the MA map, indi-
cating that the cortisol-sensitive brain regions were independent of
those involved in preprocessing analytic strategies (Fig. S4). Third,
because the distinct time gap between MRI scanning and cortisol sam-
pling (8 a.m.) across participants might have implications for the BWAS
results, we next carried out a time-dependent BWAS. We found signifi-
cant associations, primarily in regions important for primary sensory
perception, particularly the visual cortex and sensorimotor cortex
(Fig. S5).

4. Discussion

Using a cross-sectional cohort of CD patients and HCs, the present
study comprehensively investigated cortisol-related functional rele-
vance in human brains and linked the neural signature with underlying
patterns of glucocorticoid receptor gene expression. Specifically, (i) the
BWAS identified cortisol-related functional brain regions distributed in
the medial prefrontal, inferior parietal, posterior cingulate and visual
cortices; (ii) the specific cortisol-related functional brain network plays a
critical role in cognitive functions, such as self-reference, social
communication and sensory perception; and (iii) the cortisol-related
functional network was shown to be restricted by the global distribu-
tion of mineralocorticoid and glucocorticoid receptor gene expression
profiles. These findings add to our understanding of the chronic effect of
cortisol on human brain function.

Growing evidence suggests that functional interactions within and
between a few major large-scale brain networks play crucial roles in
cognitive functions, including the effects of the cortisol stress response
on the human brain (Menon, 2011; Sha et al., 2019; W. Zhang et al.,
2020). Among these brain systems, the DMN is anchored in the medial
prefrontal cortex and posterior cingulate cortex and is thought to sup-
port various self-related cognitive activities and mental simulations;
additionally, the SN consists of the anterior cingulate cortex and insula
and is important for orienting toward salient internal events and
external inputs (Anticevic et al., 2012; Uddin, 2015). Interestingly, the
main brain regions of the cortisol-related functional network identified
by BWAS in this study are core components of these neurocognitive
networks, which might be integral to linking cortisol variations to
cognitive deficits of psychiatric disorders.

Previous neuroimaging studies have identified cortisol-related brain
circuits focused on three major domains. First, by employing acute
psychological stressors, such as tasks involving uncontrollability and/or
social-evaluative threats, several studies have found that stress-induced
cortisol increases are associated with connectivity changes in regions
from the SN and DMN, including the anterior cingulate cortex, amyg-
dala, posterior cingulate cortex, and precuneus (W. Zhang et al., 2019;
W. Zhang et al., 2020). Second, studies of exogenous cortisol using oral
or intravenous administration found that cortisol elevation is related to
altered activity in the prefrontal cortex, anterior cingulate cortex,
amygdala and hippocampus (Harrewijn et al., 2020; Nakataki et al.,
2017). Finally, normative variations in endogenous cortisol levels are
associated with functional coupling between the amygdala and multiple
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brain regions involved in sensory processing and integration, emotion
regulation, and DMN activity (Harrewijn et al., 2020; Veer et al., 2012).
Our current study is in line with prior findings and compatible with
theories of neural resource reallocations, that is, overloading more in-
formation between the SN and DMN to respond to excessive cortisol
(Maron-Katz et al., 2016; W. Zhang et al., 2019). Moreover, cortisol is
the end product of the HPA axis and plays an important role in the stress
response (Maron-Katz et al., 2016). This opens up the possibility that
these specific cortisol-related network responses could serve as a
promising biomarker for future investigations on individual neural
resilience and vulnerability to acute or chronic stress exposure.

Regarding the behavioral annotations of cortisol-sensitive brain
patterns, our identified cortisol-related functional network likely relates
to self-processing, social communication and primary sensory percep-
tion. Based on the BWAS results, we observed that the regions affected
by cortisol variations prominently overlapped with well-validated
functional hubs (Buckner et al., 2009), including the medial prefrontal
cortex, anterior cingulate cortex, posterior cingulate cortex and tem-
poroparietal junction, which account for the majority of the DMN (Yeo
et al., 2011). Recent studies in humans have also revealed that indi-
vidual differences in stress-induced cortisol levels are linked to the DMN
and implicated in self-processing and homeostasis (W. Zhang et al.,
2019). Moreover, alterations in the functional hub regions have
consistently been implicated in various psychiatric conditions and
particularly in stress-related disorders (Admon et al., 2013; Yan et al.,
2019). We also reported that the “social_participants_ empathy” item
accounts for behavioral profiles implicated by the regions of the inferior
parietal cortex, lateral prefrontal cortex and middle temporal cortex. An
increasing number of studies have associated the influence of stress with
human social and emotional behavior, hinting toward a prosocial ten-
dency in terms of a “tend-and-befriend” response following cortisol
administration (Margittai et al., 2018; Taylor, 2006; von Dawans et al.,
2021). Under psychosocial stress, the salivary cortisol level was thought
to be related to stronger frontoparietal activation after the administra-
tion of androstadienone in a mental arithmetic task containing
social-evaluative threat and uncontrollability elements (Chung et al.,
2016). Moreover, recent studies reported that acute cortisol was asso-
ciated with attenuated activity of the inferior parietal cortex and middle
temporal cortex during emotion processing in patients with negative
mood disorders (Peters et al., 2016). Based on the above evidence, we
speculate that frontoparietal regions is selectively vulnerable to the
adaptive protection of circuits supporting psychosocial perception and
emotion regulation in response to the aggregated cortisol burden.

It is worth noting that some brain regions in the VN are also involved
in cortisol-related functional brain circuits. The observation of occipital
activity or FC of the VN in stress-induced cortisol effects has recently
been reported in neuroimaging studies (Henckens et al., 2009; Soares
et al., 2013; van Marle et al., 2009). Moreover, functional alterations in
this system have also been found in patients who have been exposed to
prolonged hypercortisolism. For example, resting-state functional im-
aging studies have demonstrated increased connectivity between the
visual cortex and the DMN in CD patients (van der Werff et al., 2015).
This result is also in accordance with our previous studies, which
showed decreased cerebral blood flow in the visual cortex in CD (Y.
Zhang et al., 2021). It is possible that the effects of cortisol on the brain
are mediated, at least partially, by underlying sensory perception, such
as visual and other sensory modalities, including primary sensorimotor
perception (Hoenen et al., 2017; Weckesser et al., 2016).

The molecular mechanisms through which cortisol exerts its effects
on the human brain remain unclear. To bridge this gap, we initially
provided evidence that cortisol-related functional networks were
spatially associated with the transcription levels of two specific cortisol
receptor genes, i.e., NR3C2 (encoding a mineralocorticoid receptor) and
NR3C1 (encoding a glucocorticoid receptor). On a cellular level, cortisol
enters the brain and binds mineralocorticoid receptors with high affinity
and glucocorticoid receptors with lower affinity (Keller et al., 2017).
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Both receptors act as ligand-dependent transcription factors that trans-
locate to the nucleus and regulate cortisol-related genes, including
FK506-binding protein 5, proopiomelanocortin and
corticotropin-releasing factor (Gatta et al., 2021; McGowan et al., 2009).
As mineralocorticoid and glucocorticoid receptors mediate cortisol
signaling, variations in the epigenetic regulation of NR3C1 and NR3C2
expression may introduce changes in cortisol signaling dynamics and
subsequent changes in stress/reward-responsive brain networks, such as
the DMN, SN and sensory system. This triangular cortisol-gene-brain
framework might underlie the pathogenesis of stress-related disorders.

In the sensitivity analysis, even though the brain pattern in relation
to urinary cortisol measured by 24-h UFC was generally consistent with
that estimated by serum cortisol at 8 a.m., the effect appeared to be
prominently diminished. This could be the result of varying sampling
times and sampling sources. It is well known that cortisol in humans
typically exhibits a diurnal rhythm, characterized by high levels upon
waking, a rise immediately after awakening, a gradual decline through
the day, and a lower level at night before sleep (Weitzman et al., 1971).
However, 24-h UFC refers to the total cortisol collected from urine over a
complete day (24 h), which takes the cortisol fluctuation at different
times into account. We therefore speculated that the lower degree of
cortisol variation in this measurement could weaken its effect in the
sensitivity analysis. In other words, the intrinsic functional architecture
of the human brain could be very sensitive to subtle changes in cortisol
secretion. Therefore, future works of cortisol acquired with frequent
samplings should be required to validate our findings and understand
the neurobiological mechanisms underlying the effects of cortisol on
brain functional organization. In addition, we also need to note that the
association of the visual cortex was not replicated by the BWAS of 24-h
UFC. Combining the results from the time-dependent BWAS, we
observed significant associations between brain connectivity and the
time lag of fMRI scanning and cortisol sampling (8 a.m.), primarily in
regions of the visual cortex. These results imply that the association of
cortisol with FC of the visual cortex could be driven by fluctuations in
brain activity over time following cortisol sampling. Nevertheless, the
results from 24-h UFC still showed a whole-brain connectivity pattern
associated with time-independent cortisol levels.

Several limitations of the present study should be mentioned. First,
despite the scarceness of CD patients, we collected a relatively large
number of samples. However, the absolute sample size remained
limited. Future studies with larger sample sizes, including samples from
both CD patients and HCs, are warranted to replicate the findings of our
study. Second, we explored the effects of a wide range of cortisol con-
centrations on human brain function by drawing on a cohort of CD
within in vivo hyperexpression of cortisol, together with HCs, which had
a typical range in cortisol variation. However, the associations of brain
connectivity with cortisol could be attributable to a mixture of group
differences and cortisol variance. Future work is needed to validate and
generalize our findings in a general population (e.g., UK Biobank) or
postoperative CD patients with a wide range of cortisol levels. Third,
even though bandpass filtering (0.01-0.08 Hz) was used to reduce the
effects of physiological noise (e.g., heart rate and respiration noise) in
this study, this noise still could not be thoroughly removed due to the
low sampling time of the fMRI scan (TR = 2 s). Future work will be
needed to validate our findings by using more state-of-art technology
that addresses physiological noise. Fourth, head motion issues have been
debated since the term FC was proposed and onwards. Although this
study controlled for head motion effects to some extent by commonly
used strategies (e.g., scrubbing procedure), we also observed that head
motion parameters of some of the fMRI data, particularly for individuals
with CD, might not fully meet the more stringent frame-to-frame
displacement (FD) threshold (e.g., 0.2 mm), which was reported by a
recent methodological study (Power et al., 2015). Thus, more fMRI data
with better-controlled head motion effects is required to confirm
whether the cortisol-brain association is independent of artifact effects
arising from the fMRI scan. Fifth, Neurosynth was used to explore the
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cognitive functions implicated by the brain regions sensitive to cortisol
variation. However, we should note that these functional annotations
were only based on the fMRI meta-analyzed data, rather than the in-
dependent neuroimaging scan of CD patients. Thus, in the future, a large
group of CD patients with extensive task-based functional MRI scans and
well-documented neurocognitive scales should be considered to quan-
tify the functional relevance in relation to the cortisol-affected brain
regions. Sixth, the difference in psychological symptoms in cases and
controls could have biased the brain representation of cortisol. Given
that the number of participants accomplishing the complete psycho-
logical assessment in our study was underpowered to sensitively detect
the association signal with cortisol variation, future analyses with more
psychological and physiological variables in a large sample size will be
required to help clarify the effects of neuropsychological health on the
association between cortisol and human brain function. Last, the Allen
Human Brain Atlas is the only source of high-resolution gene expression
data across the human brain to date. This atlas is, however, limited by its
sampling of only six donors with six left hemispheres and two right
hemispheres (Parker et al., 2020). Future studies using a larger dataset
of whole-brain gene expression profiles could better address this issue.

In conclusion, the findings of our current study suggest that the
cortisol-affected regions were mainly distributed in brain functional
hubs (e.g., the medial prefrontal, inferior parietal, visual and posterior
cingulate cortices). These cortisol-affected regions are involved in
reward, social communication and primary sensory perception. Finally,
the cortisol-related brain network is specifically and significantly
coupled to regional expression of the cortisol receptor system. These
findings suggest that cortisol can modulate the reconfiguration of large-
scale brain-wide networks involving neurocognitive functions by
restricting the spatial expression of cortisol receptors.
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