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ABSTRACT

Stressor exposure affects food intake as well as the preference for high or low palatability foods, but little is known about how stressor types impact the visual
attention to food images. We used eye tracking methodology in humans to determine if activation of the hypothalamus-pituitary-adrenal (HPA) axis and sympathetic
nervous system is associated with changes in attention to food images as determined by measuring changes in oculomotor activity. Specifically, we tested two
questions: 1) Do categorically distinct stressors alter aspects of visual attention to food images as determined by oculomotor activity (i.e., saccade latency, gaze
duration, and saccade bouts)? 2) Do categorically distinct stressors differentially affect visual attention to food images of high or low palatability? A total of sixty
participants were randomly divided into one of three test groups: controls, an anticipatory stressor group, or a reactive stressor group. We measured salivary cortisol
and salivary alpha-amylase (sAA) before and after stressor exposure to confirm activation of the HPA axis and sympathetic nervous system, respectively. Following
stressor exposure participants performed an eye-tracking test using a standardized food picture database (Food-pics). We analyzed saccade latency, gaze duration,
and saccade bouts in balanced pairs of food and non-food images. Salivary cortisol was elevated by both stressors, although the elevation in salivary cortisol to the
reactive stressor was driven by women only. sSAA was elevated only by the anticipatory stressor. There were main effects of image type for all three eye-tracking
variables, with initial saccades of shorter latency to food images and longer gaze duration and more saccade bouts with food images. Participants exposed to the
reactive stressor reduced gaze duration on food images relative to controls, and this affect was not linked to palatability or salivary cortisol levels. We conclude that
the reactive stressor decreased time spent looking at food, but not non-food, images. These data are partly consistent with the idea that reactive stressors reduce

attention to non-critical visual signals.

1. Introduction

Food intake in humans (Stone and Brownell, 1994; Kandiah et al.,
2006), rodents (Valles et al., 2000; reviewed in Francois et al., 2022),
and other vertebrate species (Harris and Carr, 2016) tends to associate
negatively with stressor severity, although studies in humans are
complicated by individual variation in the perception of stressor severity
(Klatzkin et al., 2019). Underlying the relationship between stress and
food intake are strong evolutionary pressures to trade food seeking ac-
tivities for defense as a threat becomes more imminent (Harris and Carr,
2016). Understanding precisely how stressors influence food intake and
appetite also is complicated as individual effectors of the hypothal-
amus-pituitary-adrenal (HPA) axis have different effects on food intake.
In addition to activating the pituitary-adrenal cortex axis, hypothalamic
CRF neurons inhibit food intake (Cabanac & Richard, 1995; Heinrichs
et al., 1996; Heinrichs & Richard, 1999; Ciccocioppo et al., 2001;
Heinrichs et al., 2001; Ciccocioppo et al., 2002; Richard et al., 2002)
through actions at CRFR1 receptors (Bale et al.,, 2002) in the para-
ventricular nucleus (PVN, Stengel & Taché, 2014) and limbic system

(Micioni Di Bonaventura et al., 2017). In contrast to CRF, treatment with
exogenous glucocorticoids increases food intake and promotes obesity in
rodents and humans (Epel et al., 2001; Yoo et al., 2021).

When humans eat for emotional reasons they are more likely to
consume more palatable foods (Francois et al., 2022). Schepers &
Markus (2017) used a genotype x rumination x stress-interaction
design to investigate how the S-allele of the 5-HTTLPR gene interacted
with cognitive processing (ruminative thinking) and stressor exposure to
influence visual attention to high and low caloric food images and re-
ported that both a genetic and cognitive stress vulnerability may
mutually increase the risk for stress-related eating disorders. Other
studies have shown that stressors cause changes in food choice away
from healthier food (e.g. vegetables and whole grain foods) to more
highly palatable and non-nutritious foods (e.g. chips, hamburgers, and
soda) in adults (Oliver & Wardle, 1999; Oliver et al., 2000; Zellner et al.,
2006; Groesz et al., 2012) and adolescents (Cartwright et al., 2003; Kim
et al.,, 2013). Oliver et al. (2000) reported that study participants
exposed to a social stressor tended to consume more sweet, high-fat,
foods relative to non-stressed controls, and overall ate more energy-
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dense meals (Oliver et al., 2000). In pre-clinical animal models, con-
sumption of palatable non-nutritive foods increase abdominal fat stor-
age and insulin secretion (Dallman et al., 2005), both of which are
negatively linked to CRF transcript abundance in the PVN and, by
extension, may act to suppress stress-induced activation of the HPA axis
(Warne, 2009). Dallman et al. (2005) proposed that elevated insulin and
glucocorticoid secretion may act through the anterior subdivision of the
nucleus accumbens to mitigate the adverse emotional impacts of stress.
Thus, given the role of the nucleus accumbens in pleasure seeking and
reinforcement behavior, people experiencing chronic stress may actively
seek palatable foods to reduce the adverse outcomes of stress (Egan
et al., 2019).

While there continues to be considerable effort to understand how
stressors modulate feeding and food choice, little is known about how
stressors affect the sensory systems that detect food. Vision is particu-
larly important for foraging in primates (Laska et al., 2007). The brain
areas involved in visual feeding are complex but recent meta-analyses
have identified several cortical, limbic, and hypothalamic areas
involved in visual feeding in humans (van der Laan et al., 2011; Pursey
et al., 2014). Interestingly, many of these brain areas also express CRF
(De Souza et al., 1985) and glucocorticoid receptors (Wiggert & Chader,
1975; Bonett et al., 2008).

Eye-tracking technology has been used to understand visual atten-
tion by allowing researchers to quantify fixation, direction, and the path
that the eyes follow (Bergstrom & Schall, 2014) and also can help re-
searchers to record and analyze data that users cannot describe orally
(Bergstrom & Schall, 2014). With state-of-the-art eye-tracking software,
subtle and rapid changes in eye gaze and eye movement can be accu-
rately measured. Of principal interest in this study are saccades and gaze
fixation, which are regulated by the superior colliculus, a brain region
involved in the subcortical processing of visual threats in humans and
other mammals (Krauzlis et al., 2017). We exploited this methodology to
determine if activation of the HPA and sympathetic nervous system
during stress is associated with changes in attention to food images as
determined by measuring stressor-induced changes in oculomotor ac-
tivity. We chose to use two categorically different stressors, an antici-
patory stressor and a reactive stressor, that differ in the neural circuitry
afferent to the PVN but that both ultimately converge on the PVN and
intermediolateral cell column of the spinal cord, respectively (Herman
et al., 2003, 2016). We asked two questions: 1) Do categorically distinct
stressors alter aspects of visual attention to food images as determined
by oculomotor activity (i.e., saccade latency, gaze duration, and saccade
bouts)? 2) Do categorically distinct stressors differentially affect visual
attention to food images of high or low palatability? Activation of the
HPA axis and sympathetic nervous system was assessed by changes in
salivary cortisol and alpha-amylase levels and activity, respectively.

2. Methods
2.1. Participants

We selected all participants (24 male and 37 female) from the stu-
dent research pool at the Texas Tech University College of Media and
Communication. None of the participants were tested within 60 min
after eating a meal and within 12 h after consuming alcohol. After
signing a consent form and completing a brief questionnaire (Supple-
mental Materials), students were weighed, and height and body mass
index (BMI) determined. Hunger was assessed qualitatively using a
satiety scorecard questionnaire (Hill & Blundell, 1982; Supplemental
Materials) prior to testing. A summary of the questionnaire, age, sex, and
BMI results is presented in Table 1. Briefly all participants were between
the ages of 19 and 26 (mean + S.E.M. = 21.1 + 0.21 years old). BMI
ranged from 14.19 to 32.29 with a mean of 22.29 + 0.49 kg/m?2. There
were no differences in age or BMI between the three treatment groups.
None of the students reported a history of eating disorders, were preg-
nant or nursing within the previous 6 mo or reported eating or drinking
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Table 1
Descriptive Data and Frequency Analysis for Pre-testing Questionnaire, Satiety
Scorecard and Body Mass Index of Treatment Groups.

Control TSST CPT P-
value
(N = 20) (N =20) (N = 20)
Pre-testing questionnaire
Sex (#M) 8 7 9 0.812
Age (# responding ages 17 13 18 0.193
20-29)
Home (# from Texas) 17 20 18 0.353
Teaching experience (# 19 18 18 1.000
responding No)
Exercise (# responding No) 18 16 18 0.710
Drug use (# responding No) 14 11 14 0.605
Caffeine on test day (# 15 18 16 0.598
responding No)
Smoker (# responding No) 17 17 15 0.919
Hours of sleep prior to test (h) 6.75 + 6.65 + 6.70 + 0.943
0.34 0.43 0.39
Wake up time 8:07 + 7:09 + 7:42 + 0.059
0:16 0:15 0:18
Self-reported Stress Level 2.25 + 2.45 + 2.6+0.28 0.705
0.19 0.20
Satiety Scorecard
Hunger level 5.35 + 49+046 615+ 0.197
0.60 0.41
Fullness level 3.75 + 4.05 + 2.7+0.32 0.296
0.49 0.65
Satisfied level 4.75 £ 4.05 + 3.8+0.41 0.417
0.50 0.44
Appetite level 5.75 + 5.6 +£0.47 6.2 +0.55 0.576
0.43
BMI 22.20 = 22.11 + 22.58 + 0.698
0.69 0.96 0.93

Data are expressed as the Mean =+ S.E.M. for continuous variables and compared
by one-way ANOVA test for normally distribution variables and by Kruskal-
Wallis test for variables with a skewed distribution. The Pearson and Fisher’s
chi-square test was used for categorical variables.

before testing. One participant was excluded from our study because
they felt uncomfortable with the eye-tracking test and did not complete
the eye-tracking test. All procedures were approved by the TTU Insti-
tutional Review Board #IRB2016-271.

2.2. Experimental design.

A flow chart depicting the experimental design is shown in Fig. 1.
Participants were randomly assigned to three groups (n = 20 per group)
prior to arriving: untreated controls, an anticipatory stressor group
(Trier Social Stress Test, TSST) (Kirschbaum et al., 1993), or a reactive
stressor group (Cold Pressor Test, CPT) (Buske-Kirschbaum et al., 1997;
Kudielka et al., 2007; Brenner et al., 2009; Het et al., 2009; Campbell &
Ehlert, 2012). Participants answered the questionnaire and were
weighed prior to testing.

2.2.1. Control group
Participants in the control group sat quietly during the test time and
provided saliva samples according to the schedule in Fig. 1.

2.2.2. TSST group

Briefly participants in the TSST group performed an oral presenta-
tion and a mathematical exercise in front of the tester wearing a white
coat. Participants were asked questions by the tester at any time during
the speech (Williams et al., 2004; Birkett, 2011). After collecting saliva
at 0 min, participants in the TSST group performed an impromptu oral
presentation for 5 min followed by a math exercise in which they
counted backward from 1022 by increments of 13 as quickly and
accurately as possible for 5 min. If a mistake was made the participant
was asked to start from the beginning. After the TSST participants sat
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Fig. 1. A flow chart depicting the experimental design.

quietly and provided saliva samples B and C before beginning the eye
tracking test (Fig. 1).

2.2.3. CPT group

After collecting saliva at 0 min, students immersed one hand into an
ice water (0—4 °C) container (Lovallo, 1975) for 2 min.

For both stressor groups and controls, saliva was collected from each
participant at 0 min (before stressor initiation), 10 min, and 20 min after
stressor administration in stressor groups or three times in a row at 10
min intervals in controls. Saliva was collected using the passive drool
method (Ameringer et al., 2012; Rapp-Santos et al., 2017) individually
for each analyte and sample volume and length of collection recorded.
Saliva samples were all collected between 9:30 and 11:30 am and stored
at —20 °C until testing for salivary alpha-amylase and salivary cortisol.

2.3. Eye-tracking test.

Immediately after collecting the last saliva sample, each participant
sat behind one of two computer monitors for the presentation of food
images and eye-tracking analysis. The test began with a calibration
process during which a red dot consequently showed at 9 (3x3 grid)
differently predefined circle points. If the gaze visually tracked within
each circle (more than 7 points were calibrated successfully), it was an
accepted calibration (Folkvord et al., 2015). After that, food/neutral
image pairs with a central fixation cross (“+) in one screen were shown
for 5 s. Participants were asked to focus on the “+” first to make them
ready to fix their gaze at a point before looking at the food/neutral
image, and then they were tracked on their preferred food or neutral
images. There were 20 different food/neutral pair images shown in one
of four different random orders (described below). The food images used
were pre-calibrated for high and low palatability based on normative
ratings (https://www.food-pics.sbg.ac.at) (Blechert et al.,, 2014).
Neutral images were easily recognizable non-food images (spool of
thread, adhesive tape, etc) from the Food-Pics set and scored for low
valence and arousal. A complete list of images used, and their rankings
(valence, arousal, and palatability), is presented in Supplementary
Table S1.

Food/neutral image pairs fell into four groups based upon food
image location on the monitor to eliminate location bias: high palat-
ability food image located on the left of the monitor (high-left), high
palatability food image located on the right of the monitor (high-right),
low palatability food image located on the left of the monitor (low-left),
and low palatability food image located on the right of the monitor (low-

right). Each location was replicated five times to eliminate bias associ-
ated with presenting the stimuli at the beginning or end of the eye-
tracking test. Image location on the screen and image order were
included as anti-bias measures and were not evaluated as independent
variables.

Eye-tracking was monitored using Tobii Studio software (Version
3.4.7). We recorded the following three parameters: (1) saccade latency,
defined as the time between when the image appeared and when the
participant first fixes their gaze on the image (defined by the software),
(2) gaze duration, defined as the length of time the eyes were fixed on
each image, and (3) saccade bouts, defined as the total number of sac-
cades directed at one single image. Palatability was assessed using
normative rankings collected by Blechert et al., 2014 in developing
FOODPICS (Supplementary Table S1). The eye-tracking data generated
from Tobi Software were captured in Excel and evaluated for zero values
and missing data. Values of zero were recorded for saccade latency, but
not saccade bouts or gaze duration, and reflect a situation where the
participant was already staring at a food or neutral image at the start of
the test. Values of zero for saccade latency were not transformed.
Missing data were replaced by the harmonic mean in the eye tracking
data sets. Data for each dependent variable was averaged across the five
presentations for each test.

2.4. Salivary cortisol analysis

Cortisol concentrations were determined in unextracted saliva (25
ul) using the Salivary Cortisol Elisa Kit according to the manufacturer’s
protocol (1-3002, Salimetrics, State College, PA, USA) and as we have
done before (Hohman et al., 2017; Niedbala et al., 2018). Prior to
beginning each assay, aliquots of saliva were thawed and centrifuged at
1500 x g for 15 min. Data analysis was performed using a standard four-
parameter logistic equation. All samples were assayed in duplicate and
averaged. High cortisol and low cortisol internal controls were assayed
separately in each individual assay plate for quality control. The intra-
and interassay coefficients of variance were 3.89% and 7.60%,
respectively.

2.5. Salivary alpha-amylase (sAA) analysis

Alpha-amylase (U/ml) activity was determined using an enzyme
kinetic method according to the manufacturer’s protocol (1-1902,
Salimetrics, State College, PA, USA) (Hohman et al., 2017). Briefly, each
saliva sample (10 pl) was diluted to 1/200 in kit diluent. The substrate
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(x-amylase) was pre-heated to 37 °C before use, diluted samples were
mixed with the a-amylase substrate and read by using a preheated
(37 °C) 96 well plate reader (Elx 808, Bio-Tek). The assay employs a
chromogenic substrate, 2-chloro-p-nitrophenol, linked to maltotriose,
and the enzymatic action of SAA on this substrate yield to 2-chloro-p-
nitrophenol, which can be measured by spectrophotometrically at
405 nm over 2 min. All samples were assayed in duplicate and averaged.
High and low calibration controls were conducted in individual assay
plate and were within the acceptable range provided by the individual
kit’s instruction from Salimetrics. The intraassay coefficient of variation
was 3.79%.

2.6. Statistical Analyses

The following dependent variables were examined: salivary cortisol,
sAA, saccade latency (the time to first fix on an image), gaze duration
(the amount of time spent fixed on an image), and saccade bouts (# of
times returning to an image). The following independent variables were
tested: Treatment group (control, TSST, CPT, used as a between subject’s
variable), image type (neutral image or food image), and food image
palatability, either high or low. Image type and food image palatability
were repeated measures and were treated as within-subjects variable in
the mixed model ANOVAs. The general approach was to analyze the
data using a mixed model ANOVA with treatment group as a between-
subjects variable. Data were first explored in SPSS for skewness, out-
liers, and normality using the Shapiro-Wilk test. Data that were not
normally distributed were transformed by using either log;o or square
root transformation until the skewness was close to zero.

2.6.1. Moderated mediation analysis.

Moderated mediation analyses (Preacher & Hayes, 2008; Hayes,
2017) were conducted to examine the conditional indirect effect of
cortisol (20 min post stressor) on the ability of stressor level (as a
dichotomous variable, control vs stressor) to predict saccade latency,
gaze duration, or saccade bouts with and without palatability (high,
low) as a covariate. For this analysis we used model 4 using the Hayes
Process macro (Hayes, 2022) for SPSS v 28 (released 4/20/22) with
50,000 bootstrapped samples (MacKinnon et al., 2000; Hayes &
Preacher, 2010). We also examined palatability (high, low) as a
moderator of cortisol action on the dependent variables using model 14.
As confidence intervals are determined by bootstrapping models there
are no a priori requirements for data to be normally distributed prior to
analysis.

2.6.2. Reporting of analyses

We report partial eta squared (1]2) as a measure for effect size (small
12 = 0.01, medium n? = 0.06, and large n? = 0.14) (Cohen, 1988;
Lakens, 2013). Statistical significance was set at p < 0.05. Data are
presented as the mean + S.E.M. All statistics were performed using
SPSS.

3. Results
3.1. Descriptive data

The descriptive data frequency analysis for the pre-testing ques-
tionnaire, satiety scorecard, BMI, standard in Table 1.

3.2. Analysis of salivary cortisol.

Salivary cortisol data were not normally distributed and were square
root transformed to reduce the skewness. Although there was no main
effect of treatment group across all sampling times, stressor exposure
elevated salivary cortisol levels in a time-dependent manner (main effect
of time, Fy/57 = 13.34, p < 0.001, n2 = 0.190; time by group interaction,
F4/57 = 2.770, p = 0.031, n2 = 0.89). TSST elevated salivary cortisol at
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time 20 min relative to time 0 (p < 0.001) and 10 min (p = 0.001)
(Fig. 2A). There were no significant differences in salivary cortisol be-
tween time 0 and the 10 min sampling point (Fig. 2A) in the TSST group.
For the cold-pressor test, salivary cortisol was significantly greater at 10
min (p = 0.036) and 20 min (p = 0.006) after stressor exposure than at
time O (Fig. 2A). Analysis of group effects at each sample time revealed
that at 20 min, but not the other sample times, salivary cortisol in the
TSST group was significantly elevated above controls (p = 0.005) but
not the CPT group.

There was a statistically significant interaction between sex and
sample time by treatment group (F4,54 = 2.63, p = 0.038, r]2 = 0.089,
Fig. 3). Based upon one-way repeated measures ANOVA salivary cortisol
at 20 min was elevated relative to 0 min after the TSST stressor in both
men and women (Fig. 3B). However, while there was a statistically
significant time-dependent effect of the CPT stressor on salivary cortisol
in women by 20 min, there was no change in salivary cortisol in men 20
min after stressor onset (Fig. 3C). In summary, both groups elevated
cortisol secretion to the anticipatory stressor but only women elevated
cortisol secretion to the reactive stressor in this study group.

3.3. Salivary alpha-amylase analysis

The result for the sAA analyses are shown in Fig. 2B. sAA data were
not distributed normally (Shapiro-Wilk) thus sAA data were logio-
transformed which remedied the situation. As with salivary cortisol
levels there was no main effect of treatment across all sampling times

0.55
0.50 1

0.45
0.40 {
035 {
0.30 {
0.25 {

Cortisol (ng/dL)

0.20 1

015 +— : :

110 ;
100 1 * B
90 1
80 1
70 1
60
50 1

sAA activity (U/mL)

40 - hd L

30 T T
0 10 20

Time (min)

Fig. 2. Salivary cortisol levels and alpha-amylase activity in control and
stressed groups. 2A. Salivary cortisol concentrations (ug/dl) presented as the
mean (+S.E.M., n = 20). Asterisks represent significant differences based upon
repeated measures two-way ANOVA. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
2B. Salivary alpha-amylase activity (U/mL) presented as the mean (£S.E.M).
Asterisks represent significant differences based upon repeated measures two-
way ANOVA. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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Fig. 3. Sex differences in the response of salivary cortisol in controls (3A) or
subjects undergoing the Trier social stress test (3B) or cold pressor test (3C).
Asterisks represent a significant difference from time 0. n.s., not significant.

but there was a statistically significant main effect of sampling time (F,
57 =23.27,p < 0.001, n% = 0.290) as well as a significant interaction (F,,
57 =13.81,p < 0.001, n? = 0.326) between sampling time and treatment
group. Salivary alpha amylase in the TSST group sharply increased at 10
min (p < 0.001) but returned to near control levels at 20 min. There
were no significant differences in sAA between time O and the 20 min
sampling point (Fig. 2b). The CPT group showed only a minor increase
in sAA at 10 min that was not statistically different from time 0.
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Measurements of SAA were greater in the TSST group compared to either
controls or the CPT group at the 10 min sampling time, but not at the 20
min sampling time. (Fig. 2B). There was no significant interaction be-
tween sex and sample time or treatment group.

3.4. Interaction between stressors and image type on oculomotor
endpoints.

Data on saccade latency were not distributed normally (Shapiro-
Wilk) but this was corrected using logyo transformation. There was a
statistically significant main effect of image type on saccade latency (F;,
57 =10.13, p=0.002, n2 = 0.151, Fig. 4), with the latency to view food
images significantly shorter than neutral images. There was no signifi-
cant main effect of treatment group on saccade latency (Fg 57 = 1.313, p
= 0.277,n2 = 0.44) and no interaction between the image type and
treatment group (F,57 = 0.521, p = 0.597,n2 = 0.018).

Data on gaze duration were distributed normally, but one of the
within treatment levels failed Levene’s test of equal variances. However,
given that ANOVAs are robust against unequal variance when sample
sizes are equal (n = 20 per group) and distributed normally, as in the
dataset here, we proceeded with the mixed model ANOVA (Ananda and
Weerahandi, 1997). There was a statistically significant main effect of
image type on gaze duration, with all participants across treatment
groups gazing significantly longer on food images (F; /57 = 64.132, p <
0.001, n2 = 0.529). We found a weak but statistically significant inter-
action between image type and treatment group (Fg/57 = 3.729, p =
0.030, 12 = 0.116) but no main effect of treatment group across both
image types (Fy/57 = 2.67, p = 0.078, n2 = 0.086). Analysis of the
interaction effects between image type and treatment group revealed
that participants in the CPT group spent less time than controls, but not
the TSST group, with gaze fixed on food images (p = 0.012) than neutral
images and that all groups spent more time gaze fixed on food versus
neutral images. There was no contribution of sex as a covariate to the
combined effect of treatment group and image type on gaze duration
(F1/50 = 2.168, p = 0.146, 12 = 0.037).

The number of saccade bouts were distributed normally. There was a
significant main effect of image type, with participants returning to view
food images more than neutral images across all treatment levels (Fy /57
= 81.96, p < 0.001, n2 = 0.59). There were no significant effects of
treatment group nor was the interaction between treatment group and
image type significant (Fy/57 = 3.130, p = 0.051, n2 = 0.099).

3.5. Interaction between palatability and stressor exposure on eye
movement

Data on saccade latency grouped by palatability type (high, low)
were not distributed normally (Shapiro-Wilk) with skewness scores
greater than 1. This was remedied by log;o transformation and a mixed
model analysis was carried out on transformed data with palatability as
a within subjects variable and treatment group as a between subjects
variable. There was a statistically significant effect of palatability, with
participants viewing low palatability images more quickly across
treatment groups (Fy /57 = 6.246, p = 0.015, n2 = 0.099). There was no
main effect of treatment group (Fy/57 = 1.283, p = 0.285, n2 = 0.043) on
saccade latency nor any significant interaction (Fy/57 = 0.612, p =
0.546, n2 = 0.021) between the two independent variables. There was
no effect of palatability on gaze duration although there was a statisti-
cally significant main effect of stressor group on gaze duration as re-
ported above. There was no interaction between palatability and
stressor treatment group (Fy/57 = 1.601, p = 0.211, n2 = 0.053). There
were no significant main effects of treatment group (Fy/57 = 2.072, p =
0.135, 12 = 0.068) or palatability (F;,57 = 3.467, p = 0.068, n2 = 0.057)
on saccade bouts and no significant interaction (Fy/57 = 0.039, p =
0.962, n2 = 0.001) between the two independent variables.
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Fig. 4. The influence of stressors on the tracking of eye movements to neutral images (a-c) and food images (a’-c’). The panels represent saccade latency (a, a’) gaze
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ANOVA followed by Bonferroni-corrected post-hoc tests. Bars with different superscripts are significantly different. Dagger indicates significant difference between

food image versus neutral image.
3.6. Mediation analysis

Mediation analysis results for salivary cortisol and the three oculo-
motor dependent variables (saccade latency, gaze duration, saccade
bouts) for food images only are summarized in Table 2. Treatment group
had a direct effect on the cortisol at 20 min (F;,58 = 5.50, p = 0.022,
path a), but stressor treatment only explained a small amount of the
variation in salivary cortisol (r2 = 0.087). There were no significant
effects of treatment group or cortisol as the mediator on saccade latency
to food images. There was a significant direct effect of treatment on gaze
duration to food images (F3/53 = 3.48, p = 0.026) that explained roughly
11% of the variation in gaze duration (r? = 0.1090). The total path effect
(a + b) on gaze duration was statistically significant (F;,53 = 6.72, p =
0.012) although we found no evidence that cortisol indirectly mediated
the effects of treatment group (95% confidence intervals, CI —0.1452,
0.0507). There was no direct effect of treatment group on saccade bouts,

although we did find a significant total path effect (a + b) on saccade
bouts (F1,58 = 4.20, p = 0.045, r2 = 0.068) but no indirect effect of
cortisol on saccade bouts (95% CI —0.5073, 0.3400).

Since sAA is an enzyme, not a hormone and bioregulator, mediation
by sAA was not considered. Palatability did not significantly covary with
any of the model 4 paths when treatment group served as the inde-
pendent variable, cortisol at 20 min as the mediator, and saccade la-
tency, gaze fixation, or saccade bouts as the dependent variable. There
was no effect of palatability as a path moderator in model 14 iterations.
Mediation analysis results are presented in Table 2.

4. Discussion
Our experiment is the first to use eye-tracking technology in humans

to determine if activation of the HPA axis by distinct stressors is asso-
ciated with changes in visual attention to food images. We showed that

Table 2
Results of the Mediation Analysis Model 4 with Stressor Treatment As the Independent Variable and Salivary Cortisol® as the Mediator.
DV® Effect Effect Size SE t P LLCI ULCI BootLLCI BootULCI
Saccade latency Total 0.2100 0.1471 1.4273 0.1589 —0.0845 0.5406
Direct 0.1878 0.1550 1.2115 0.2307 —0.1226 0.4982
Indirect 0.0222 0.0351 —0.0458 0.0960
Gaze duration Total —0.4521 0.1744 —2.5919 0.0121* —0.8012 —0.1029
Direct —0.4209 0.1836 —2.2931 0.0255* —0.7885 —0.0534
Indirect —0.0311 0.0491 —0.1452 0.0507
Saccade bouts Total —1.4121 0.6894 —2.0842 0.0451* —0.7921 —0.0321
Direct —1.3659 0.7274 —1.8778 0.0655 —2.8224 0.0907
Indirect” —0.0462 0.2087 —0.5073 0.3400

AMeasured 20 min after stressor.

PIndirect mediation by cortisol, significant if zero does not fall between LLCI and ULCI.
Abbreviations: BootLLCI, bootstrap lower limit of 95% confidence interval (CI); BootULCI, bootstrap upper limit of CI, DV, dependent variable; SE, standard error.
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1) a reactive (CPT), but not an anticipatory (TSST), stressor decreased
visual attention to food images, 2) gaze duration was the only oculo-
motor parameter affected by the reactive stressor, and 3) the effects of
the reactive stressor on gaze duration were not associated with palat-
ability. Lastly, regardless of treatment group, participants paid more
visual attention (saccade latency, gaze duration, and saccade bouts) to
food vs. non-food images.

Salivary cortisol has been used in many studies as a marker for HPA
axis function and deregulation (Jessop & Turner-Cobb, 2008). Salivary
alpha-amylase is an enzymatic marker that reflects the changes of
catecholaminergic neurons and adrenal medulla to activation during
psychological and physical stress (Nater & Rohleder, 2009). Although
anticipatory stressors are initially transduced via limbic circuitry and
reactive stressors transduced through brainstem circuitry, both path-
ways ultimately engage the HPA axis and sympathetic nervous system
(Herman et al., 2003; Herman et al., 2016). It’s important to point out
that the notion of categorically distinct stressors is not limited to pre-
clinical rodent studies, as associations between anticipatory and reactive
stress response have been reported for stressful events in daily life (Van
Eck et al., 1996; Schlotz et al., 2006; Schlotz et al., 2008; Oldehinkel
et al., 2011) and both anticipatory and reactive stressors have been re-
ported to elevate cortisol and sAA levels in previous studies (Rudolph
et al.,, 2011; Laurent et al., 2013). Importantly, changes in sAA activity
appeared to be more sensitive to acute stressors than salivary cortisol
(Wolf et al., 2008; Maruyama et al., 2012; Tzira et al., 2018).

In the present study, levels of both biomarkers were elevated by the
anticipatory stressor TSST, while only salivary cortisol levels were
altered by the reactive stressor CPT. Interestingly, we did find an effect
of sex in the cortisol response to CPT; females showed an increase in
cortisol following CPT whereas males did not. This sex difference was
not apparent in the TSST, as both sexes showed an increase in salivary
cortisol over time. However, in our analyses of eye tracking parameters,
sex was not a significant predictor of gaze duration, bouts, or latency
outcomes. We also did not find sex effects in the SAA response. Thus, our
data do not support a sex difference in HPA activity that affected the
outcome of the eye-tracking studies. Variability of impacts of sex on
salivary cortisol and sAA responses are reported across studies (van
Stegeren et al., 2008; Kudielka et al., 2009; Flemingham et al., 2012;
Schwabe and Schachinger, 2018; Gervasio et al., 2022), these are likely
due to differences in experimental design and use of hormonal contra-
ceptives (females using oral contraception tend to have blunted salivary
cortisol responses). The fact that salivary cortisol did respond to CPT in
women suggests that contraceptive use was not driving our results.

Our failure to record an increase in sAA after the CPT may be due to
the timing of saliva collection, as our first post-stressor sample was at 10
min. Reactive stressors may activate the sympathetic nervous system
more quickly than anticipatory stressors, as they are transduced via
afferent autonomic projections to brainstem areas with direct output to
sympathomotor areas of the spinal cord (Amendt et al., 1979). In
contrast, anticipatory stressors may take a more circuitous route to the
spinal cord by triggering PVN connections to pre-motor neurons in the
rostroventrolateral medulla (Dampney, 1994; Guyenet, 2006), peri-
aqueductal gray or descending pathways to autonomic areas of the
brainstem (Furlong et al., 2014). Becker and Rohleder (2020) found that
sAA was elevated almost immediately after CPT. In this study we
attempted to design sampling times that would allow us to observe
changes in both sAA and cortisol, which appears in saliva much more
slowly than sAA after stressor onset. Our failure to observe a change in
sAA was not due to issues with the assay, as the TSST provided a robust
elevation in sAA.

Our data indicate that the CPT stressor reduced gaze duration on
food images relative to controls. While there is abundant evidence that
anxiety and chronic stress alter appetite and eating habits (reviewed in
Swinbourne and Touyz, 2007; Christian and Levinson, 2022), the role of
visual attention in these eating disorders has been understudied. People
with anorexia nervosa, which is associated with dysregulation of CRF
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and the HPA axis (Licinio et al., 1996), pay less attention to visual food
cues (Jonker et al, 2020). In non-human mammals and other vertebrate
groups, stressors and threats can divert attention away from foraging in
favor of predator vigilance (Harris and Carr, 2016), and it is possible that
remnants of this adaptive response remain in humans.

While salivary cortisol levels were elevated by both stressors in our
study, there was no conditional indirect effect of cortisol (20 min) in
mediating the interaction of stressor treatment levels (Control, TSST and
CPT) on eye-tracking parameters. Our finding should be confirmed with
actual experimentation using blockers of glucocorticoid receptors
(mifepristone) or glucocorticoid synthesis (metyrapone) combined with
exposure to stressor treatment. While our data do not support a role for
cortisol in mediating the effect of CPT on attention to food images, we
cannot rule out a role for autonomic brainstem circuits in regulating
gaze duration during stress.

Highly palatable foods include high sugar and sweet taste, with high
saturated fats or high carbohydrates that form salty tastes (Sinha, 2018).
Stress is generally associated with a greater preference for high palat-
ability foods (Schepers and Markus, 2015; 2017). A survey of people
choosing what to eat under stress found that people choose more
high-calorie sweet and fatty snacks when stressed (Cartwright et al.,
2003; Neseliler et al., 2017; Shankland et al., 2019). Oliver and Wardle
(Oliver & Wardle, 1999) found that people prefer high-calorie food
rather than fruits and vegetables when stressed. While we found that
participants across treatment groups looked at low palatability images
quicker, we found no evidence to support an effect of stressor exposure
on visual attention to high palatability food images. This may be a factor
of the stressors employed in the present study being acute, rather than
prolonged. Additionally, participants were not shown high- and low-
palatability images side-by-side, but sequentially, and future studies
should allow for direct discrimination of images.

In summary, our study demonstrated that TSST elevated salivary
cortisol across participants and CPT elevated cortisol in females only,
whereas only TSST elevated sAA, we found only discrete differences in
visual attention to food images in participants exposed to the reactive
stressor. While we found that participants across treatment groups
looked at low palatability images quicker, we found no evidence to
support an effect of stressor exposure on visual attention to high palat-
ability food images. We report no evidence to support a role for cortisol
in mediating the effects of the reactive stressor.
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