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Abstract

The purpose of this study was to assess the interrelation between cortical, cardiovascular,
behavioural, and psychological responses to acute stressors in a large sample of healthy
individuals. To date, there are only preliminary evidences for a significant association
among these psychophysiological indexes during a stress task.

65 participants completed psychological questionnaires (Beck Depression Inventory and
State-Trait Anxiety Inventory) and underwent a psychosocial math stress task, consisting of
a control and an experimental (i.e. stressful) condition. Prefrontal and autonomic activity
were recorded using respectively a 2-channel near-infrared spectroscopy (NIRS) device
and a portable ECG monitoring system.

Results evidenced an increased activation of both frontal areas assessed by NIRS, and a
positive association between the right NIRS channel and heart rate changes from baseline,
during both control and experimental conditions. Subjective stress increased during the
procedure, reaching its maximum during the experimental condition. Behavioural
performances during the task (e.g. response time) did not correlate with anxiety or
depression. Autonomic data evidenced, as expected, an overall reduction of vagal tone during
the experimental condition. Finally, severity of depressive and anxious symptoms predicted an
increase in parasympathetic activity both at rest and during the task, even when controlling for
respiration rate.

Results support the hypothesis of an integration between right sectors of frontopolar or
dorsolateral PFC and cardiac regulation. Trait anxiety and depression predicted an increase in

vagal tone during the entire procedure. The implication of these findings is discussed.
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1. INTRODUCTION

Stress responses aim at maintaining the homeostasis of the organism in reaction to
environmental stressors and preparing it to action (Carroll et al., 2012; Ulrich-Lai & Herman,
2009). Nevertheless, prolonged stress responses could lead to adverse medical conditions (e.g.
hypertension) through several physiological mechanisms (Segerstrom & Miller, 2004). However,
further studies are required to clarify the interrelation between physiological, behavioural and
cognitive aspects of stress, which seem to be strictly related to state and trait psychological
conditions.

From a general point of view, stress results in complex activation\deactivation patterns of
various cerebral structures (Kogler et al., 2015) as well as to the activation of the Autonomic
Nervous System (ANS) and of neuroendocrine systems, such as the hypothalamic—pituitary—
adrenal axis (Ulrich-Lai & Herman, 2009). Among cortical structures, Prefrontal Cortex (PFC)
seems one of the most implicated in stress responses (Brugnera, Compare, & Sakatani, 2016;
Doi, Nishitani, & Shinohara, 2013; Kern et al., 2008; Kogler et al., 2015; Takizawa, Nishimura,
Yamasue, & Kasai, 2014). Near-Infrared Spectroscopy (NIRS) is a recent nhon-invasive
technology based on the properties of light; it allows assessing PFC activation patterns during a
stress task in terms of concentration changes in cortical haemoglobin. Past NIRS studies
suggested that stress is associated with an hyperactivation of right sectors of prefrontal cortex
(Sakatani, Tanida, & Katsuyama, 2010; Tanida, Katsuyama, & Sakatani, 2007; Tanida,
Sakatani, Takano, & Tagai, 2004), even if some papers reported a general frontal activation
(Takizawa et al., 2014; Yang et al., 2009).

It is well known that emotive, cognitive and affective information could be processed
asymmetrically (Seghier, 2008). Indeed, differences among left and right hemispheres (e.g.
during stress or affective tasks) has been widely reported in functional neuroimaging studies
(Seghier, 2008): language, for example, is a widely recognized asymmetrical cognitive function

(Benn, Zheng, Wilkinson, Siegal, & Varley, 2012; Seghier, 2008). The hemispheric dominance
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could be investigated using a measure called Laterality Index (LI), that is the index of the left or
right asymmetry of PFC activity. This measure is particularly suitable to investigate prefrontal
asymmetries using 2-channel NIRS devices (Tanida et al., 2004). For example, Tanida and
colleagues (2004) using a Laterality Index found that individuals with higher HR increases had a
large activity in right prefrontal cortex than in the left one, during a stress task.

Right prefrontal cortex, according to the so-called “approach-withdrawal hypothesis” of emotions
processing (Brugnera, Adorni, Compare, Zarbo, & Sakatani, 2016), seems to have a key role in
mediating withdrawal behaviours and negative emotions, as supposedly experienced during
stress responses (Davidson, Ekman, Saron, Senulis, & Friesen, 1990). This hypothesis is
supported by evidence that higher state anxiety is associated with higher right PFC activation
(Ishikawa et al., 2014; Takizawa et al., 2014). However, few NIRS studies have investigated the
role of psychological distress (e.g. depression or trait anxiety) on prefrontal cortex activity during
a stress task. These relations, considering the negative effect of psychological distress (in
particular anxiety) on attentional control and working memory system (Attentional Control
Theory; Eysenck, Derakshan, Santos, & Calvo, 2007), deserve more attention. Preliminary
evidence suggests that cognitive performance could also be reduced in individuals without
psychological distress, in case of they show high stress responses or if they perceive the
stressor as uncontrollable (Henderson, Snyder, Gupta, & Banich, 2012).

Evidence suggests also a different hemispheric lateralization of systems that control the
autonomic nervous system. Indeed, left hemisphere seems to regulate the parasympathetic
activity of the autonomic nervous system (Wittling, Block, Genzel, & Schweiger, 1998), while
right hemisphere appears to be dominant in the control of the emotion processing (e.g. Heilman
& Gilmore, 1998) and the sympathetic activity (Critchley, Corfield, Chandler, Mathias, & Dolan,
2000; Heilman, Schwartz, & Watson, 1978; Wittling & Genzel, 1995). For example, past NIRS
studies showed that a right PFC activity was correlated with increased heart rates and

parasympathetic withdrawal during stressful tasks (Sakatani et al., 2010; Tanida et al., 2007;
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Tanida et al., 2004). According to the model of neurovisceral integration (Thayer, Hansen,
Saus-Rose, & Johnsen, 2009; Thayer & Lane, 2000), the central autonomic network (CAN) is a
functionally integrated system through which specific brain areas (such as ventromedial PFC
and amygdala) control visceromotor, heuroendocrine, and behavioural responses that are
critical for goal-directed behaviours and adaptability (such as responses to stressful stimuli;
Thayer et al., 2009). In addition to the main CAN areas, other anatomical regions selectively
regulate one of the two branches of the autonomic nervous system, such as right dorsolateral
PFC (Beissner, Meissner, Bar, & Napadow, 2013). The final cerebral structure of the CAN is the
brainstem, that directly regulates the heart rate as well the Heart Rate Variability (HRV; Thayer
et al., 2009). HRYV, the physiological phenomenon of variation in the beat-to-beat interval, is
considered the principal index of central-peripheral neural feedback and of central-autonomic
nervous system integration (Thayer & Lane, 2000).Specific analyses of Heart Rate Variability
can provide useful information about the cardiac ANS modulation: for example, frequency
domain analyses of fixed frequency bands of HRV (i.e. High Frequencies, HF) offer a direct
index of parasympathetic (or vagal) activity over the cardiac tone (Task Force of the European
Society of Cardiology, 1996).

It is well known that cognitive tasks, increases in task difficulty and in attentional demand
strongly suppress the parasympathetic influences on the heart, thus leading to increased HR,
decreased HRV and lowered High Frequencies (Hansen, Johnsen, & Thayer, 2003; Luft,
Takase, & Darby, 2009; Overbeek, van Boxtel, & Westerink, 2014; Pendleton, Sakalik, Moore, &
Tomporowski, 2016). Moreover, a recent meta-analysis has evidenced that stress responses
alter ANS, leading to sympathetic activation and parasympathetic withdrawal (Castaldo et al.,
2015). Castaldo and colleagues (2015) concluded that during stress tasks high frequencies are
significantly depressed.

High Frequencies seem also to be related to state and trait psychological conditions. High levels

of psychological distress (i.e. state and trait anxiety; depression) are associated with reduced
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HRYV both at rest and in response to stressors (Chalmers, Quintana, Abbott, & Kemp, 2014;
Kemp, Quintana, Felmingham, Matthews, & Jelinek, 2012; Kemp et al., 2010). These results are
important because a lower overall HRV at rest is considered a maladaptive stress response
which could constitute a risk factor for increased adverse cardiac events (Porges, 2007). The
association between psychological distress and reduced Heart Rate Variability can also be
interpreted taking into account the above mentioned model of neurovisceral integration (Thayer
& Lane, 2000). Central autonomic network is impaired in distressed individuals and this
impairment leads to a reduction of both parasympathetic tone and behavioural flexibility (Thayer
et al., 2009). Indeed, distressed individuals are more likely to be worried and hypervigilant even
when no real threat exists as well unable to disengage threat detection (Thayer et al., 2009).
However, the debate about the link between psychological distress and stress responses is still
open: few other studies have found, for example, a relationship between high levels of
psychological distress and increased vagal tone or lower sympathetic activation during a stress
task (Liang, Lee, Chen, & Chang, 2015; Sanchez-Gonzalez et al., 2015; Shinba et al., 2008;
Traina, Cataldo, Galullo, & Russo, 2011).These results could be explained taking into account
the conservation-withdrawal pattern, considered the counterpart of fight-flight reactions (Buerki
& Adler, 2005). To date, few studies found evidence of conservation-withdrawal pattern in
humans (Bosch et al., 2001).

A critical aspect of the reviewed literature on responses to stress tasks, is the presence of a
number of limitations: for example, NIRS literature is characterized by the lack of a control
condition, the use of a single-gender sample, and usually small sample sizes.

This study aimed to address most of these gaps and clarify response patterns to psychosocial
stress, integrating information from cortical (i.e. PFC), autonomic (i.e. HR and HRV),
psychological (i.e. anxiety and depression) and behavioural data (i.e. performance to math
task). In order to achieve these goals, we performed a study with a large sample of healthy

individuals of both sexes, using a computerized and standardized procedure called Montreal
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Imaging Stress Task (MIST). MIST allows to administer both an experimental and a control
condition, that are respectively with and without a social and time stressful pressures; during the
procedure, individuals have to solve arithmetic operations. Cognitive performances could be
collected on both conditions (Dedovic et al., 2005). Past literature has shown that MIST is a
reliable protocol to induce physiological stress at CNS level (Kogler et al., 2015), even if ANS
changes during this procedure have been underexamined. To the best of our knowledge, only 3
studies investigated vagal reactivity during this specific stress task, showing mixed results
(Janka et al., 2015; La Marca et al., 2011; Monge, Gomez, & Molina, 2014).

Therefore, in this study we tested the hypotheses that (i) the procedure will be effective and
will induce significant changes in perceived stress (as assessed by manipulation checks);
(i) the experimental condition (i.e. stress task) will lead to increased heart rates and
parasympathetic withdrawal, as supported by the meta-analysis of Castaldo and colleagues
(2015); (iii) the experimental condition will lead to increased activity of right PFC, as partly
supported by previous NIRS studies (Sakatani et al., 2010; Tanida et al., 2007); (iv) ANS
and PFC activity will be positively and significantly correlated, as suggested by the model
of neurovisceral integration (Beissner et al., 2013; Thayer et al., 2009; Thayer & Lane,
2000); (v) psychological, cortical and performance outcomes will be significantly and
positively correlated, as supported by the Attentional Control Theory (Eysenck et al., 2007)
and previous studies (Takizawa et al., 2014); (vi) psychological distress (i.e. depression
and trait anxiety) will have a negative predictive value on parasympathetic activity at rest,
as supported by two previous meta-analyses (Chalmers et al., 2014; Kemp et al., 2010),
and putatively during the entire procedure.

2. MATERIAL AND METHODS

2.1 Participants

A total of 65 healthy participants (52.3% females) with a mean age of 24.7 years (SD = 3.9)

volunteered for the experiment. Participants were mostly university students (69.2%). Mean BMI
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was 21.88 (SD = 1.99). All of them were right-handed, as assessed with the Italian version of
Edinburgh Handedness Inventory (Salmaso & Longoni, 1985). None of the participants was
affected by neurological, psychiatric or other medical (e.g. cardiological) illnesses as assessed
by means of a semi-structured interview.

The study was conducted in accordance with APA (1992) ethical standards for the treatment of
human experimental volunteers; each participant provided written consent in compliance with
the Declaration of Helsinki (2013).

2.2 Measures and Instruments

2.2.1 Beck Depression Inventory Il (BDI-II)

The Beck Depression Inventory Il (BDI-Il; Beck, Steer, & Brown, 1996; Ghisi, Flebus, Montano,
Sanavio, & Sica, 2006) is a self-report 21-item measure of depressive symptoms used in a
variety of settings and populations. It measures the rate of both psychological/mental and
somatic manifestations of major depressive episodes during a 2-weeks period, as stated in the
Diagnostic and Statistical Manual of Mental Disorder IV TR (DSM-IV TR; American Psychiatric
Association, 1994). Each item is rated on a 4-point Likert scale (0 to 3). Total score ranges from
0 to 63, with higher score reflecting higher symptoms severity.

BDI-Il has demonstrated good consistency, sensitivity, validity, reliability and capacity to
discriminate between depressed and non-depressed individuals (Wang & Gorenstein, 2013).
Internal consistency is around .9, while the retest reliability and the convergent validity range
respectively from .73 to 0.96 and from .82 to .94 (Wang & Gorenstein, 2013). Good
psychometric properties of the instrument were confirmed also in the Italian adaptation: internal
consistency was .86, while convergent validity was .77 (Ghisi et al., 2006). Internal consistency
in our sample was good (a = .86).

2.2.2 State-Trait Anxiety Inventory (STAI)

The State-Trait Anxiety Inventory (STAI; Pedrabissi & Santinello, 1989; Spielberger, Gorsuch,

Lushene, Vagg, & Jacobs, 1983) is a self-report 40-item measure to assess both the presence
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and severity of usual propensity to be anxious (Trait scale) and current symptoms of anxiety
(State scale). Each item is rated on a 4-point Likert scale (1 to 4). Total score for both scales
ranges from 20 to 80. Higher total scores represent higher anxiety severity.

STAl is a reliable and useful instrument to assess trait and state anxiety in a variety of contexts
and populations (Julian, 2011): test—retest reliability and internal consistency alpha coefficients
range varies respectively from .31 to .86 and from .86 to .95 across studies (Julian, 2011).
Convergent and discriminant validity, test-retest reliability and internal consistency of the Italian
adaptation of the instrument are good (Pedrabissi & Santinello, 1989). As regards STAI-Trait,
internal consistency in our sample was excellent (a = .91); as regards STAI-State, internal
consistency was excellent at both baseline (a = .91) and experimental condition (a = .92).

2.2.3 Stress Rating Questionnaire (SRQ) and Task Engagement

The Stress Rating Questionnaire (E. J. Edwards, Edwards, & Lyvers, 2015) is a self-report 5-
item questionnaire developed to assess changes in stress awareness (M. S. Edwards, Burt, &
Lipp, 2006). Current stress is rated in a 7-point Likert scale (1 to 7) on five bipolar dimensions,
that are Calm to Nervous, Fearless to Fearful, Relaxed to Anxious, Unconcerned to Worried,
and Comfortable to Tense. Total score ranges from 5 to 35. Higher scores indicate higher self-
reported state stress. An internally-adapted version of the original measure has been utilized in
this study; internal consistency in our sample was good at both baseline (a = .87), control (a =
.89) and experimental (a = .88) conditions.

Task Engagement (TE) was assessed asking participants how much stressed they felt in that
moment in a range from 0 to 10, where 0 indicates the lowest level of stress and 10 the highest.
2.2.4 Montreal Imaging Stress Task (MIST)

We used a within-subjects computerized protocol based on the “Montreal Imaging Stress Task”
(MIST; Dedovic et al., 2005) to induce psychosocial stress in participants. The protocol had two
test conditions (control and experimental). In the control condition, participants had to solve a

series of simple arithmetic operations (sums and subtractions) displayed on the computer
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screen. In the experimental condition, the same type of arithmetic operations was proposed, but
the participants had a time limit to solve them and a social pressure induced by the
experimenter. The time limit of the operations was manipulated to be just beyond the
individual’s “mental capacity”. Indeed, the experimental session was preceded by a 2 min
training session; time recorded during the training session was used to set a default time limit
for the experimental condition. During the experimental condition, after three correct responses
the time limit decreased by 10%; on the contrary, after three incorrect responses the time limit
increased by 10% (see Dedovic et al., 2005 for the details of this procedure). MIST is an
effective protocol, and has been extensively adopted in previous fMRI studies on stress
responses (Kogler et al., 2015).

2.2.5 NIRS Measurements

We used a two channel CW-NIRS system (PocketNIRS Duo, DynaSense, Japan) for
measurements of the relative concentration changes of oxy-haemoglobin (A Oxy-Hb), deoxy-
haemoglobin (A deOxy-Hb), and total-haemoglobin (= A Oxy-Hb + A deOxy-Hb) in the PFC.
This device employs a wireless communication system (Bluetooth®) and it uses light emitting
diodes of three different wavelengths (735nm=15, 810nm+18, 850nm+20) as light sources and
one photo-diode as a detector: in each probe, the distance between emitter and detector is 3
cm. The sampling rate was set to 10.1 Hz. The concentration changes of haemaoglobin were
expressed in arbitrary units (a.u.).

The two optical probes were set symmetrically on the forehead with a flexible fixation pad, and
were secured by an elastic band. The present montage replicated the one adopted by Tanida
and colleagues (2007): this positioning is similar to the midpoint between electrode positions
Fp1/Fp3 (left) and Fp2/F4 (right) of the international electroencephalographic 10-20 system
(Tanida et al., 2007; see figure 2), with the emitters-detectors located over the dorsolateral and

frontopolar areas of the PFC.



Stress, PFC, HRV and psychological distress 11

The raw NIRS data were post-processed using a freely-available MATLAB toolbox (N.A.P.,
NIRS Analysis Package; Fekete, Rubin, Carlson, & Mujica-Parodi, 2011) in order to correct
periodic physiological (heart beats, respiration and blood pressure waves) and motion artefacts.
Analyses were performed on both Oxy- and deOxy-Hb mean concentration changes from
baseline.

2.2.6 ECG Measurements

Psychophysiological indexes were collected continuously throughout the protocol using “Pulse”,
a wearable device with a sampling rate of 256 Hz, designed by STMicroelectronics and
manufactured by MR&D (Italy). The Pulse device continuously monitors heart’s activity using an
electric signal detection system. The device was fixed to the person’s chest using an elastic
band, which contained the electrodes. The data of each participant was visually inspected to
detect and interpolate artefacts (i.e. missing or extra beats) using a piecewise cubic spline
interpolation method (Tarvainen, Niskanen, Lipponen, Ranta-Aho, & Karjalainen, 2014).
Frequency domain (FD) indexes of Heart Rate Variability and mean heart rate (HR) were
computed from raw ECG using a freely available MATLAB toolbox (Kubios HRV; Tarvainen et
al., 2014). Regarding the FD analyses, data were pre-processed using a smoothness priors
based detrending approach, which “operates like a time varying FIR high pass filter” (Tarvainen,
Ranta-Aho, & Karjalainen, 2002), thus removing very low components of HRV. The interbeat
interval time series was interpolated with a rate of 4 Hz using a cubic spline interpolation to have
equidistantly sampled data for spectral analysis. The power spectral density (PSD) was
calculated by means of a Fast Fourier Transform (FFT) using the Welch’s periodogram method,
with a Hanning window width of 150s and an overlap of 50%. The main spectral component of
interest, the High Frequency (HF), was evaluated in a fixed frequency band (HF = 0.15-0.40
Hz); analyses were performed on absolute power values of HF (HFpow) calculated with FFT. An
ECG-derived respiration rate (EDR) was computed for each condition in order to control for

confounding role of respiration in some HFpow analyses.
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2.3 Procedure

Before the procedure participants completed psychological and manipulation-check
guestionnaires. After each condition, subjects completed manipulation-check questionnaires;
STAI-State was administered only at baseline and after the experimental condition. During the
procedure they were seated in a comfortable chair, in front of a computer, in a silent room with
constant temperature. They were instructed to limit movements of the body and the head in
order to reduce the amount of noise during psychophysiological recording. A 5 min rest period
(baseline) was followed by the math task designed to induce moderate psychosocial stress (see
figure 1). NIRS and ECG signals were collected during the entire procedure. The order of
presentation of the control and experimental conditions was randomized across participants;
each condition lasted 5 minutes. Mean baseline values of psychological questionnaires are
reported in table 1.

2.4 Statistical Analyses

In order to test hypothesis 1 about the effectiveness of the procedure, behavioural data (i.e.
response times and percentage of correct responses) and manipulation checks (i.e. TE, SRQ
and STAI-State) scores were subjected to paired-sample t-tests. TE and SRQ scores were
evaluated in terms of the difference from the mean baseline values, while STAI-State scores at
baseline were compared to post-experimental ones. Independent variables were control and
experimental condition.

In order to test hypothesis 2 that psychosocial stress would lead to an increase of HR and a
reduction of HFpow, we used paired-sample t-tests. All dependent variables were evaluated in
terms of the difference from the mean baseline values. Independent variables were control and
experimental condition.

In order to test hypothesis 3 of a higher activation of right PFC during the experimental
condition, we used a 2x2 Repeated Measures ANOVA (RMANOVA). Factors were Condition (2

levels: control, experimental) and NIRS Channels (2 levels: right, left). NIRS signal was
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analysed in terms of the difference from the mean baseline values; the dependent variables
were Oxy- and deOxy-Hb concentration changes. Multiple Post-Hoc mean comparisons were
performed using the Tukey’s test.

In order to test hypothesis 4 of a significant correlation between ANS (HR, HF) and cortical
indexes collected through NIRS (mean Oxy- and deOxy-Hb concentration changes, Laterality
Indexes), we used Pearson's two-tailed correlation coefficients. We calculated the Laterality
Index during baseline (LI-B), control (LI-C) and the experimental conditions (LI-E), following the
equation proposed by Ishikawa and colleagues, for both Oxy- and deOxy-Hb (Ishikawa et al.,
2014). LI provides values in the range of + 1. A positive LI indicates that the right channel is, on
average, more active than the left channel. On the contrary, a negative LI indicates that left
channel is, on average, more active than the right one.

In order to test hypothesis 5 of significant correlations between psychological questionnaires
(STAI and BDI) and both NIRS (Oxy- and deOxy-Hb concentration changes, Laterality Indexes)
and behavioural data (% of correct responses, number of correct responses, response times)
during each condition, we used Pearson's two-tailed correlation coefficients.

Finally, in order to test hypothesis 6 of a significant correlation between psychological
guestionnaires (STAI and BDI) and HR as well as parasympathetic activity (HF) during each
condition, we used Pearson's two-tailed correlation coefficients. Moreover, six hierarchical
multiple linear regression analyses were used to assess the effect of depression (BDI) and
anxiety (STAI-Trait) on HF during the three different conditions. We controlled for respiration
rate (block 0) and entered the independent variables of interest (BDI or STAI-Trait) in block 1.
No other control variables were inserted in block O due to the absence of significant correlations
between demographic variables (i.e. age, sex, BMI) and HF, and the limited sample size

(Tabachnick & Fidell, 2007).
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All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS)
version 23.0 and STATISTICA version 12.5. All statistical tests were two-sided; a p value <.05
was considered significant.

3. RESULTS

3.1 Preliminary data screening. Preliminary analyses revealed no effects of task order on
results, except of response times and number of correct responses during control condition.
RTs were lower and number of correct responses were higher if the first task was the
experimental one, probably due to a habituation effect.

3.1.1 Univariate outliers. Standardized scores and box plots were used to identify univariate
outliers. Variables with values +/- 3.29 SD from the mean were considered outliers (Tabachnick
& Fidell, 2007): four outliers were identified for AOxy-Hb variables during the entire procedure,
while one outlier was identified for AdeOxy-Hb variables and STAI-State at baseline. These
values were brought into range (Tabachnick & Fidell, 2007). As regards behavioural data, RTs
exceeded + 2 SD were excluded.

3.1.2 Normality of Distributions. Normality was assessed for each variable by examining box-
plots, stem and leaf plots, histograms, and skewness and kurtosis values. BDI variable was
slightly positively skewed: a square root transformation corrected the non-normality and the
resultant new variable (BDIsqrt) was used for analyses. HFpow variables during all conditions
were moderately positively skewed: a log10 transformation corrected the non-normality, and the
log-transformed variables were used for analyses.

3.1.3 Multivariate outliers, multicollinearity and singularity. Mahalonobis distance was used
to assess multivariate outliers, while Multicollinearity and Singularity were assessed using
Pearson correlation coefficients and tolerance statistics. Analyses were run to check for
assumptions of multiple regression analyses. Results revealed neither multivariate outliers nor

issues with multicollinearity and singularity.
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3.1.4 Normality, linearity, homoscedasticity and independence of residuals. Scatterplot of
the standardised residuals were used to assess residuals’ assumptions. Analyses were run to
check for assumptions of multiple regression analyses. Results revealed no issues with
normality, linearity, homoscedasticity and independence of residuals.

3.1.5 Missing data. STAI-State scores were missing in one subject at the baseline. TE and
SRQ scores were missing in one subject at the experimental condition. Due to recording
problems, ECG of one subject during the experimental condition was not recorded. Missing data
were not imputed and were treated as missing.

3.2 Hypothesis 1. Effectiveness of stress procedure. Mean RTs were significantly higher
during the control (M = 3.481 s.; SD = .658) than during the experimental condition (M = 2.548
s.; SD = .331), t(64) = 14.73, p < .0001, 95% CI [-1.06, -.807], d = 1.53. Moreover, both number
and percentage of correct responses were higher during the control condition (N Correct: M =
67.45; SD = 12.77; Percentage of Correct: M = 96.56; SD = 3.19) than during experimental
condition (N Correct: M = 47.08; SD = 5.34; Percentage of Correct: M = 52.01; SD = 2.6). The
differences between means of both behavioral data were statistically significant: Number of
correct responses, t(64) = 16.4, p <.0001, 95% CI [-1.06, -.807] , d = 1.65; Percentage of
correct responses, t(64) = 93.57; p <.0001, 95% CI [-22.8, -17.9] , d = 15.6. Therefore,
behavioural results confirmed that the procedure worked as expected.

As regards the Manipulation Check data, ATE increased significantly from control to
experimental condition (ATE control: M = 1.366; SD = 1.713; ATE experimental: M = 2.031; SD
= 2.204), t(63) = -9.422, p < .0001, 95% CI [1.6, 2.43] , d = -.98, as well as ASRQ scores
(ASRQ control: M = -.246; SD = 5.668; ASRQ experimental: M = 4.75; SD = 6.251), t(63) = -
8.633; p <.0001, 95% CI [3.94, 6.31], d = -.87. Finally, STAI-State scores increased significantly
from baseline to experimental condition (STAI-State baseline: M = 34.56; SD = 7.06; STAI-State

experimental: M = 43.95; SD = 10.98), t(63) = -7.136, p < .0001, 95% CI [6.86, 12], d = -.96.
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Results evidenced that procedure was associated with an increased perceived stress and
anxiety (see figure 2).

3.3 Hypothesis 2. Stress and cardiovascular responses. AHR increased as respect to the
baseline during both control (M = 2.389; SD = 4.682) and experimental conditions (M = 8.677;
SD = 8.85). The two conditions were significantly different, t (63) = -6.391, p <.0001, 95% CI [-
8.25, -4.32], d = -.82, evidencing that the stress procedure successfully increased HR.
AlogHFpow decreased as respect to the baseline during both control (M =-.171; SD = .309) and
experimental conditions (M = -.375; SD = .518). Moreover, the two conditions were significantly
different, t (63) = 4.154; p < .0001, 95% CI [.106, .302], d = .43. Thus, the stress procedure was
associated with an overall reduction of vagal tone (see figure 3).

3.4 Hypothesis 3. Stress and PFC responses. RMANOVA performed on Oxy-Hb
concentration changes from baseline evidenced an effect of the Condition, F(1,64) = 25.19; p <
.0001, partial n? = .282, with an overall increase of PFC activity in the area illuminated by both
left and right channels during the experimental condition, as respect to the control one (Control:
M =.021 a.u., SE = .005; Experimental: M = .036 a.u., SE = .005). The effects of Channel (p =
.5) and the interaction between Condition * Channel (p = .94) were not significant.

Results on deOxy-Hb concentration changes from baseline evidenced a significant effect of the
Condition, F(1,64) = 11.52; p = .005; partial n? = .51, with an overall decrease of deoxygenated
haemaoglobin in the area illuminated by both left and right channels during the experimental
condition as respect to the control one (Control: M = -.004, SE = .0002; Experimental: M = -.01,
SE = .003). There was neither a significant effect of Channel (p =.398) nor of Condition *
Channel (p = .471).

Therefore, results evidenced an increase in bilateral PFC activity and no noticeable
asymmetries during the experimental condition. A grand mean of the Oxy-Hb and deOxy-Hb

signal during the entire procedure is showed in figure 4.
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3.5 Hypothesis 4. Interrelationship between cortical and ANS indexes. AHR at both control
and experimental condition positively correlated respectively with mean Oxy-Hb concentration
changes in the right channel during control (r = .291; p < 0.001) and experimental (r = .256; p =
0.041) conditions. Results evidenced that individuals with higher increases of HR from baseline,
during both conditions experienced a higher NIRS’ right channel activity. No significant
correlations were found between other ANS and cortical indexes.

3.6 Hypothesis 5. Psychological distress’s relationship with cortical and behavioural
indexes. BDIsqgrt, STAI-State and -Trait were all positively and significantly correlated between
them (see table 2). No significant correlations were found between BDIsqrt or STAI-Trait and
Oxy or Deoxy LI-B, LI-C, LI-E, any Oxy- or deOxy-Hb mean value or behavioural data. STAI-
State did not correlate with any physiological or behavioural variable. LI-E was negatively
correlated with number of correct responses during experimental condition (r = -.287; p = .02),
showing that during the experimental condition individuals with increased NIRS’ left channel
activity gave a higher number of correct responses.

3.7 Hypothesis 6. Psychological distress and parasympathetic activity. As evidenced in
table 2, an increase in BDIsqrt scores was significantly correlated with an increase in HR and
logHFpow during all conditions, while STAI-Trait correlated significantly and positively only with
logHFpow during all conditions.

The hierarchical multiple regression on logHFpow at baseline condition revealed that at Block O,
EDR contributed significantly to the regression model (F change 1,63 = 5.258; p =.025) and
accounted for 7.7% of the variation in logHFpow. Introducing the BDIsqrt explained an
additional 7.9% of variation in logHFpow and this change in Rz was significant (F change 2,62 =
5.809; p =.019). The standardized beta value of BDIsqrt was .284 (p = .019).

The regression on logHFpow at control condition revealed that EDR contributed significantly to
model at Block O (F change 1,63 =17.1; p < .001) and accounted for 21.3% of the variation in

logHFpow. Introducing the BDIsgrt explained an additional 5.9% of variation in logHFpow and
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this change in R2 was significant (F change 2,62 = 4.996; p = .029). The standardized beta
value of BDIsqrt was .248 (p = .029).

Finally, the regression on logHFpow at experimental condition revealed that EDR contributed
significantly to model at Block O (F change 1,62 = 20.04; p < .001) and accounted for 24.4% of
the variation in logHFpow. Introducing the BDIsqrt explained an additional 6.7% of variation in
logHFpow and this change in Rz was significant (F change 2,61 =5.974; p = .017). The
standardized beta value of BDIsqrt was .262 (p = .017). When entering the STAI-Trait scores at
Block 1 instead of BDIsqgrt, all results were still significant. STAI-Trait explained 5.9% of
variance of logHFpow at baseline (F change 2,62 = 4.211; p = .044), 5% at control (F change
2,62 = 4.248; p = .043) and 6.3% at experimental condition (F change 2,62 = 5.554; p = .022).
Standardized beta scores for STAI-Trait were .244 (p = .044) at baseline, .225 at control (p =
.043) and .251 at experimental condition (p = .022).

Regression analyses evidenced that higher STAI-Trait and BDIsqrt scores predicted an
increase in parasympathetic activity during the entire procedure, even when controlling for
respiration rate.

4. DISCUSSION

In summary, our results evidenced that stress response led to an activation of both prefrontal
areas illuminated by NIRS, increased HR, parasympathetic withdrawal, and increased self-
reported stress and anxiety levels. No lateralization effects on the PFC were found.
Interestingly, trait anxiety and depression predicted a contrasting increase in vagal activity both
at rest and during the experimental procedure, suggesting altered cardiac responses in
individuals with high levels of psychological distress.

Behavioural and manipulation checks data evidenced that procedure was effective and induced
a significant amount of perceived stress. As regards behavioural data, response times,
percentage of correct responses and total number of correct responses decreased from control

to the time-limited experimental condition, due to protocol’s characteristics (Dedovic et al.,
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2005). Results evidenced an increase in perceived stress changes (evaluated through Task
Engagement and Stress Rating Questionnaire) from control to experimental condition, while
anxiety (evaluated through STAI-State) increased from baseline to experimental condition.

As regards autonomic data, HR and logHF changes from baseline respectively increased and
decreased from control to experimental condition. Thus, stress was associated with a
parasympathetic withdrawal that led to higher heart rates and lower High Frequencies of Heart
Rate Variability, in accordance with the meta-analysis of Castaldo and colleagues (Castaldo et
al., 2015). Interestingly, of the 12 studies included in the aforementioned paper only 4 used an
arithmetic task, among which no-one implemented a control condition (Castaldo et al., 2015).
Our results clearly show that an arithmetic task is associated per-se with a stress-induced vagal
withdrawal, which tends to decrease even more during a properly defined condition of
psychosocial stress. Indeed, Delta logHF were negative even during the control condition.
Moreover, our results expand previous ANS findings using the MIST protocol: to date, only two
studies evidenced a similar parasympathetic withdrawal during the experimental condition of
MIST (Janka et al., 2015; La Marca et al., 2011), while one showed no significant decreases
(Monge et al., 2014).

As regards NIRS data, there was a significant increase of oxy-haemoglobin and a decrease of
deoxy-haemoglobin in the regional brain tissue illuminated by Near-Infrared Spectroscopy (part
of the frontopolar and dorsolateral PFC), during both conditions of the stress task. Therefore, in
our sample the hypothesis of an asymmetrical activation of right prefrontal cortex due to the
processing of acute stressors was not confirmed. It's worth noticing that the procedure induced
significant perceived stress, as evidenced by manipulation checks, and that ANS data showed a
stress-induced vagal inhibition. Other NIRS studies did not evidence a clear lateralization
pattern in the PFC during a mental arithmetic task (Ishikawa et al., 2014; Yang et al., 2009).
Sakatani, Tanida and colleagues (2010; 2007; 2004) described a positive correlation from

between right-shifted laterality indexes and autonomic (e.g. HR) indexes during a math task,
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inferring from these results that right prefrontal cortex is implied in stress responses. However,
these studies were limited by the assumption that stress could be elicited simply by an
arithmetic task, that could be roughly comparable to MIST control condition. MIST is a well-
known protocol to induce psychosocial stress: a recent meta-analysis on fMRI studies
evidenced an increased activity of a right area of prefrontal cortex (pars triangularis of the right
inferior frontal gyrus) during the experimental condition of MIST (Kogler et al., 2015). The
activity of inferior frontal gyrus cannot be directly evaluated through a 2-channel NIRS device,
whose optodes are typically positioned over dorsolateral and frontopolar areas, putatively
explaining the lack of results.

Correlations among Heart Rate changes from baseline and Oxy-Hb concentration changes in
the right PFC were positive and significant during both control and experimental conditions.
Results were consistent with previous NIRS studies (Sakatani et al., 2010; Tanida et al., 2007,
Tanida et al., 2004), and support the hypothesis of an involvement of right dorsolateral and
frontopolar PFC in regulating sympathetic responses during a stress task. According to the
neurovisceral integration model specific regions (i.e. ventromedial prefrontal cortex,
midcingulate cortex, left amygdala and insula) control both branches of ANS (Beissner et al.,
2013). However, some brain areas, like dorsolateral prefrontal cortex, are associated only with
sympathetic regulation, (dIPFC; Beissner et al., 2013); therefore, we speculate that our NIRS
device permitted to evaluate the activity of the latter PFC region.

Correlational analyses evidenced a negative and significant association between Laterality
Index and number of correct responses during experimental condition: therefore, individuals
with increased left prefrontal cortex activity gave a higher number of correct responses.
Neuroanatomical models of number processing postulate that “exact calculations involve
language areas, as well as subcortical structures, mainly in the left hemisphere” (Benn, Zheng,
Wilkinson, Siegal, & Varley, 2012). During experimental condition participants were forced to

quickly solve arithmetic tasks; thus, we hypothesize that those who gave a higher number of
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correct responses, were able to better recruit left hemisphere. No significant correlations were
found between psychological questionnaires (BDI and STAI) and behavioural data. Therefore,
the hypothesis of impaired performances in anxious individuals during a stress task (Attentional
Control Theory; Eysenck et al., 2007) was not confirmed. It should be noted that the sample
was composed by young healthy adults, whose behavioural responses were quite similar
(standard deviations were small), reducing the probability to show a hypothetical low effect. In
the same way, we did not find a significant correlation between psychological distress and
cortical indexes, thus not confirming previous results on a relationship between anxiety (state or
trait) and right PFC activity (Takizawa et al., 2014).

Finally, we performed hierarchical multiple regression analyses in order to examine the
predictive value of trait anxiety and depression on High Frequencies of Heart Rate Variability,
controlling for respiration rate. It is worth noticing that questionnaires used to evaluate anxiety
and depression (STAI-Trait and BDI, respectively) were highly correlated between each other
(see table 2); thus, they were probably referring to an underlying dimension that could be
defined “psychological distress” (Burns & Eidelson, 1998). Results of regression analyses
evidenced that a higher psychological distress predicts an increase in parasympathetic activity
at rest and during a stress task. These findings are consistent with those of correlational
analyses (see table 2) and are opposite to our initial hypothesis. Indeed, two past meta-
analyses evidenced that patients with depressive and anxiety disorders are characterized by
lowered parasympathetic activity at rest (Chalmers et al., 2014; Kemp et al., 2010). However,
both meta-analyses were conducted on articles including patients with psychiatric disorders,
while in our study we recruited healthy individuals. To the best of our knowledge, this is the first
study that clearly demonstrates an increased parasympathetic activity at rest in individuals with
high levels of psychological distress. As regards parasympathetic activity during the stress task,
our results are partly consistent with previous literature (Liang et al., 2015; Sanchez-Gonzalez

et al., 2015; Shinba et al., 2008; Traina et al., 2011). In addition to these results, our study
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suggests that psychological distress predicts increased parasympathetic activity during an
arithmetic task (i.e. control condition), as well as during a stress condition. A possible
explanation takes into account desensitization processes: indeed, in healthy individuals anxiety
leads to a progressive B-adrenergic receptor desensitization (Yu, Kang, Ziegler, Mills, &
Dimsdale, 2008). Therefore, we speculate that psychological distress could be associated to a
chronic hyper-activation of sympathetic nervous system; thus, the excessive catecholaminergic
stimulation reduces the sensitivity of B-adrenergic receptors, leading to an increased vagal tone
both at rest and during a stress task. Another explanation takes into account the so-called
conservation—withdrawal reaction pattern of disengagement (Kreibig, Wilhelm, Roth, & Gross,
2007), which is often referred to as aversive coping style (Bosch et al., 2001). Conservation—
withdrawal is a biological reaction pattern, characterized by an enhanced parasympathetic tone
(Kreibig et al., 2007). We hypothesize that individuals with high levels of psychological distress
adopted an aversive coping style before and during a stress task, leading to the observed
increased parasympathetic activity. However, the association between Central Autonomic
Network, conservation-withdrawal reaction pattern and the desensitization hypothesis is still
unclear.

Our results were partly limited by the fact that we did not measure free cortisol levels in plasma
or saliva: indeed, it is well-known that psychological stressors activate HPA axis, leading to an
increase in cortisol concentrations (Dickerson & Kemeny, 2004; Ulrich-Lai & Herman, 2009).
Thus, measuring free levels of this hormone could have provided a better evaluation of the
physiological stress response. In addition, it is worth noticing that this response is influenced by
(i) progesterone and the hormonal state during menstrual cycle in women (Woods, Lentz,
Mitchell, & Kogan, 1994), and by (ii) aerobic training among healthy adults (Zschucke,
Renneberg, Dimeo, Wustenberg, & Strohle, 2015); thus, future studies should evaluate stress

responses controlling for these variables.
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Concluding, we performed a large, randomized and controlled study on stress responses, using
both NIRS and ECG devices. Further multi-channel NIRS studies are required to investigate
activity of specific areas of prefrontal cortex using the same task. Moreover, we found evidence
of attenuated vagal withdrawal in individuals with high levels of psychological distress, both at
rest and during the experimental procedure. However, we did not investigate other linear and
non-linear indexes of HRV; therefore, a comprehensive picture of cardiovascular activity during
this procedure is still lacking. Future studies should investigate the role of specific coping styles
during stress responses, the impact of conservation-withdrawal reaction patterns on health
outcomes as well as other linear and non-linear indexes of HRV during this specific acute stress

task.
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TABLES
Table 1
Mean (SD) Range (min — max)
STAI-State 34.56 (7.06) 24 — 52
STAI-Trait 41.37 (9.79) 23 -65
BDI 8.23 (6.71) 0-32
TE 3.3(1.88) 1-7
SRQ 14.55 (5.57) 5-28

Psychological questionnaire scores of all participants (N = 65) at baseline.

STAI = State Trait Anxiety Inventory; BDI = Beck Depression Inventory; TE = Task

Engagement; SRQ = Stress Rating Questionnaire. STAI-State scores were missing for 1

subject.
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Table 2
BDlsqrt STAI-Trait

BDlIsqgrt \ .736**
STAI-Trait .736** \

STAI-State 29* 405**
HR (B) -.367 -.198
HR (C) -.318* -.148
HR (E) -.304* -.168
logHFpow (B) .316* 273*
logHFpow (C) .333%* .264*
logHFpow (E) .329* .266*

2-tailed Pearson correlation coefficients between psychological and cardiological indexes in all

participants (N = 65). BDIsqrt = Beck Depression Inventory (square-root transformation); STAI =

State Trait Anxiety Inventory- Trait and State scales; HR = Heart Rate; logHFpow = High

Frequencies power (log10 transformed); (B) = baseline; (C) = control; (E) = experimental. STAI-

State scores were missing for 1 subject.

* correlation is significant at .05 level

** correlation is significant at .001 level
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FIGURES

Figure 1

Graphical representation of experimental procedure.

Figure 2

On the left, International 10-20 System. Grey circles indicate the measurement areas (located
over frontopolar and dorsolateral PFC). On the right, Grand mean of Oxy-Hb (black line) and
deOxy-Hb (red line) concentration changes expressed in a.u. of 65 individuals in right (CH1)
and left (CH2) channels during the entire procedure.

Figure 3

Delta changes in Stress Rating Questionnaire (SRQ) and Task Engagement (TE) in Control (C)
and Experimental (E) conditions. Error bars indicate + 95% confidence interval.

Figure 4

Delta changes in High Frequencies power of HRV (log10 transformed; panel a) and in Heart
Rates (panel b) in Control (C) and Experimental (E) conditions. Error bars indicate + 95%

confidence interval.
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Figure 1
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Figure 2
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Figure 4
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