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ABSTRACT

Gender is an important biological determinant of vulnerability to psychosocial
stress. We used perfusion based functional magnetic resonance imaging (fMRI) to
measure cerebral blood flow (CBF) responses to mild to moderate stress in 32 healthy
people (16 males and 16 females). Psychological stress was elicited using mental
arithmetic tasks under varying pressure. Stress in men was associated with CBF increase
in the right prefrontal cortex (RPFC) and CBF reduction in the left orbitofrontal cortex
(LOrF), a robust response that persisted beyond the stress task period. In contrast, stress
in women primarily activated the limbic system, including the ventral striatum, putamen,
insula and cingulate cortex. The asymmetric prefrontal activity in males was associated
with a physiological index of stress responses — salivary cortisol, whereas the female
limbic activation showed a lower degree of correlations with cortisol. Conjunction
analyses indicated only a small degree of overlap between the stress networks in men and
women at the threshold level of P<0.01. Increased overlap of stress networks between the
two genders was revealed when the threshold for conjunction analyses was relaxed to
P<0.05. Further, machine classification was used to differentiate the central stress
responses between the two genders with over 94% accuracy. Our study may represent an
initial step in uncovering the neurobiological basis underlying the contrasting health

consequences of psychosocial stress in men and women.
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INTRODUCTION

Gender is an important determinant of human health, and there is a clear pattern
for the sex-specific prevalence rates of several mental and physical disorders. Men are
generally more susceptible to infectious diseases, hypertension (cardiovascular disease),
aggressive behavior, and abuse of alcohol or drugs. Women, on the other hand, have
higher rates of autoimmune diseases, chronic pain, depression and anxiety disorders
compared to men (Holden, 2005; Kajantie and Phillips, 2006; Kudielka and Kirschbaum,
2005; Lundberg, 2005). Some of these gender differences emerge during women’s
reproductive years, and gradually diminish after menopause (e.g., depression,
cardiovascular disease), suggesting that the observed gender-specific disease pattern may
be partly attributed to effects of sex hormones (Otte et al., 2005). Recently, individual
differences in stress reactivity have been proposed as a potentially important risk factor
for gender-specific health problems in men and women, in addition to genetic, socio-
cultural, hormonal and developmental factors (Goldstein et al., 2005; Hamann and Canli,
2004; Kajantie and Phillips, 2006; Young and Altemus, 2004).

To date, assessing gender differences in stress reactivity primarily relied on
measuring physiological responses to acute stressors in laboratory settings, including
activities of the hypothalamic-pituitary-adrenal (HPA) axis (e.g., cortisol) and/or
sympathetic nervous system (e.g., heart rate and blood pressure). A general trend has
emerged suggesting greater acute HPA and autonomic responses in adult men compared
to adult women using standard performance related psychosocial stressors such as public
speaking and arithmetic tasks (Kajantie and Phillips, 2006; Kudielka and Kirschbaum,
2005). This greater sympathoadrenal responsiveness in males may be reasonably

associated with the pathogenesis of cardiovascular disease, aggression and immune
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suppression (Lundberg, 2005; Segerstrom and Miller, 2004). In women, the phase of
menstrual cycle, menopausal status and pregnancy were found to have marked effects on
physiological stress responses. In particular, estrogen has been shown to buffer the
sympathetic and HPA arousal (Goldstein et al., 2005; Kajantie and Phillips, 2006).

Other studies, however, reported either no gender difference in stress reactivity or
greater cortisol elevation in females than males when a social rejection task was adopted
as the stressor instead of achievement tasks (Dickerson and Kemeny, 2004; Stroud et al.,
2002). It has been proposed that women are more likely to be negatively affected by
interpersonal events than men — a tentative factor underlying the emergence of gender
differences in depression (Cyranowski et al., 2000). These differences in experimental
findings and alternative theoretical models highlight the complex nature of the gender-
specific stress response, which may be dependent on the type of stressor/challenge,
experimental procedure, outcome measured and subject status (Dickerson and Kemeny,
2004). Furthermore, the probed peripheral physiological parameters typically reflect the
integrative reaction of several biological systems, which are often delayed in time and
modulated in magnitude by other stress mediators.

It would be desirable to be able to directly visualize the effects of psychological
stress in the male and female brain. Functional neuroimaging studies have begun to shed
light on the neuroanatomical substrates underlying human emotional processes tightly
related to stress (Hamann and Canli, 2004; Phan et al., 2002). Nevertheless, the majority
of emotional stimuli employed in existing fMRI studies (e.g., fearful faces) lack critical
features of a standard psychosocial stress paradigm, which typically comprises motivated
performance tasks along with social-evaluative threat and/or subjective feelings of

uncontrollability (Dickerson and Kemeny, 2004). Using a quantitative fMRI method —
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arterial spin labeling (ASL) perfusion fMRI, we explored the neural correlates of
psychological stress elicited by a mental arithmetic task under performance pressure
(Wang et al., 2005a). The RPFC, which is affiliated with negative emotion, vigilance and
goal-directed behavior, is activated in response to stress with concomitant suppression of
the left prefrontal and orbitofrontal cortex. Brain activation in the limbic circuitry,
including putamen, insula and anterior cingulate cortex (ACC), was also observed even
after completion of stress tasks.

The goal of the present study was to further explore the gender-specific neural
circuitry of psychological stress in the male and female brain. Perfusion fMRI was used
as the neuroimaging tool due to its suitable spatiotemporal characteristics for visualizing
stress effects (Detre and Wang, 2002). Recent evidence suggests that perfusion fMRI is
resilient to effects of subject motion during overt speech production (Kemeny et al., 2005)
and allows certain behavioral/pharmacological manipulations to be performed outside the
MR scanner (Franklin et al., 2007), therefore may be suitable for many ecological

paradigms in social cognitive and affective neuroscience.

MATERIALS AND METHODS
Subjects

Thirty-two healthy subjects (16 females and 16 males) were included in this study.
The mean ages of the female and male group were 22.8+2.4 (SD) and 24.3+£3.1 years
(n.s.). The result of the general stress network based on the first 23 subjects has been
reported (Wang et al., 2005a), and the present work focused on the specific stress
network in each gender. All the subjects were native English speakers and screened for

history of neurologic and psychiatric disease. Written informed consent was obtained
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prior to all human studies according to an Institutional Review Board approval from the

University of Pennsylvania.

MRI Experimental Procedure

The experimental procedures have been described previously (Wang et al., 2005a).
MRI experiments were carried out between 3 and 5 in the afternoon to control for diurnal
fluctuations in salivary cortisol level. The scanning protocol consisted of 4 perfusion
fMRI scans (8 minutes each) performed with a fixed order of Baseline 1, Low stress task,
High stress task and Baseline 2 (Fig. 1), followed by an anatomical scan (6 minutes) at
the end. Such design allowed us to simultaneously study the acute (High vs. Low stress
task) and persistent (Baseline 2 vs. 1) effects of psychological stress on brain activity,
while controlling potential contamination of the control condition by increased emotional
reactivity elicited by the high stress task. During the high stress task, subjects were
instructed to perform serial subtraction of 13 from a four-digit number and respond
verbally. To provide an element of harassment, we prompted the subjects for faster
performance every two minutes and asked them to restart the task if an error occurred. As
a low stress control condition, subjects counted backward aloud from 1000 without
pressure.

Self report of stress and anxiety level (on the scale of 1 to 9) as well as saliva
samples were collected immediately after the subjects entered the MR scanner and after
each MR scan. Subjects were instructed to put (without chewing) a cotton swab inside the
mouth for 2min, until it became saturated with saliva. Throughout the experiment, heart
rate was recorded every two minutes based on a pulse-oxymetry reading. Subject’s self

evaluation of effort required and task difficulty were recorded after the stress tasks. In the
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last 21 of the 32 subjects (11 females, 10 males), we also recorded performance data
including the number of errors and completed subtractions before committing an error
during the serial subtraction task.

MR scanning was conducted on a Siemens 3.0T Trio whole-body scanner
(Siemens Medical Solution, Erlangen, Germany), using a standard Transmit/Receive
head coil. A continuous arterial spin labeling (CASL) technique (Wang et al., 2005b) was
used for perfusion fMRI scans, along with a 3D MPRAGE volumetric scan for high
resolution T1-weighted anatomic images. Imaging parameters were identical to those

described previously (Wang et al., 2005a).

Data Analysis

Salivary samples were spun in a centrifuge, the inner tube and swab were
discarded, and salivary cortisol concentrations were determined using enzyme
immunoassay kit # 1-3002 (Salimetrics LLC. State College, PA). Samples were analyzed
in duplicate. Behavioral and physiological measurements were analyzed using the
repeated measures general linear model (GLM) of the SPSS 12.0 software package
(SPSS Inc. Chicago, IL) to assess the effect of experimental condition (within-subject
effect) and gender (between-subject effect). For performance data, we used the non-
parametric Mann-Whitney and Wilcoxon method to test whether there was significant
difference between the two genders. In addition, we measured the area-under-the-curve
(AUC) of the salivary cortisol level.

Perfusion fMRI data were analyzed offline using the VoxBo (www.voxbo.org)

and SPM2 software packages (Wellcome Department of Cognitive Neurology, Institute

of Neurology, London, UK). MR image series were first realigned to correct for head
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movements, co-registered with each subject’s anatomical MRI, and smoothed in space
with a 3D 12mm FWHM (Full Width at Half Maximum) Gaussian kernel. Subjects who
showed excessive head motion (> Smm along the X, y or z axis) were excluded from
further analysis (Kim et al., 2006). Perfusion weighted image series were generated by
pair-wise subtraction of the label and control images, followed by conversion to absolute
CBF image series. Voxel-wise analyses of the CBF data were conducted in each subject,
utilizing a GLM including the global time course as a covariate (first-level analysis). No
temporal filtering or smoothing was involved. Two contrasts were defined in the GLM
analysis, namely the CBF difference between the two stress tasks (High stress — Low
stress) and the CBF difference between the two baseline conditions (Baseline 2 — 1).

Individual contrast images (B maps for each contrast) were normalized into a
canonical space (Montreal Neurological Institute standard brain). Linear regression
analyses were carried out on these normalized individual maps to obtain the activation
pattern correlated with differences in perceived stress and anxiety (reported at the end of
tasks) between the high and low stress tasks (second-level analysis), respectively. In
addition, we used the AUC measure of salivary cortisol as the independent variable, and
changes in baseline CBF (Baseline 2 —1) as the dependent variable for regression
analyses, given that cortisol reflects cumulative physiological changes by undergoing the
two stress tasks. These regression analyses were performed in the two subgroups of male
and female subjects respectively.

Normalized individual contrast maps were further analyzed using regression
analyses with gender as the reference function, to detect the differences in the average
brain activation pattern for the two defined contrasts between the male and female

subjects. In addition, changes in perceived effort/difficulty between the high and low
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stress tasks were included as a covariate in the GLM. Behavioral measures of effort and
difficulty were highly correlated across subjects (R=0.5, P=0.003), and were averaged to
form one index of effort/difficulty. One-sample t-tests were used to obtain the statistical
significance in all above regression analyses. Areas of significant activation were defined
at the cluster level for the P value < 0.005 (uncorrected) and the cluster extent size larger
than 15 voxels (2x2x2mm?’). Regions of interest (ROIs) based on activation clusters were
generated using the SPM Marsbar toolbox. CBF changes in these ROIs were extracted
and entered into a univariate GLM analysis using the SPSS software to investigate the
effect size of each covariate. The correlation coefficients of ROI based CBF data with
perceived stress or AUC cortisol were converted into Z scores using Fisher’s
transformation, and then compared between the male and female group (Blalock, 1972).
To estimate the separation ability of the stress related brain regions for gender, we
employed a linear support-vector-machine (SVM) classifier that is able to find a
separating hyperplane with large margin in the original feature space (Vapnik, 1999). The
corresponding CBF changes in stress related brain regions demonstrating gender
differences were directly used as features for classification. The importance of each
feature was then estimated by its corresponding component of the weighting vector in
defining the linear separating hyperplane. In order to explore the regions of significant
overlap between group activations for males and females, we performed conjunction
analyses using the SPM minimum T-statistic (Friston et al., 2005). At the group level,
three uncorrected threshold levels (P<0.005, 0.01, 0.05) were used to form a mask from
one group (e.g., the male) respectively, and then applied to the other group (e.g., the
female). This procedure was repeated with swapped order of male and female groups.

Inference was based on P values adjusted for the search volume using random field
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theory. Voxels exceeding threshold in both procedures were considered significant for

conjunction analyses.

RESULTS
Behavioral and Physiological Stress Responses

The measured behavioral and physiological data indicated that the experimental
paradigm successfully elicited a mild to moderate level of psychological stress in both
male and female subjects. The main effect of experimental condition was significant for
perceived stress (F(5, 26)=17.47, P<0.001), perceived anxiety (F(5, 26)=19.55, P<0.001)
and heart rate (F(4, 27)=41.76, P<0.001), which were immediately elevated in response
to the stress tasks, as well as for salivary cortisol (F(5, 26)=3.22, P=0.021), which
showed a delayed response to the high stress task (Fig. 1). The main effect of gender was
not significant for perceived stress/anxiety, heart rate or salivary cortisol measures.
However, the interaction of experimental condition and gender was significant for
perceived stress (F(5, 26)=5.52, P=0.001). Post hoc analyses indicated that males
reported a greater acute response in perceived stress from the low to high stress task (F(1,
30)=4.39, P=0.045) compared to females. This effect was not observed for perceived
anxiety, although self ratings of stress and anxiety were correlated (R=0.76, P<0.001).
Despite a higher level of task difficulty (F(1, 30)=7.20, P=0.012) and effort required (F(1,
30)=4.93, P=0.034) reported by females during the stress tasks (see supplemental Fig. 1),
men and women performed equally well for the serial subtraction task. There was no
significant difference between the two sexes in the recorded number of errors made (male:
mean+SEM = 5.7+1.0, female: 6.2+1.3, Z=0.17, P=0.87) and completed subtractions

before committing an error (male: 19.2+3 .4, female: 15.3+4.8, Z=1.35, P=0.18).
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Neural Pathways Associated with Perceived Stress in Men and Women

The neural correlates of subjects’ own experience of stress were probed using
voxel-wise linear regression analyses of the perfusion fMRI data with perceived stress.
First, acute stress responses during the performance of stress tasks were identified by
correlating changes in regional CBF and perceived stress from the low to high stress task
(High — Low stress task). Second, lasting stress effects after task completion were
identified by correlating baseline CBF variations (Baseline 2 — 1) with changes in
perceived stress from the low to high stress task. We first examined the right and left
prefrontal cortex based on main findings from our prior study (Wang et al., 2005a).

Performing the two regression analyses in each gender revealed that, in the male
group, CBF in the RPFC was elevated both during the performance of stress tasks and at
baseline after task completion in subjects experiencing stress. However, no significant
correlation between RPFC activation and perceived stress was observed in the female
group either during tasks or at baseline (Fig. 2A&B). This gender difference in RPFC
activation was especially evident during the performance of stress tasks, wherein the
RPFC CBF showed the lowest correlation with subjective stress ratings in the female
group (R=0.24, P=0.36, see Fig. 2A). We further observed that, in the male group, CBF
in the LOrF/inferior frontal cortex (IFC) was suppressed both during the performance of
stress tasks and at baseline after task completion in subjects experiencing stress (Fig.
3A&B). For females, the association of CBF reduction in LOrF/IFC and perceived stress
was only significant during the performance of stress tasks (Fig. 3A). These results
suggest that the stress response in men is primarily characterized by RPFC activation

accompanied by LOrF/IFC inhibition, a robust response that persists beyond the stress

11
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task period. In contrast, women only showed transient suppression of the LOrF/IFC
during the performance of stress tasks.

We then examined the limbic system along with closely interconnected brain
regions including hippocampus, insula and cingulate cortex. During the performance of
stress tasks, CBF increases in the left insula/putamen (LIn/Pu), right insula (RIn) and
bilateral ventral striatum (LSt & RSt), including caudate and globus pallidus, were
correlated with subjective stress ratings only in the female group. In contrast, the male
group did not exhibit any stress related brain activation in the limbic regions during stress
tasks (Fig. 4A). After completion of stress tasks, persistent activation in the ACC,
posterior cingulate cortex (PCC) and RIn were associated with heightened stress level
during tasks in the female group. Particularly, in dorsal ACC, the correlation coefficient
of CBF with perceived stress was significantly higher in females than males (P=0.02). In
the male group, persistent CBF elevation was observed only in the RlIn in stressed
subjects (Fig. 2B). These results indicate that the female stress response is primarily
associated with limbic activation of the ventral striatum, putamen and insula during stress
tasks, and the ACC and PCC persisting beyond the task period.

Since women experienced increased cognitive demand relative to men during
stress tasks, there exists the concern that our observation may reflect gender differences
in performing arithmetic tasks rather than stress reactivity. We therefore repeated the
above regression analyses while including subjective ratings of effort/difficulty as a
covariate in conjunction with perceived stress. Behaviorally, subjective ratings of stress
and effort/difficulty were not correlated (R=0.07, P=0.80). Including effort/difficulty as a

covariate along with stress in regression analyses of CBF data did not affect the reported
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results on gender differences in brain activation associated with perceived stress (see

supplemental Fig. 2).

Conjunction of Stress Networks in Men and Women

Conjunction analyses were carried out to detect the overlap between the neural
networks associated with perceived stress in the male and female group. At the
significance level of P<0.005, there was no overlapping brain activation between the two
gender groups. At P<0.01, the conjunction analysis only revealed one common brain
region during the performance of stress tasks — CBF reduction in the LOrF/IFC, as well
as one common region after completion of stress tasks — persistent CBF elevation in the
RIn/Pu (see supplemental Fig. 3A). When the significance level was relaxed to
uncorrected P<0.05, the conjunction analysis started to reveal more overlapping brain
regions between the male and female group, including common activation of LSt, left
insula/superior temporal cortex (LIn/STC) and right globus pallidus/thalamus (RGP/Th)
as well as LOrF deactivation during the performance of stress tasks. The conjunction
analysis also revealed common persistent activation of RPFC, RIn and ACC at baseline
after task completion in both genders (see supplemental Fig. 3B). Nevertheless, the acute

RPFC response was still uniquely associated with male subjects even with P<0.05.

Neural Pathways Associated with Salivary Cortisol in Men and Women

The above results were based on regression of brain responses with subjective
stress experience, which may differ between men and women. For instance, it has been
reported that females may have a lower threshold for perceived stress compared to males

since puberty (Hampel and Petermann, 2006). We therefore performed a third regression
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analysis to detect associations between baseline CBF variations (Baseline 2 — 1) and
AUC measures of salivary cortisol — a physiological index of overall stress elevation
caused by undergoing the experimental stress paradigm. Again, in the male subjects, we
found that baseline CBF increase in the RPFC and CBF reduction in the LOrF/IFC were
correlated with AUC measures of salivary cortisol (Fig. 2C&3C). In contrast, significant
cortisol related CBF increases were observed in the dorsal ACC (dACC) and left
thalamus (LTh) only in the female but not the male group (Fig. 2C&4C). Females also
showed cortisol related CBF reduction in the left IFC (LIFC), but at a much weaker
significance level compared to the LOrF/IFC suppression observed in males (Fig. 3C). A
subsequent conjunction analysis with a lowered threshold of uncorrected P<0.05 revealed
only one common cortisol related brain activation in dACC in both males and females
(no significant overlap at P<0.01). These additional analyses relying on a physiological
parameter — salivary cortisol — are consistent with our findings based on behavioral

assessments of stress.

Neural Pathways Associated with Perceived Anxiety in Men and Women

Although we demonstrated that differences in subjective feelings of
effort/difficulty did not contribute to the observed gender-specific brain activation pattern
under stress, there remains the concern that females may feel more threatened by the
arithmetic task than males, thereby eliciting greater limbic activation. In terms of
behavioral measures of anxiety, neither gender nor the interaction of gender and
experimental condition showed a significant effect. Regression analyses of CBF data with
perceived anxiety revealed primary limbic activation in both genders. During the

performance of stress tasks, anxiety was associated with CBF elevation in the left
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amygdala/insula/putamen and RIn/Pu in both male and female groups. Perceived anxiety
also elicited CBF increase in LSt&RSt only in female subjects, as well as CBF reduction
in left IFC only in male subjects (see supplemental Fig. 4). During the baseline conditions,
men showed persistent LIn/Pu activation whereas women showed persistent activation in
RIn/Pu, dACC and LSt that were associated with changes in reported anxiety level during
stress tasks. In these analyses targeting neural pathways mediating subjective feelings of
anxiety, prefrontal activity was largely missing in the male group. This observation
suggests that the gender-specific central stress response in our study cannot be (solely)

attributed to potential differences in negative emotions such as perceived anxiety.

Comparison of Average Stress Responses between Men and Women

To address whether the average brain activation pattern under stress differs
between men and women, we compared the mean acute (High — Low stress task) and
persistent (Baseline 2 — 1) CBF responses to stress between the male and female group,
using a regression analysis including gender as the independent variable (Fig. SA) (i.e.,
unpaired t-test between male and female groups). During the stress tasks, men showed
predominantly greater CBF augmentations than women in the right hemisphere including
the RPFC and right parietal cortex/angular gyrus (RPC/AG), whereas women only
showed greater activation in PCC compared to men. The greater acute RPFC activation in
the male group was the most significant finding (peak Z=3.96). This activation survived
the small volume corrected threshold (P=0.04) using the right frontal lobe as the search
volume. When perceived stress was also included as a covariate along with gender in the
regression analysis, this gender effect in the RPFC was still significant (see supplemental

Fig. 5). Based on estimation of effect size using ANOVA, gender and perceived stress
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accounted for 51.5% (P<0.001) and 49.8% (P=0.015) of the total variance of RPFC CBF
changes during stress tasks, respectively.

In contrast to the acute stress responses, during the post- vs. pre-stress baseline
conditions, women showed much greater CBF elevations than men primarily in the left
hemisphere, including the LOrF, left insula (LIn), dorsal ACC and left parietal
cortex/supramarginal gyrus (LPC/SMG) (Fig. 5B), whereas men only showed greater
activation in the right thalamus compared to women. Taken together, the group
comparison results and the regression analyses carried out independently in the male and
female groups suggest that the RPFC activation provides a unique biomarker of the acute
stress response in men. In contrast, females show greater persistent activation of the
dorsal ACC and LIn, and less suppression of the LOrF after task completion compared to

men.

Classification of Stress Responses in Men and Women

We further employed a SVM based linear classification approach to differentiate
the female and male stress response. As shown in Fig. 5C, the CBF changes in the RPFC
from the low to high stress task provided a relatively clean separation between the male
and female group, which yielded an accuracy of 93.8% (two errors in 32 subjects) for
SVM classification based on just a single ROI of the RPFC. We then sequentially
included corresponding CBF changes in stress-related brain regions demonstrating
gender differences into the SVM classification, including the LOrF, dorsal ACC and LIn.
We were able to achieve a perfect (100%) separation of the male and female group when
all 4 ROIs were included (Fig. 5D). The RPFC was the most important factor in the SVM

classifier, with a weighting factor of 51.5%.
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DISCUSSION

The results of this study support a gender-specific neural activation model
underlying the central stress response, featuring asymmetric prefrontal activity in males
and primarily limbic activation in females. Regression analyses were primarily employed
to probe convergent brain activation patterns associated with both behavioral and
physiological stress responses in the male and female group respectively. This data
analysis approach largely controlled confounding factors due to increased cognitive
demand and effort experienced by the female group. Further, performance data showed
no significant difference between the two genders in our experiment. Gender difference
in neural activation was also observed during baseline conditions without any cognitive
task, further controlling potential confounding effects due to cognitive differences
between males and females in carrying out the arithmetic tasks. In the following sessions,
we discuss the present findings within the broad context of several existing theories

regarding gender differences in stress reactivity.

“Fight-or-Flight” vs. “Tend-and-Befriend”

A noticeable theory based on neuroendocrine and behavioral evidence posits that
stress responses may be characterized by “fight-or-flight” in men and “tend-and-
befriend” in women (Taylor et al., 2000). Evolutionarily, males have to confront a
stressor — such as a predator — either by overcoming or fleeing it. Females respond to
stress by nurturing offspring and affiliating with social groups that maximize the survival
of the species in times of adversity. Whereas the physiological stress response typically

involves activation of the sympathetic nervous system and the HPA axis in both genders,
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the female stress response may specifically build on attachment-caregiving processes
(especially those mediated by oxytocin) that buffer the sympathetic and HPA arousal.

Under stressful situations, the “fight-or-flight” response invokes resources that
increase focus, alertness and fear, while inhibiting appetitive goals to cope with the threat
or challenge (McEwen, 2000; Sapolsky, 2000). Consistent with this model, in our prior
study the RPFC — an important part of both the negative emotion and vigilance systems —
is activated in response to stress, while the LOrF, which is associated with positive
emotion and hedonic goals, is suppressed by stress (Wang et al., 2005a). That RPFC
activation and LOrF deactivation with stress was predominately observed in the male
brain is consistent with the idea that stress responses in men may be primarily
characterized as “fight-or-flight”. Our neuroimaging findings agree with the general trend
of greater acute HPA and autonomic responses in males compared to females using
performance stress paradigms (Kajantie and Phillips, 2006). The parallel changes in
prefrontal CBF and salivary cortisol suggest that cortisol may mediate the effect of HPA
arousal on target brain regions of a male brain (Carrasco and Van de Kar, 2003; Charney,
2004), although this hypothesis needs to be tested experimentally.

In contrast, the female stress response primarily involves the limbic system
including ventral striatum, putamen, insula and cingulate cortex. In particular, the ventral
striatum including caudate and globus pallidus are critical substrates of the reward system
that possess rich receptors for oxytocin, vasopressin, dopamine and endorphin (McClure
et al., 2004). The striatum activation along with cingulate cortex, insula and putamen
have been reported in previous fMRI studies on social attachment such as maternal and
romantic love (Bartels and Zeki, 2000; Bartels and Zeki, 2004; Leibenluft et al., 2004),

although there are also inconsistencies between our findings and previous studies
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(Gobbini et al., 2004; Nitschke et al., 2004). Nonetheless, the observed limbic activation
to stress in female subjects is more consistent with a “tend-and-befriend” rather than a
“fight-or-flight” model. Within this theoretical framework, the observed ventral striatum
activation might indicate an intrinsic neurobiological mechanism of the female brain to
activate the reward system under stress, thereby down-regulating the “fight-or-flight”
response. As a result, both behavioral and CBF data showed a relatively blunt acute stress
response between the low and high stress tasks in female subjects in our study. However,
an alternative explanation would be that women were more stressed by the low stress task
compared to men.

It is worth noting that considerable inconsistencies exist between the “tend-and-
befriend” model and our empirical data. Ventral striatum activation has been implicated
in numerous processes, and is not a unique marker for involvement of the reward system
(Poldrack, 2006). In our study, striatum CBF in female subjects was also associated with
changes in negative emotion — perceived anxiety. The isolated fMRI environment is
hostile to the formation of social attachment under stress. The “tend-and-befriend” theory
would also predict a differential endocrine response (e.g., cortisol and oxytocin) between
the two genders, which was not observed in the present study. Similarly, the present
finding of greater prefrontal and limbic activation in males and females respectively
should not be implicated with the sex stereotype in lay culture for the “emotional
women” and “rational men”. As suggested by several studies, the gender difference in

emotionality per se may be an ill-posed question (Barrett et al., 1998; Fischer, 1993).

Compromised Cortisol Feedback, Ruminative Thinking & Depression
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Recent endocrine studies on the interaction between the reproductive system and
the HPA axis demonstrate that females (compared to males) show resistance to negative
feedback of both cortisol in the fast-feedback paradigm and dexamethasone in the
standard delayed-feedback paradigm (Young and Altemus, 2004). In other words, female
sex hormones, while attenuating the sympathoadrenal and HPA responsiveness, could
lead to sluggish cortisol feedback on the brain and less or delayed containment of the
stress response. Compromised cortisol feedback effects on HPA arousal in females has
been proposed as a major neurobiological pathway mediating the tendency of women to
develop depression (Young and Altemus, 2004). Compared to the male group, we
observed fewer correlations between regional CBF and cortisol variations in the female
subjects (only in dACC). This observation is in line with the theory of compromised
cortisol feedback effects on stress responses in females. We hypothesize that persistent
limbic activation following stress without adequate cortisol containment may be a
potential neurobiological precipitant to depression in women. However, the causal role of
cortisol in CBF responses to stress remains to be tested experimentally.

A somewhat related cognitive style more common in women than men that
increases the risk for depression is ruminative thinking - repetitively and passively
focusing on symptoms of distress and their possible causes and consequences (Butler and
Nolen-Hoeksema, 1994). In the present study, the lasting stress response in females was
mainly characterized by persistent activation of the ACC and PCC. The ACC is a primary
region involved in attentional processing of emotion, self-assessment of the mental state,
empathy and social exclusion as suggested by recent studies (Davidson and Irwin, 1999;
Davis et al., 1997; Eisenberger et al., 2003; Frith and Frith, 1999; Singer et al., 2004).

Functional alternations in PCC have also been reported in post-traumatic stress disorders
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(Nutt and Malizia, 2004). The persistent cingulate activation observed following stress in
women might reflect a greater degree of emotional “rewinding” (melancholy thinking) or
reflection of own emotional traits in the females compared to males after completion of
stress tasks, which is consistent with the tendency for ruminative thinking in women

(Papadakis et al., 2006).

Relationship between Prefrontal vs. Limbic Activation

The association between negative and positive emotions and right and left-sided
prefrontal activation respectively was originally based on electrophysiologic findings
(Davidson and Irwin, 1999; Davidson et al., 2000). However, a laterality effect associated
with emotional valence has not been conclusively supported by hemodynamic based
neuroimaging studies (Wager et al., 2003). It is possible that perfusion fMRI, with its
capability for visualizing sustained behavioral states and orbitofrontal CBF, may advance
research in this respect. High levels of right-sided prefrontal activation have also been
linked with negative affective style and suppressed immune function (Davidson et al.,
2000; Rosenkranz et al., 2003). The observed CBF increase in RPFC, along with CBF
reduction in LOrF, may provide a plausible neural mechanism underlying negative health
consequences including hypertension, aggression, substance abuse, and immune
suppression often seen in men.

Emerging evidence suggests that the RPFC plays a major role in regulating
negative emotions, especially in moderating and inhibiting dACC and amygdala
hyperactivities associated with negative affect (Beauregard et al., 2001; Eisenberger et al.,
2003; Kalisch et al., 2006; Lieberman et al., 2006). This hypothesis has several

implications for the present study. Without the potential buffering/modulation effect of
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the RPFC, the persistent dACC activation following stress observed in female subjects
might predispose women to mood disorders and depression. The lack of correlation
between amygdala activity and stress in our study is somewhat surprising. However, with
a relaxed threshold of P<0.05, we observed both acute and lasting amygdala
hyperactivity in female but not male subjects in regression analyses of CBF data with
perceived stress (see supplemental Fig. 6). Hippocampal CBF was positively correlated
with perceived stress during the performance of stress tasks in the female group, while
hippocampal CBF was negatively associated with perceived stress in the male group. The
findings of RPFC and opposite limbic activation in the male and female groups
respectively merit further study, which may also address the reciprocal relationship
between the left and right prefrontal cortex, as well as the RPFC with cingulate,
amygdala and hippocampal neural activities using connectivity analyses.

The spatial localization of RPFC in our study matches closely with the
rostrolateral prefrontal cortex implicated in self generation of higher order rules and
strategies to support performance of complex cognitive tasks (Christoff et al., 2003;
Dagher et al., 1999). The broad role of RPFC in higher order executive function,
cognitive control, emotional regulation and attentional processes suggest that it may be a

critical neural substrate mediating adaptation and coping under stress.

Gender Differences in Task Strategy

Activation of RPFC and right parietal regions has been associated with various
cognitive control tasks, including working memory, response selection and task switching,
as well as inhibitory functions (Aron et al., 2004; Miller and Cohen, 2001). Ventral

striatum along with several limbic regions have also been involved in learning in addition
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to tasks related to reward, motivation and emotion (Poldrack and Rodriguez, 2004). The
different computational roles subserved by these brain regions may contribute to the
observed gender differences in central stress responses. Although somewhat controlled in
the regression analyses, this possibility (e.g., inhibiting incorrect responses in males and
updating task strategies in females) cannot be completely ruled out, especially in the
direct comparison of average stress responses between men and women. Nonetheless,
recent studies suggest that there exists a higher degree of similarities between men and
women in terms of capabilities in mathematics and science than the stereotyped
difference (Hyde and Linn, 2006).

Alternative possibilities include the potential difference in stress coping strategies
between men and women. Different neural pathways may be recruited across the
spectrum of low to high stress (e.g., females may experience a high stress level, thereby
recruiting greater limbic activation). Multiple stress tasks across several cognitive
domains would be preferable to show convincing evidence regarding gender-specific

neural correlates of psychological stress in future studies.

Other Considerations

Our conjunction analyses revealed a small degree of overlap between the male
and female stress pathways with a group level threshold of P<0.01. When the threshold
was relaxed to P<0.05, we observed a greater degree of overlap showing the involvement
of limbic regions in males and post-stress RPFC activation in females. Nevertheless, the
RPFC response during stress tasks was still only observed in male subjects, supporting
the notion that RPFC activation is a unique marker of the acute stress response in men.

These findings suggest both qualitative and quantitative gender differences in brain
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activation to stress, with males and females sharing similar underlying neural processes,
which are activated at different intensities in each gender. This hypothesis is also partly
supported by the largely insignificant gender differences in correlation coefficients
derived from ROI data.

In the present study, while the subjects’ physiological responses did not differ
across genders, the psychological measures and neuroimaging data clearly showed sex
related differences. The inconsistencies between physiological and psychological stress
responses have been documented in previous studies (Kudielka and Kirschbaum, 2005).
Our results suggest that many gender differences in stress reactivity may not be revealed
by existing techniques relying primarily on assay of neuroendocrine data. Combining
neuroimaging, behavioral and physiologic approaches could provide improved power in
probing the neurobiological basis of psychological stress.

The present study has a few limitations. The menstrual phase of the female
participants was not controlled. The observed female stress response can be considered as
representing brain activation patterns averaged across the menstrual cycle. The stress
tasks had to be performed in a fixed order to avoid emotional “carry-over” effects, which
raises time-related issues such as fatigue. Further, not all cognitive components could be
well balanced between the high and low stress tasks. For instance, the infrequent (every
2min) verbal harassment was absent during the counting backward condition. Due to time
limitation, the post-stress baseline condition was not long enough for cortisol to return to
baseline. Because only part of the subjects had performance data, the relationship
between behavioral performance and brain activation to stress will be addressed in future

studies.
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In summary, our neuroimaging data revealed systematic gender differences in the
neural response to mild to moderate stress elicited by mental arithmetic tasks. The greater
limbic activation (especially the ventral striatum) in females may be tentatively linked to
the “tend-and-befriend” stress model as opposed to the “fight-or-flight” response in males.
The acute RPFC response in males and persistent ACC activation in females adhere with
the hypothesis that RPFC may regulate ACC and limbic hyperactivity. Variations in
cortisol were associated with the asymmetric prefrontal activity in males, whereas the
female limbic activation showed a lower degree of correlations with cortisol, supporting
compromised cortisol feedback effects on the female stress response. Prolonged limbic
activation to stress, without adequate RPFC regulation and containment by cortisol,
might mediate the high propensity of women to depression. Given the sensitivity of stress
responses to specific context and intensity, we are cautious to generalize the current
finding to different types of stress. Nevertheless, our study may represent an important
initial step in uncovering the neurobiological basis underlying the contrasting health

consequences of psychosocial stress in men and women.
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Table 1. Brain regions with significant findings in regression analyses of CBF data, and

in comparison between male and female stress responses.

Brain Regions MNI Coordinates Z Score Clqster Activ_atio_n/
X % 7 size Deactivation

Male: CBF during Task vs. Perceived Stress (Fig. 2A)
RPFC 42 52 -2 2.83 15 Activation
LOrF/IFC -30 28 -16 4.08 129 Deactivation
Male: CBF at Baseline vs. Perceived Stress (Fig. 2B)
RPFC 24 56 6 3.39 290 Activation
Rin 54 14 4 3.19 121 Activation
LOrF/IFC -30 32 -14 3.82 77 Deactivation
Male: CBF at Baseline vs. AUC Cortisol (Fig. 2C)
RPFC 44 48 14 3.57 367 Activation
LOrF/IFC -36 22 -16 3.43 139 Deactivation
Female: CBF during Task vs. Perceived Stress (Fig. 3A&4A)
LSt -14 4 8 2.86 69 Activation
RSt 14 -4 0 3.12 190 Activation
LIn/Pu -34 -10 2 3.94 952 Activation
Rin 36 -20 8 4.10 361 Activation
LOrF/IFC -24 36 -12 3.36 59 Deactivation
Female: CBF at Baseline vs. Perceived Stress (Fig. 3B&4B)
Rin 38 8 8 3.10 54 Activation
ACC 8 20 32 3.44 894 Activation
dACC 8 20 32 3.44 894 Activation
PCC 12 -28 18 3.18 140 Activation
Female: CBF at Baseline vs. AUC Cortisol (Fig. 3C&4C)
LTh -6 -10 18 2.89 43 Activation
dACC 14 24 26 3.01 26 Activation
LIFC -48 26 -20 2.85 28 Deactivation
Male > Female during Task (Fig. 5A)
RPFC 40 58 -6 3.96 737
RPC/AG 42 -64 50 3.34 686
Female > Male at Baseline (Fig. 5B)
LOrF -20 42 -14 3.87 187
dACC 2 18 26 3.07 82
Lin -38 -18 14 2.91 58
LPC/SMG -58 -30 58 3.63 228
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FIGURE LEGENDS

Figure 1. Average subjective ratings of stress, anxiety, heart rate and salivary cortisol
level during the time course of the stress experiment in the male and female group.
All the behavioral and physiological measures are significantly increased after the
high stress task. The error bars indicate standard error. In regression analyses of
CBF data, the differences between perceived stress and anxiety reported at the

end of the tasks are used as covariates.

Figure 2. Axial sections of regression analysis results performed in the male and female
group respectively, showing consistent RPFC activation in all the three analyses
performed in males. These analyses use the CBF change during stress tasks (high
stress — low stress task) (A) and the CBF change at baseline (baseline 2 — 1) (B)
as the dependent variable, and the change in perceived stress from the low to high
stress task as the independent variable. Additional analyses use the CBF change at
baseline (C) as the dependent variable, and AUC measures of salivary cortisol as
the independent variable. Data are thresholded at p<0.005 (uncorrected) and
activation cluster size of > 15 voxels (2x2x2mm’). The significance level of
differences between the correlation coefficients in males and females is
represented by ‘cc P’ values. Scatter plots of corresponding CBF changes in
RPFC ROI (indicated by white circles) as a function of perceived stress or AUC
measures of salivary cortisol are displayed. See Table 1 for coordinates of

activated clusters for Figs 2-5.
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Figure 3. Axial sections of regression analysis results performed in the male and female
group respectively, showing consistent deactivation of LOrF/IFC in all the three
analyses performed in males. The analyses are the same as shown in Fig. 2.
Scatter plots of corresponding CBF changes in LOrF/IFC ROI (indicated by white
circles) as a function of perceived stress or AUC measures of salivary cortisol are

displayed.

Figure 4. Axial sections of regression analysis results performed in the male and female
group respectively, showing limbic and cingulate activation only in females. The
analyses are the same as shown in Fig. 2. Scatter plots of corresponding CBF
changes in ventral striatum and dACC ROlIs (indicated by white circles) as a

function of perceived stress or AUC measures of salivary cortisol are displayed.

Figure 5. Three-dimensional rendering of the results comparing the mean acute (High —
Low stress task) and lasting (Baseline 2 — 1) CBF responses between the male and
female groups. The greater right-sided male activation during tasks (A) and
greater left-sided female activation at baseline (B) are shown. Also shown are
diamond plot of changes in RPFC CBF from the low to high stress task (C)
(93.8% separation), and scatter plot of the SVM scores for classification of female
and male stress responses based on CBF changes in 4 ROIs of RPFC, LOrF,

dACC and LIn (D) (100% separation).
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SUPPLEMENTAL MATERIAL

FIGURE LEGENDS
Figure 1. Average subjective ratings of task difficulty and effort required during the low and high stress tasks measured in the male

and female group. The error bars indicate standard error. Both scores are significantly higher in female than male subjects.

Figure 2. Axial sections of regression analysis results performed in the male and female group respectively. These analyses use the
CBF change during stress tasks (high stress — low stress task) (A) and the CBF change at baseline (baseline 2 — 1) (B) as the
dependent variable, and the change in perceived stress from the low to high stress task as the independent variable while the
change in effort/difficulty between the low and high stress tasks was also included as a covariate. Data are thresholded at
p<0.005 (uncorrected) and activation cluster size of > 15 voxels (2x2x2mm?). Compared to results obtained with perceived
stress as the sole covariate (Fig. 2-4 in main text), all the findings are replicated. In the males, RPFC activation and LOrF/IFC
deactivation in males are observed both during stress tasks and at baseline after task completion. In the females, stress induces
CBF elevation in the ventral striatum (LSt&RSt), LIn/Pu and RIn, as well as persistent activation in the ACC and PCC. The
results suggest effort/difficult does not contribute to the observed gender difference in brain activation associated with

perceived stress.



Figure 3. Axial sections of conjunction analyses showing the common brain areas involved in both male and female stress responses.
(A) When thresholded at uncorrected P<0.01, there are common deactivation of LOrF during the performance of stress tasks,
and common persistent activation of RIn/Pu at baseline after task completion in both genders. (B) When thresholded at
uncorrected P<0.05, conjunction analyses reveal common activation in LSt, left insula/superior temporal cortex (LIn/STC) and
right globus pallidus/thalamus (RGP/Th) as well as LOrF deactivation during the performance of stress tasks, and common
persistent activation of RPFC, RIn and ACC at baseline after task completion in both genders. The increased overlap between
stress networks in each gender at lower threshold suggest shared neural processes that are activated to different degree across

genders.

Figure 4. Axial sections of regression analysis results performed in the male and female group respectively. These analyses use the
CBF change during stress tasks (high stress — low stress task) (A) and the CBF change at baseline (baseline 2 — 1) (B) as the
dependent variable, and the change in perceived anxiety from the low to high stress task as the independent variable. Data are
thresholded at p<0.005 (uncorrected) and activation cluster size of > 15 voxels (2x2x2mm?®). In males, left amgydala (LAm),
bilateral insula/putamen (LIn/Pu & RIn/Pu) activation and LIFC deactivation are observed during stress tasks, and persistent

LIn/Pu activation is observed after task completion. In females, anxiety induces CBF elevation in the ventral striatum



(LSt&RSt), LAm, LIn/Pu and RIn, as well as persistent activation in the LSt, RIn/Pu and dACC. The results suggest that stress

related RPFC activation in males cannot be attributed to perceived anxiety.

Figure 5. Axial sections of regression analyses on the changes in CBF from the low to high stress task. The left slice shows greater
RPFC activation in males as compared to females when gender is included as the sole covariate in the regression analysis. The
right slices show that RPFC activation is simultaneously correlated with gender and perceived stress when these two

parameters are included as covariates in regression analyses.

Figure 6. Regression analysis results performed in the male and female group respectively. These analyses use the CBF change during
stress tasks (high stress — low stress task) (A) and the CBF change at baseline (baseline 2 — 1) (B) as the dependent variable,
and the change in perceived stress from the low to high stress task as the independent variable. Data are thresholded at p<0.05
(uncorrected) and activation cluster size of > 50 voxels (2x2x2mm®). Note the bilateral amgydala/hippocampus (Am/Hi)
activation in females and left hippocampal (LHi) deactivation in males during the tasks. During the post-stress baseline, only

females show persistent activation in left amygdala (LAm).
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