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Abstract

The prefrontal cortex, and especially the Dorsolateral Prefrontal Cortex (DLPFC), plays an in-
hibitory role in the regulation of the Hypothalamic-Pituitary-Adrenal (HPA) axis under stressful situa-
tions. Moreover, recent evidence suggests that a sustained DLPFC activation is associated with adap-
tive stress regulation in anticipation of a stressful event, leading to a reduced stress-induced amygdala
response, and facilitating the confrontation with the stressor. However, studies using experimental
manipulation of the activity of the DLPFC before a stressor are scarce, and more research is needed
to understand the specific role of this brain area in the stress-induced physiological response. This pre-
registered study investigated the effect on stress regulation of a single excitatory high frequency
(versus sham) repetitive transcranial magnetic stimulation (HF-rTMS) session over the left DLPFC
applied before the Trier Social Stress Test in 75 healthy young women (M=21.05, SD=2.60). Heart rate
variability (HRV) and salivary cortisol were assessed throughout the experimental protocol. The active
HF-rTMS and the sham group showed a similar cognitive appraisal of the stress task. No differences in
HRV were observed during both the anticipation and the actual confrontation with the stress task and
therefore, our results did not reflect DLPFC-related adaptive anticipatory adjustments. Importantly,
participants in the active HF-rTMS group showed a lower cortisol response to the stress. The effect of
left prefrontal HF-rTMS on the stress system provides further critical experimental evidence for the

inhibitory role played by the DLPFC in the regulation of the HPA axis.
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1. Introduction

Stressful events activate the hypothalamus—pituitary—adrenal (HPA) axis, resulting in an acute
increase in glucocorticoids secretion (being cortisol the most important glucocorticoid in humans)
(Dickerson and Kemeny, 2004). An exacerbated cortisol response to stress and the exposition to high
levels of cortisol have been associated to the onset and maintenance of stress-related mental disor-
ders such as anxiety, depression, and substance abuse (Faravelli et al., 2012; Herbert, 2013). Under-
standing the mechanisms involved in the regulation of the cortisol response to stress is crucial to com-
prehend, prevent and treat these stress-related health problems (McEwen, 2008).

The stress response is controlled by neurocircuitries connecting the prefrontal cortex and the
amygdala (Ulrich-Lai and Herman, 2009). Particularly, it has been proposed that the dorsolateral pre-
frontal cortex (DLPFC) has indirect inhibitory projections to the amygdala (e.g., Drevets, 1999; Chen et
al., 2018; Siegle et al., 2007), a subcortical region that has excitatory connections with the HPA axis
through projections to the hypothalamus (Herman et al., 2005). Along this line, previous research ob-
served that manipulating the activity of the DLPFC using repetitive transcranial magnetic stimulation
(rTMS) does not modulate the emotional stress reactivity (Remue et al., 2016a; Smits et al., In press),
but it improves the regulation of the physiological response to psychosocial stressors (Baeken et al.,
2014; Remue et al., 2016b; although no effects on a pharmacological stressor have been observed
Zwanzger et al., 2007). Baeken et al. (2014) showed that increasing the activity of the left DLPFC using
high frequency repetitive transcranial magnetic stimulation (HF-rTMS) attenuates the HPA response
to a paradigm designed to induce a moderated level of anxiety and stress using bogus negative feed-
back on the participants” performance on a mental counting task. Using the same task, Remue et al.
(2016b) observed that after receiving HF-rTMS over the left DLPFC participants did not show a stress-
induced decrease in Heart Rate Variability (HRV), a physiological marker that reflects the inhibitory
control of the prefrontal cortex over the activity of the heart via the vagus nerve, the main component

of the parasympathetic nervous system (see Fagundes et al., 2011; Thayer et al., 2012 for a detailed



description). These results suggest that the left DLPFC plays an important role in the regulation of the
physiological response to stress. However, it is important to note that the task used in Baeken et al.
(2014) and Remue et al. (2016b) did not provoke changes in mood, indicating that the task may not
have been perceived as stressful by the participants. In this regard, Antal et al. (2014) investigated the
effect on the cortisol response of transcranial direct current stimulation (tDCS) over the right medial
prefrontal cortex before the Trier Social Stress Task (TSST; Kirschbaum et al., 1993), a stress task that
provokes a robust physiological and psychological stress response in humans (Allen et al., 2017). They
showed that anodal tDCS (to increase cortical excitability) and cathodal tDCS (to reduce cortical excit-
ability) reduced and increased cortisol levels after the TSST, respectively. Although these results sup-
port the idea that the prefrontal cortex participates in the regulation of the HPA response to a psy-
chosocial stressor, this study did not manipulate DLPFC activity specifically. Moreover, in contrast to
rTMS, tDCS stimulates broad cortical regions with lower spatial precision, and it manipulates the mem-
brane potential of neurons, but it does not directly activate the neurons (Paulus, 2011; Thielscher et
al., 2015). Therefore, an important gap in the literature is whether rTMS over the DLPFC before stress
could also affect the regulation of the HPA axis when individuals are confronted with a significant
psychological stressful situation. Additionally, more research is needed to understand the specific role
of this brain area in the stress-induced cortisol response.

In the Neurocognitive Framework for Regulation Expectation, De Raedt and Hooley, (2016)
proposed that the influence of the DLPFC on the stress response starts even before the stressful event
occurs, i.e. during the anticipation of the stressful situation. It is important to note that stress-related
physiological changes do not only occur during the exposure to an acute stressor but also as a result
of stress anticipation (Engert et al., 2013; Pulopulos et al., 2020, 2018b). To this regard, it has been
proposed that during stress anticipation individuals make behavioral, cognitive, and physiological ad-
justments (i.e., anticipatory stress regulation) that facilitate the confrontation with the upcoming ac-

tual stressor (Nasso et al., 2019; Pulopulos et al., 2020, 2018b; Schulkin, 2011; Turan, 2015; Turan et



al., 2015). Following the Neurocognitive Framework for Regulation Expectation (De Raedt and Hooley,
2016), these anticipatory stress regulation processes depend on the maintenance of goal-relevant in-
formation associated with a sustained activation of the DLPFC. Importantly, via the cortical-subcortical
pathway, the sustained activation of the DLPFC would reduce the activation of the amygdala and will
facilitate the process of stress regulation before and during the confrontation with the stressor. In line
with this idea, in two studies assessing anticipatory stress regulation via changes in the vagally-medi-
ated HRV, we have recently observed that better anticipatory stress regulation is associated with an
attenuated cortisol response to stress (Pulopulos et al., 2020, 2018b). Thus, we could expect that
increased DLPFC activity during stress anticipation would be associated with enhanced anticipatory
stress regulation (i.e. reflected in lower decreases in HRV) and an attenuated HPA axis response to
stress (i.e. reflected in lower cortisol increase).

To examine this important question, this study aims to investigate for the first time whether
HF-rTMS over the left DLPFC affects the cortisol and HRV response when it is applied immediately
before the Trier Social Stress Test (TSST; Kirschbaum et al., 1993), a stress task that provokes a robust
physiological and psychological stress response in humans (Allen et al., 2017), and that allows for the
investigation of anticipatory stress regulation. We hypothesized that participants receiving active HF-
rTMS will show an attenuated cortisol response to the TSST compared to the participants in the sham
group. Moreover, we expect that the active HF-rTMS group will show a lower decrease in HRV during
anticipation (reflecting better anticipatory stress regulation), and during the stress task (reflecting
better reactive stress regulation).

The hypotheses of this study, together with a detailed description of the sampling criteria,
methodology, and analysis pipeline, were pre-registered on the Open Science Framework (see

https://osf.io/tv47g).

2. Methods

2.1. Participants



In a between-subject design, 80 healthy right-handed females between 18 and 35 years old
were recruited for this study. After the exclusion of some participants, the final sample included in the
analyses were 75 participants (see Data management and statistical analyses section for a detailed
description of the exclusion of participants). In order to control for the effects of sex and menstrual
cycle on the cortisol response to stress (Pulopulos et al., 2018a), only women were included in this
study, and the number of participants taking hormonal contraceptives and in the luteal and follicular
phase of their menstrual cycle were counterbalanced between groups. Most participants were taking
hormonal contraceptives (Hormonal contraceptives = 62, Luteal = 7, Follicular = 5)%, and there were
no differences between groups in the number of participants taking hormonal contraceptives and in
the luteal or follicular phase of the menstrual cycle (X?=1.50, p=0.475). The exclusion criteria were:
smoking more than 10 cigarettes per day, presence of psychiatric disorders, cardiovascular disorders,
use of medication that may affect cortisol levels, cognitive and cardiovascular activity (e.g., glucocor-
ticoids, psychotropic substances, beta-blockers, sleep medications, etc), inner ear prosthesis, recent
neurosurgical procedures, pacemaker or other electronic implants, metal objects or magnetic objects
in the brain or around the head (only removable earrings and piercings were allowed), pregnancy, skin

disorders at the level of the head.

Baseline questionnaires

The participants were asked to complete a series of questionnaires assessing depression
symptoms (Beck Depression Inventory-1l; Beck et al. 1996; Dutch version: Van der Does, 2002), self-
esteem (Rosenberg Self-Esteem Scale; Rosenberg, 1965; Dutch version: Franck et al., 2008), trait and
state anxiety (State-Trait Anxiety Inventory; Spielberger et al., 1970; Dutch version: Van der Ploeg,

1980), rumination (Rumination Response Scale; Nolen-Hoeksema and Morrow, 1991); Dutch version:

1 The statistical conclusions remain the same if only participants taking hormonal contraceptives are
included in the analyses.



Raes et al., 2003), and perceived stress (Perceived Stress Scale; Cohen et al., 1983) to explore differ-
ences between groups since these variables may affect the cortisol response to stress and the effects
of rTMS on cortisol secretion (e.g., Baeken et al., 2011; Chopra et al., 2009; De Witte et al., 2020;
Pruessner et al., 2005; Puig-Perez et al., 2016; Salvador and Costa, 2009; Shull et al., 2016; Vrshek-
Schallhorn et al., 2018; Zoccola and Dickerson, 2012). The data for baseline questionnaires could not

be recorded for one participant.

2.2. Anticipatory cognitive appraisal
Stress appraisal was measured at the beginning of the anticipation period to the TSST using a
Dutch version of the Primary Appraisal Secondary Appraisal scale (PASA; Gaab et al., 2005), a 16 items
guestionnaire, rated on a 6-point Likert scale (ranging from 1=Totally disagree, to 6=Totally agree).
The PASA allows for the calculation of three subscales assessing “Primary appraisal” (i.e., how threat-

IM

ful and challenging the situation is perceived), “Secondary appraisal” (i.e., Self-concept of own com-
petence and control expectancy), and a global index of “Anticipatory stress appraisal” (calculated as

Primary appraisal minus Secondary appraisal) which sets the two appraisals in relation to each other.

See Gaab et al. (2005) for a detailed description of the questionnaire.

2.3. Physiological response to stress

Heart Rate Variability

Heart rate data was continuously recorded throughout the session using a telemetric heart
rate monitor (Polar v800) with a Polar H10 heart rate sensor and a pro chest strap placed just below
the participant’s chest muscles. The resulting beat-to-beat intervals were imported to Kubios 3.0.2
(Tarvainen et al., 2014, 2002) for artefacts correction and R-to-R intervals interpolation. The HRV val-
ues from two participants of each group could not be obtained due to problems with the heart rate
monitor. As an index of vagally-mediated HRV, we used the root mean square successive difference
(RMSSD), considered an index of stress regulation (Fagundes et al., 2011; Thayer et al., 2012) that is

relatively free of respiratory influences (Laborde et al., 2017).



Cortisol

Salivary samples were collected using Salivettes (Sarstedt, Nimbrecht, Germany) to assess
acute changes in cortisol levels. Participants were instructed to keep the cotton swab in their mouths
for 2 min and move the swab around in a circular pattern to collect saliva from all salivary glands. The
salivettes were stored at -80 2C (from October 17, 2018 to May 13, 2019), and the storage of the
samples was operationally managed by the Bioresource Center Ghent (Ghent, Belgium, ID: BE
71067049; see T'Joen et al., 2018). The samples were analyzed in duplicate at the laboratory of Pro-
fessor Venero at the Universidad Nacional de Educacién a Distancia (Spain) using a commercially avail-
able enzyme-linked immunosorbent assay (Salimetrics®) with an expected lower detection limit of

0.007 pg/dL and intra- and inter-assay precision of 2.5 and 4.7%.

2.4. Stress task

The TSST (Kirschbaum et al., 1993) was used to induce stress. The TSST comprises of three
consecutive parts. The first part is an introduction to the task, in which the participants are informed
about the task that they have to perform. They are informed that they have to give a 5-min speech
explaining why they believe they are the best candidate for a job position of their choice, and that
after the speech they will perform a difficult arithmetic task. The second part is the anticipatory phase,
in which participants have time to prepare their speech. Finally, the last part is the 5-min speech and
a 5-min arithmetic task (counting backwards from 2083 to zero in 13-step sequences). A modified
version of the TSST was used for this study. First, given that we are interested in regulatory mecha-
nisms that occur during stress anticipation, the anticipatory phase lasted 15 minutes. Moreover, we
used a one-member committee. Previous studies have shown a significant physiological and psycho-
logical response to the TSST using a 15 min anticipation and using only one-member committee (e.g.,

Engert et al., 2013; Pulopulos et al., 2020; Zandara et al., 2016).

2.5. Neurostimulation



The stimulation was performed over left DLPFC using a Magstim Rapid? Plus1 stimulator (Mag-
stim Company Limited, Minneapolis, USA) with an eight-shaped coil, and using a stimulation intensity
of 110% of the subject’s resting motor threshold. The resting motor threshold was calculated imme-
diately before the stimulation, and it was operationalized as the minimum TMS intensity necessary to
yield a motor response in the right abductor pollicis brevis muscle in 5 out of 10 successive attempts.
The high-frequency (20 Hz) stimulation sessions consisted of 40 trains of 2 s duration, separated by an
intertrain interval of 12 s (1600 pulses per session). Participants in the sham group were exposed to a
sham stimulation using the Magstim 70mm Double Air Film sham coil, a coil that mimics the physical
and auditory sensation of a real stimulation, and that looks exactly like the active coil. The active and
sham coils were positioned over the left DLPFC using the adjusted BeamF3 algorithm (Mir-Moghtadaei

et al., 2015). All participants were blindfolded and had ear protection during the stimulation.

2.6. Procedure
The participants provided written informed consent at the beginning of the experiment. The
study has been approved by the Ethical Committee of the University Hospital of Ghent University (UZ
Gent; Belgian registration number: B670201837272). This study was carried out in compliance with

the declaration of Helsinki.

The participants were recruited to participate in an experiment investigating the role of the
DLPFC in social interactions. The recruitment of participants was performed via SONA (Experiment
Management System) and internet posts. They attended an individual session for the induction of
stress response. They were asked to sleep as long as usual and to abstain from alcohol and heavy
physical exercise for 24 hours before the session, and to drink only water, not eat, smoke, brush their
teeth or take any stimulants (such as coffee, cola, caffeine, tea or chocolate) from two hours before
the session. At the beginning of the session, the participants were asked to stay quiet in the room for
25min to habituate to the laboratory. During the last 10min of habituation, participants completed

some of the baseline questionnaires (i.e., State version of the State-Trait Anxiety Inventory, Perceived



Stress Scale, and Beck Depression Inventory Il). After the habituation period, participants received the
active HF-rTMS or sham stimulation. Five min after the stimulation, they were introduced to the TSST
task, and they were asked to prepare the task for 15 min (i.e., anticipatory phase). At the beginning of
the anticipation phase, they completed the PASA to assess cognitive stress appraisal. After 15 min of
anticipation, they performed the speech (5 min) and the arithmetic task (5 min) of the TSST. After the
stress task, the participants were asked to stay quiet for 30 min. During the last 5 min of the recovery
phase, they were asked to complete the Rosenberg Self-Esteem Scale and the Rumination Response
Scale. At the end of the session, the participants' height and weight was measured to compute the
body mass index. On a different day, they completed the Temperament and Character Inventory (re-
sults not reported here) and the trait version of the State-Trait Anxiety Inventory. Finally, the partici-
pants were debriefed about the purpose of the study and received 20 euros for their participation.
Although HF-rTMS was applied before the TSST, previous research has shown that the effect may last
for up to 60 min (Hoogendam et al., 2010; Thut and Pascual-Leone 2008), and therefore, the stimula-

tion is expected to affect how the participants anticipate and perform the TSST.

The participant provided five saliva samples to measure cortisol levels: (i) at the end of the
habituation period, (ii) after the sham or active HF-rTMS session, and then (iii) 20 min, (iv) 30 min, and
(v) 40 min after the onset of the speech task. The participants were asked to fill in four 10-centimetres
Visual Analogue Scales (VAS; McCormack et al., 1988) to assess stress perception, tiredness, happi-
ness, and tension. The VASs were completed: (i) at the end of the habituation phase, (ii) after the sham
or active HF-rTMS session, (iii) at the end of the anticipatory phase, (iv) after the speech task, (v) im-
mediately after the arithmetic task, and (vi) 40min after the onset of the stress task. See Figure 1 for

an overview of these measures during the protocol.

To control for the circadian rhythm of cortisol secretion, the experimental sessions started at
14.00 h or at 16.00 h. The starting time was counterbalanced between groups, and there were no
significant differences between groups in the time when they started the session (X?=6.51, p=0.420).
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2.7. Data management and statistical analyses

For HRV, the last 10min of the habituation and the last 10min of the anticipation were sepa-
rated into 5 min epochs and averaged to compute the HRV levels at baseline and during anticipation,
respectively. HRV levels during the speech (5 min) and the arithmetic (5 min) tasks were averaged to
compute the HRV during the stress task. For cortisol levels, two indexes were computed and used as
dependent variables for the analyses: (i) The area under the curve with respect to the increase (AUCI)
was computed using the formula proposed by Pruessner et al. (2003) as a measure of dynamic of the
cortisol change from baseline (using the samples collected immediately before the TSST, and every 10
min after the TSST) to after the TSST. (ii) The cortisol reactivity was calculated as the change in cortisol
from baseline (immediately before the TSST) to the maximum cortisol levels after the stress task, a

measure of the magnitude of the cortisol response provoked by the stress task.

T-tests were used to investigate differences between groups (sham vs. active HF-rTMS) in de-
mographics, baseline questionnaires, cognitive stress appraisal (i.e., Primary Appraisal, Secondary Ap-
praisal, and Anticipatory stress appraisal), and cortisol indexes (i.e., cortisol AUCi and cortisol reactiv-
ity). Mixed MANOVAs were used to investigate the psychological response to stress using Group (sham
vs. active HF-rTMS) as a between-subject factor and Time (Before rTMS, Before TSST, End of anticipa-
tion, After speech, After math, and 30 min after the TSST) as a within-subject factor. The four VAS
mood scales were the multiple dependent variables. Finally, mixed ANOVA was used to investigate
changes in HRV using Group (sham vs. active HF-rTMS) as a between-subject factor and Time (Habit-
uation, Anticipation, and Stress)? as a within-subject factor. Where necessary, we applied the Green-
house-Geisser correction to ensure the assumption of sphericity. Cortisol, HRV and VAS data, and the

distribution of the residuals of the ANOVAs did not follow a normal distribution. Therefore, cortisol,

2 Given our research question, we did not include HRV levels during the recovery period in the analyses. However, the sta-
tistical conclusions are the same if HRV during the recovery period is included in the mixed ANOVA investigating changes in
HVR levels.
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HRV and VAS data were log transformed. The log transformation of these variables resulted in a nor-

malization of the distribution of the residuals for cortisol and HRV, but not for VAS data.

Eighty women were recruited for this study. However, one participant ate 30 min before the
session, one participant was sick, and one participant had several job interviews during the days pre-
vious to the experiment. These participants were excluded from the study. Moreover, two participants
were excluded from the analyses because they were outliers (3SD) for cortisol (one participant in the
active HF-rTMS group) and HRV (one participant in the active HF-rTMS group) data. Therefore, the
final sample was composed of 37 participants in the active HF-rTMS group, and 38 participants in the

sham group.

Analyses were performed using SPSS 24.0 (IBM SPSS Statistics 24.0), and the significance level
was set at p=0.05, two-tailed, for all analyses.
3. Results

3.1. Demographics and baseline questionnaires

Table 1 shows the characteristics of the study sample. No significant differences between
groups (sham vs active HF-rTMS) were observed in age, body mass index, subjective socioeconomic
status (assessed using the subjective socioeconomic status scale: Adler et al., 2000), and their scores
in depression symptoms, rumination, perceived stress in the past month, state and trait anxiety, and

self-esteem (all ps>0.131).

3.2. Anticipatory cognitive appraisal

The results of the t-tests showed no differences between groups in primary (t(72)=0.65,
p=0.517, d=0.17), secondary (t(72)=0.30, p=0.762, d=0.08), and anticipatory stress appraisal

(t(63.45)=0.60, p=0.550, d=0.14) (See Table 1).

3.3. Psychological response to stress
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The repeated measures MANOVA revealed a significant multivariate effect of Time (Pillai’s
Trace=0.77, F(20,53)=8.99, p<0.001, np*=0.05). The factor Group and the interaction between Group
and Time were not statistically significant (Group: Pillai’s Trace=0.05, F(4,69)=0.92, p=0.459, np?=0.77;
Group*Time: Pillai’s Trace=0.28, F(20,53)=1.00, p=0.475, np?=0.28). Follow-up ANOVAs showed that
the factor Time was statistically significant for the four subscales ‘stress’ (F(2.69,193.91)=42.90,
p<0.001, np?*=0.37), ‘tension’ (F(3.21,230.74)=36.34, p<0.001, np?*=0.34), ‘tiredness’
(F(3.89,280.33)=3.03, p=0.019, np?=0.04), and ‘happiness’ (F(4.03,289.78)=31.83, p<0.001, np?=0.31).
Overall, participants reported being significantly less stressed (p=0.024), and slightly less tense
(p=0.059) after the active or sham stimulation than before the stimulation. The participants also re-
ported being more stressed, tense and less happy during stress anticipation, after the speech task,
and after the arithmetic task than immediately after the active or sham stimulation (all ps<0.003).
Moreover, they reported being less happy at the end of the recovery phase than immediately before
the stress task (i.e., after the active or sham stimulation) (p=0.008). No significant changes in ‘tired-
ness’ were observed (all ps>0.082). See Table 2 for the VAS scores.

3.4. HRV response

Figure 2 shows HRV levels during habituation, anticipation, and the stress task for the sham
and active HF-rTMS groups. The ANOVA for repeated measured showed a significant effect of Time
(F(1.52,104.54)=69.17, p<0.001, np?=0.50). HRV showed a significant decrease from the habituation
phase to the anticipation of the stress task (p=0.007, d,,=0.25), and from the anticipation phase to the
stress task (p=0.001, d.,=0.82). The factor Group (sham vs active HF-rTMS) (F(1,69)=0.11, p=0.747,
np?<0.01), and the interaction between Time and Group were not statistically significant

(F(1.52,104.54)=0.12, p=0.831, np<0.01).

3.5. Cortisol response to stress
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The t-test showed higher AUC in the sham than in the active HF-rTMS group (t(73)=2.08,
p=0.041, d=0.48; Figure 3A). Regarding cortisol reactivity, the sham group also showed higher values
than the active HF-rTMS, however, the difference was not statistically significant (t(73)=1.47, p=0.146,
d=0.33; Figure 3B). See Table 2 for the cortisol levels at each time point during the session for the

sham and active HF-rTMS groups.

4. Discussion

This study investigated for the first time the effects of a single excitatory rTMS session applied
to the left DLPFC before the TSST on the HRV and cortisol response to stress. The active HF-rTMS and
the sham group showed a similar anticipatory cognitive appraisal of the stress task, and no differences
in stress-induced changes in HRV and mood were observed. Importantly, participants in the active HF-

rTMS group showed a lower cortisol response to stress than participants in the sham group.

This study provides experimental evidence for the role of the left DLPFC in the neurobiological
modulation of the HPA axis. In accordance with our hypothesis, we observed that a single HF-rTMS
session over the left DLPFC attenuates the cortisol response to stress, an effect reflected in AUC/ val-
ues. For cortisol reactivity, the sham group also showed higher values than the active HF-rTMS group,
but the difference was not statistically significant. These results suggest that HF-rTMS over the left
DLPFC would especially affect the sensitivity of the HPA axis to a challenge, reflected in AUCi values
(Fekedulegn et al., 2007) but not the magnitude of the cortisol increase, reflected in the cortisol reac-
tivity index (Lopez-Duran et al., 2014). Moreover, given that the AUC/ is a measure of the pattern of
cortisol changes over time, it also reflects the duration of the HPA axis response to stress (i.e., longer
HPA axis response would be reflected in higher AUCi values). Thus, our results are also in line with
Ulrich-Lai and Herman (2009), who proposed that the prefrontal cortex regulates the duration but not
the peak levels of the cortisol secretion. However, given that cortisol levels peak between 20 and 40

min after the stressor onset, the smaller differences in cortisol reactivity may also be due to the fact
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that, for some participants, we did not capture the cortisol peak because it occurred between the

three samples collected after the TSST (Dickerson and Kemeny, 2004; Lopez-Duran et al., 2014).

Our results are in line with a previous study showing a reduced cortisol response (reflected in
lower AUCi values) in healthy females receiving DLPFC HF-rTMS before being exposed to a critical
feedback paradigm (Baeken et al., 2014). Yet, unlike Baeken et al. (2014), the stress paradigm used in
the current study provoked a robust psychological response. Together, these results indicate that the
effect of HF-rTMS over the left DLPFC on HPA axis activity can be generalized to stressors of different
magnitude characterized by social-evaluative threat and uncontrollability. Importantly, in line with a
recent review and a meta-analysis (Remue et al., 2016a; Smits et al., In press), the stimulation did not
affect the psychological response to stress, and therefore our results cannot be attributed to an influ-
ence of HF-rTMS in mood. Morevover, given that both sham and active stimulation groups showed
similar anticipatory cognitive appraisal, this study further demonstrates that an increased DLPFC ac-
tivity affects the HPA axis response to stress independently of the appraisal of the stressful situation
and of the ability to deal with it. It is well known that under stressful situations the amygdala is acti-
vated and initiates the response of the HPA axis (Herman et al., 2005), and studies in animals have
demonstrated that the prefrontal cortex has an inhibitory role in the regulation of the HPA axis (Gi-
labert-Juan et al., 2013; Herman et al., 2003). Moreover, several studies suggest that the DLPFC par-
ticipates in emotion regulation via indirect inhibitory connections to the amygdala (e.g., Drevets, 1999;
Chen et al., 2018; Siegle et al., 2007). Together, the current evidence supports the idea that the DLPFC
plays a central role in the regulatory processes of the HPA axis when individuals are confronted with

psychosocial stressors.

In line with neuroimaging data showing prefrontal abnormalities (predominantly on the left)
in patients with unipolar depression (e.g., Drevets et al., 2008), HF-rTMS over the left DLPFC has been
used as an effective treatment for major depression (see De Raedt et al., 2015; Baeken and De Raedt,
2011). However, the underlying working mechanisms are still not fully understood. Within this
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context, our results provide more evidence to understand the processes underlying the therapeutic
effect of rTMS. Exposure to high levels of cortisol may damage the prefrontal cortex (Lupien et al.,
2007), and is associated with decreased DLPFC activity and sustained activation of the amygdala, a
dysregulation that may lead to an exacerbated HPA axis response to daily stressors, and a subsequent
reduced ability to regulate emotions (De Raedt and Koster, 2010). It has been proposed that the ther-
apeutic effects of multiple rTMS sessions could be related to a restoration of the regulation of the HPA
system (Baeken and De Raedt, 2011; Keck, 2003; Schutter and van Honk, 2010). Besides reducing the
stress-induced HPA axis response, as observed in the current study and in Baeken et al. (2014), excit-
atory rTMS over the left DLPFC may also reduce the overall cortisol secretion when applied in individ-
uals after being stressed (Pulopulos et al., 2019). Additionally, a single session of active HF-rTMS over
the left DLPFC and not sham reduces cortisol secretion in depressed patients (Baeken et al., 2009).
Importantly, Drysdale et al. (2017) recently showed that the functional connectivity between the left
DLPFC and several brain regions including the left amygdala predicts responsiveness to rTMS therapy
in depressed patients. Together, these observations suggest that, by increasing left prefrontal cortex
activity, excitatory rTMS would improve the ability of the system to regulate the HPA axis when con-
fronted with psychological stressors. In the long-term, this would reduce brain exposure to the perni-
cious effects of high cortisol levels due to stress, an effect that would prevent prefrontal cortex dam-
age and contribute to a restoration of the inhibitory control of the prefrontal cortex activity over the

amygdala.

We hypothesized that the active HF-rTMS group would show a lower decrease in the vagally-
mediated HRV during anticipation, and during the speech and math tasks, reflecting better anticipa-
tory and reactive stress regulation, respectively. In contrast to our hypothesis, no differences between
groups were observed. Our results suggest that HF-rTMS did not improve DLPFC-related adaptive an-
ticipatory adjustments in our participants. One possible explanation is that an increase of DLPFC ac-

tivity would improve anticipatory stress regulation only if the individuals engage in these behavioral
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and cognitive adjustments (using an adaptive emotion regulation strategy) during stress anticipation.
Unfortunately, we did not measure the use of stress regulation strategies during the anticipation
phase. Further studies are needed to investigate whether HF-rTMS over the DLPFC, together with an-
ticipatory stress regulation strategies affects HRV levels and have a more substantial effect on the
cortisol response to stress. Importantly, our results are also in contrast to previous studies showing
an effect of HF-rTMS (Remue et al., 2016b) and anodal transcranial direct current stimulation (Carne-
vali et al., 2020) over the left DLPFC on the HRV levels during stress. It is noteworthy that, in these
studies, the active stimulation condition showed an increase (Carnevali et al., 2020; Remue et al.,
2016b) or a small decrease (Carnevali et al., 2020) in HRV levels during the task. In the current study,
a significant decrease in HRV was observed in both groups (which is the regular HRV response to a
stressor), pointing to inconsistent results. A plausible explanation for the different results could also
be related to the characteristics of the stress task. In contrast to Remue et al. (2016b) and Carnevali
et al. (2019), the task used in the current study involved physical activity (participants had to walk
from one room to another to receive the instructions and to perform the stress task), variation in body
posture (participants were standing when performing the stress task), and more mental workload
(participants had to give a 5-min structured speech), three factors associated with changes in the ac-
tivity of the sympathetic and parasympathetic nervous system (Hjortskov et al., 2004; Houtveen et al.,
2005; Pulopulos et al., 2013; Wiemers et al., 2013). Thus, it is possible that, although HF-rTMS acti-
vated DLPFC-related regulatory process, some components of the task might have masked the subtle
differences in HRV associated with differences in stress regulation processes in the sham versus the

real stimulation condition.

Despite the methodological strengths of this preregistered study, it should be noted that alt-
hough the stress task provoked a robust psychological and cardiovascular response to stress, it only
provoked a low cortisol increase in the sham group. This result can be explained by the fact that most

participants were taking hormonal contraceptives and that a relatively small increase in cortisol levels
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is commonly observed in this population (for a review see Pulopulos et al., 2018a). This result can be
explained by the fact that the levels of bioavailable free cortisol in women taking hormonal contra-
ceptives, as can be measured in salivary samples, are lower than the total cortisol secretion (see
(Kudielka et al., 2009). More studies are needed to investigate whether similar effects are observed in
men and in women in the luteal and follicular phase of the menstrual cycle. Finally, we observed small
to medium effect sizes for the effect of HF-rTMS on the cortisol response (i.e., AUCi: d=0.48, Cortisol
reactivity: d=0.33). These results might be explained by the relatively high interindividual variability of
the modulatory effects of rTMS on cortical excitability (Maeda et al., 2000; Nettekoven et al., 2015).
Future research should consider larger sample sizes when investigating the effect of rTMS on stress

regulation.

In conclusion, the results of this preregistered study provide the first evidence for the effect
of a left DLPFC HF-rTMS session before the TSST on stress regulation. Although HF-rTMS did not affect
HRV, our observations indicate that by increasing the activity of the left DLPFC, we can enhance the
regulation of the stress-induced changes in HPA axis activity. The effect on the HPA axis may have

important implications for the treatment of affective disorders.
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Legends

Figure 1. Overview of the psychological and physiological measures of the stress response during the
session. See Procedure for a detailed description of the timing of these measures. TSST = Trier Social
Stress Test; HF-rTMS = High Frequency repetitive Transcranial Magnetic Stimulation; PASA = Primary
and Secondary Appraisal Scale; VAS = Visual Analogue Scale; HRV = Heart Rate variability.

Figure 2. Heart rate variability (RMSSD) during the habituation, stress anticipation, and the stress task
for the Active HF-rTMS and sham groups. Means and standard errors. *p < 0.05.

Figure 3. (Fig. A) AUCi for the active and sham HF-rTMS groups. (Fig. B) Cortisol reactivity for the active
and sham HF-rTMS groups. *p < 0.05.
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Table 1. Characteristics of the study sample and scores in anticipatory cognitive appraisal.

Age

Body mass index (kg/cm?)
Subjective socioeconomic status
Perceived Stress Scale
Rosenberg Self-Esteem Questionnaire
Rumination Response Scale
Beck Depression Inventory I
STAI State

STAI Trait

Primary appraisal

Secondary appraisal

Anticipatory stress appraisal

Active HF-rTMS Sham

Mean (SD) Mean (SD) t p
20.86(2.91) 21.24 (2.30) 0.62 0.540
22.70 (4.31) 23.00 (3.66) 0.33 0.744
5.81(1.00) 6.16 (0.97) 1.53 0.131
21.64 (7.45) 21.74 (6.80) 0.06 0.953
9.72 (2.89) 10.26 (2.59) 0.85 0.399
19.83(12.40)  23.13(10.35) 1.25 0.217
7.47 (6.11) 5.87 (5.15) 1.22 0.225
46.33 (3.44) 47.47 (3.78) 1.35 0.180
46.49 (4.04) 47.34 (3.74) 0.95 0.344
4.25 (0.86) 4.13 (0.70) 0.65 0.517
3.68 (0.74) 3.73 (0.56) 0.30 0.762
0.56 (1.34) 0.40 (0.97) 0.60 0.550

Note: HF-rTMS=High Frequency repetitive Transcranial Magnetic Stimulation
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Table 2. Mean (SD) for VAS and cortisol levels during the session.

VAS

Stress

Tension

Tiredness

Happiness

Cortisol

(ug/L)

End of 30 min after

Group Before rTMS Before TSST Anticipation After Speech After Math TSST
Active 21.69(18.17)  15.51(15.41) 63.09(19.81) 73.10(23.19)  43.36(29.96)  19.28 (23.25)
Sham 21.72(22.34)  14.75(19.26)  56.34(22.63)  62.27(24.70)  37.45(24.19)  13.81(16.69)
Active 19.01 (18.16)  19.55(20.40)  58.32(25.39) 67.51(24.48) 42.58(30.20)  18.44(21.45)
Sham 23.06 (24.80)  16.40(21.12) 55.40(22.71) 61.78(24.96)  41.55(26.17)  18.47(21.10)
Active 35.93(21.72)  36.68(24.70)  32.68(27.22)  29.09(26.72)  29.24(25.52)  39.46(25.17)
Sham 29.87(22.43)  35.26(22.99) 32.18(23.47) 27.64(21.23)  28.18(20.13)  38.96 (25.68)
Active 67.96 (14.25)  64.22(20.23)  47.29(22.20) 38.13(24.89) 51.69(27.70)  59.65 (21.38)
Sham 64.59 (12.90)  60.57 (17.64)  45.65(20.64)  39.67(23.64)  45.05(24.80)  52.35(18.49)

Before rTMS Before TSST 10 min after TSST 20 min after TSST 30 min after TSST
Active 0.181 (0.073) 0.179 (0.081) 0.162 (0.083) 0.163 (0.105) 0.147 (0.078)
Sham 0.170 (0.102) 0.153 (0.078) 0.163 (0.113) 0.170 (0.123) 0.148 (0.106)

Note: VAS = the Visual Analogue Scale; TSST = Trier Social Stress Test.
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Figure 3
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