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A B S T R A C T

During pregnancy, the hypothalamic-pituitary-adrenal (HPA) axis, the main regulator of the stress response,
undergoes dramatic changes. The acoustic startle response (ASR) and the prepulse inhibition (PPI) of the startle
response are neurophysiological research tools and objective measures of an individual’s response to an emo-
tional context or stressor. The ASR and PPI are influenced by psychiatric diseases characterized by anxiety
symptoms and are sensitive to cortisol. Hence, the ASR and the PPI can be used to investigate the effects of
pregnancy-induced endocrine changes and their contribution to affective disorders. The present study sought to
investigate the association between measures of HPA-axis responsiveness, startle reactivity and sensorimotor
gating during pregnancy that to date remains unknown. The eye-blink component of the ASR, and its prepulse
inhibition, were measured in 107 late third trimester pregnant women. Saliva samples were collected to assess
the cortisol awakening response (CAR), a measure of HPA-axis activity. Blood was sampled to measure serum
levels of cortisol, cortisone and the cortisone to cortisol ratio. Ongoing anxiety disorders, sleep duration,
smoking, and age were considered as potential confounders in the statistical analyses. CAR reactivity, measured
as area under the curve (AUC) increase and above baseline, was positively associated with baseline startle
magnitude [Cohen’s d=0.27; F (1, 105)=4.99; p=0.028, and Cohen’s d=0.30; F (1, 105)= 6.25; p=0.014,
respectively] as well as PPI at 86 dB [Cohen’s d=0.29; F (1, 105)=5.93; p=0.017; and Cohen’s d=0.34; F (1,
105)=8.38; p=0.005, respectively]. The observed positive correlation between startle magnitude in pregnant
women and greater increase in cortisol during the awakening response may be interpreted as heightened neu-
rophysiological reactivity, likely associated with dysregulation of the stress system.

1. Introduction

The hypothalamic-pituitary-adrenal (HPA) axis, a key regulator of
the stress response, undergoes considerable changes during human
pregnancy (Chrousos et al., 1998). Throughout the second and the third
trimester of pregnancy, the maternal cortisol levels increase approxi-
mately two to three times compared to non-pregnant levels, followed by
a decrease to normal baseline levels a few days after parturition (Jung
et al., 2011).

The circadian rhythm of cortisol secretion includes a distinct in-
crease in cortisol levels within 30–60minutes after awakening in the
morning, denoted as the cortisol awakening response (CAR) (Clow
et al., 2004). The CAR, a measure of HPA-axis activity and basal cortisol
physiology, remains present in the third trimester of pregnancy,

although the absolute value of free saliva cortisol concentration in-
creases during pregnancy (de Weerth and Buitelaar, 2005). However,
decreased CAR at gestational week 31, compared to week 17, suggests a
relationship between length of pregnancy and HPA-axis reactivity (Buss
et al., 2009). It has also been noted that elevated levels of adreno-
corticotropic hormone (ACTH) and cortisol during late pregnancy result
in reduced HPA axis responsiveness to stress, since the axis is already
activated by extremely high levels of placental corticotrophin releasing
hormone (CRH) (Sasaki et al., 1989). Dysregulation of HPA-axis re-
sponsiveness has been associated with psychiatric disorders in non-
pregnant populations (Jolley et al., 2007; Kudielka and Kirschbaum,
2003), whereas findings in pregnant populations are less conclusive
(Hellgren et al., 2013; Iliadis et al., 2015).

The interconversion between cortisol and its inactive metabolite
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cortisone is catalyzed by 11 β-hydroxysteroid dehydrogenase (11β-
HSD) isoenzymes, type I (11β-HSD1) responsible for the reversible
conversion of cortisone to cortisol and type 2 (11β-HSD2) that catalyzes
the irreversible conversion of cortisol to cortisone. Hence, the ratio
between cortisol and cortisone is dependent on 11β-HSD isoenzymes
activity (Ricketts 1998, Smith 1998). When the maternal cortisol levels
increase during the course of pregnancy, the placental 11β-HSD protect
the fetus from adverse effects of maternal glucocorticoids (Murphy,
1981). Higher levels of anxiety in late pregnancy have been associated
with downregulation of placental 11β-HSD (O´Donnell 2011) and
peripartum depression has been associated with polymorphisms in the
gene HSD11B1 (Skalkidou et al., 2019). However, the possible corre-
lation between serum cortisone levels during pregnancy and HPA-axis
reactivity is largely unstudied.

The effects of cortisol are mediated by two types of nuclear re-
ceptors in the brain, with a widespread distribution; the glucocorticoid
receptor and to some extent the mineralocorticoid receptor, both being
ligand-driven transcription factors. These receptors are present abun-
dantly in limbic neurons such as the medial and central nucleus of the
amygdala and the hippocampus, thus capable to influence cognitive as
well as emotional networks (Joels et al., 2008; Quax et al., 2013; Wang
et al., 2014).

The startle response is a reflexive response elicited by a sudden
aversive stimulus. It has been described as a defense mechanism pro-
tecting the organism against adverse or potentially harmful influences
in the surrounding environment (Grillon and Baas, 2003). The startle
response consists of a fast contraction of facial (eye-lid closure) and
body muscles, as well as acceleration of the heart rate, after exposure to
a sudden intense tactile, visual, or acoustic stimulus (Koch, 1999). The
auditory stimulus-elicited startle response is often referred to as the
acoustic startle response (ASR) and the primary ASR in humans is
thought to be mediated by a relatively simple neuronal circuit, which
substantially involves three central synapses (Davis et al., 1982; Koch,
1999; Lee et al., 1996). In addition, higher brain functions play a role in
the ASR; lesion studies indicate the importance of the central nucleus of
amygdala in the potentiated startle (Hitchcock and Davis, 1986). The
magnitude of ASR can indeed be modulated by a variety of endogenous
and exogenous variables, such as pathological conditions or experi-
mental manipulations (e.g. classical conditioning, fear conditioned re-
sponse, motivational states, habituation, prepulse inhibition, and
drugs) (Koch, 1999). Consequently, the baseline ASR magnitude is not
constant and can be both enhanced and attenuated, with inter-in-
dividual variation that may be influenced by the activity of brain
structures involved in the neuronal circuit of the ASR. Based on these
characteristics, the ASR can be considered as an index of neurophy-
siological reactivity; that is an objective measure of neural function.
Furthermore, increased startle response modulation has been demon-
strated in anxiety disorders characterized by physical hyper-arousal
(Butler et al., 1990; Grillon and Baas, 2003).

Sensorimotor gating is a neurophysiological process important for
filtering and processing information in higher brain areas and hence to
inhibit or suppress the response to incoming irrelevant sensory input
(Cromwell et al., 2008). The measurement of the prepulse inhibition
(PPI) of the startle response allows investigating the neural basis of
sensorimotor gating and information processing. PPI of the startle is a
semi-automatic process consisting of reduced responsiveness to a startle
eliciting stimulus if a weaker stimulus is presented shortly (e.g. 30–500
milliseconds) before the targeted stimuli (Braff et al., 2001).

Moreover, as measurement of the ASR and PPI of the startle is non-
invasive, they are ideal neurophysiological research tools to study the
effects of endocrine changes during pregnancy (Hantsoo et al., 2018).
Indeed, we previously demonstrated that women in late pregnancy
display greater ASR than non-pregnant controls (Comasco et al., 2015).
Further, it has long been known that direct intracerebroventricular
administration of CRH produces a dose-dependent increase of the ASR
magnitude in rats (Liang et al., 1992; Swerdlow et al., 1986).

Additionally, administration of exogenous cortisol has been found to
exert a dose dependent biphasic effect on the ASR magnitude in humans
(Buchanan et al., 2001). Consequently, these results indicate that hor-
mones of the HPA-axis may influence the ASR magnitude. Furthermore,
reduced sensorimotor gating after intravenous administration of cor-
tisol, which is comparable to the physiological response to a mild or
moderate stressor, has been demonstrated in non-pregnant populations
(Richter et al., 2011) and experimental stress has been associated with
reduced PPI (De la Casa et al., 2016). Previously, we demonstrated that
women with antenatal anxiety disorders display lower PPI than healthy
pregnant controls (Comasco et al., 2015), and that pregnant women
exhibit lower levels of PPI compared to late postpartum women (Kask
et al., 2008b). Furthermore, higher antenatal anxiety levels have been
associated with increased HPA-axis activity (Kane et al., 2014). How-
ever, the association between ASR, PPI and measures of HPA axis re-
sponsiveness in pregnancy has not yet been studied.

The aim of the present study was to investigate the association be-
tween ASR and PPI of the startle response and the cortisol awakening
response (CAR), as well as with serum levels of cortisol and cortisone in
pregnant women in gestational week 35–39. While we expected a po-
sitive correlation of HPA-axis reactivity and levels of serum cortisol and
cortisone with ASR, analyses on PPI were hypothesis-free.

2. Materials and methods

2.1. Study procedure

Pregnant women in gestational week 35–39 (according to the ul-
trasound-estimated date of delivery) were recruited to the present study
and were assessed at the research laboratory of the Department of
Women’s and Children’s Health, Uppsala University between January
2010 and May 2013 (Comasco et al., 2015; Hellgren et al., 2013). The
present study is a sub-study to the pregnancy cohort “Biology, affect,
stress, imaging and cognition in pregnancy and the puerperium”
(BASIC), which in turn, is a longitudinal study investigating the biolo-
gical correlates of mood and anxiety disorders during pregnancy and in
the postpartum period. All pregnant women in Uppsala County are
invited to participate at the time of their routine ultrasound screening
in gestational week 16-18. After providing informed written consent,
the women are sent a web-based questionnaire, including the Swedish
version of the Edinburgh postnatal depression scale (EPDS) (Cox et al.,
1987). For this sub-study, women with EPDS score ≥13 at gestational
week 32 and a random sample of women with EPDS scores< 13 at
gestational week 32 were invited with the intent of oversample women
with antenatal depressive and anxiety symptoms. This has been de-
monstrated as the optimal cut-off score on EPDS for detecting depres-
sion in pregnancy (Rubertsson et al., 2011). Women with twin preg-
nancies and women with serious pregnancy-related conditions such as
gestational diabetes, preeclampsia, and intrauterine growth restriction
were excluded. Antidepressant drug use was not an exclusion criterion.

On the test session day, the participants were screened for any on-
going psychiatric disorder according to the Mini International
Neuropsychiatric Interview (MINI), version 5.0.0. MINI is a short di-
agnostic interview that includes the criteria for the most common
psychiatric diseases in accordance with the Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV) and ICD-10 (Sheehan et al.,
1998). Women with ongoing anxiety and depressive disorders were not
excluded from participation. On the test session day, the participants
were also asked to fill in the Swedish version of the Edinburgh Postnatal
Depression Scale (EPDS) (Cox et al., 1987) and the Spielberger State-
Trait Anxiety Inventory (STAI-S) (Hodgues and Spielberger, 1969).
Furthermore, the participants were asked about obstetric history, al-
cohol use and medication in the previous three months. Moreover, the
women were asked about the number of hours of sleep the night pre-
ceding the test session. Information about EPDS scores in gestational
week 32, educational level, ethnicity and smoking habits during
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pregnancy were available from self-reports in the BASIC web-ques-
tionnaires. Blood samples were collected at the end of the test session
and the women were instructed to perform the CAR saliva sampling as
soon as possible after the test session day. The study procedure was in
accordance with ethical standards for human experimentation and has
been approved by the Regional Ethical Review Board at Uppsala Uni-
versity (nr 2009/171).

2.2. Acoustic startle response and prepulse inhibition

The acoustic startle response was assessed by electromyographic
(EMG) measurement of the orbicularis oculi muscle of the right eye. For
recording of the acoustic startle reflex and generation of the startle
eliciting stimulus a commercial startle system (SR-HLAB, San Diego
Instruments, San Diego, CA, USA), designed for human clinical re-
search, was used. The startle eliciting stimulus was delivered binaurally
by circumaural telephonic headphones (TDH-39-P, Maico, Minneapolis,
USA). The frequency of the sound was carefully calibrated with a Quest
Electronics meter (model 210 Quest Technologies, Oconomov, WI,
USA). For measurement of the blink response two EMG recording
electrodes were used. After skin preparation, the EMG recording elec-
trodes were filled with a small amount of high-conductivity electrode
gel (Sigma gel, In Vivo Meteric, CA, USA) before they were attached to
the skin with double-sided adhesive collars. One electrode was posi-
tioned below the lower eyelid in line with the pupil of the right eye and
the second was placed 1–2 cm laterally to the first (White et al., 2012).
Additionally, an isolated ground electrode was attached in the center of
the forehead (electrically inactive site). Electrode impendence was less
than 5 kOhm. The EMG signal was filtered between 100–1000 Hz and
digitized at 1 kHz and analyzed by the EMG startle response software.

The participants were placed in a comfortable chair in an un-
disturbed, quiet room with the headphones on. The test session started
with an acclimation period of five minutes, during this time a back-
ground 70 dB white noise was delivered through the headphones. The
acclimation period was followed by a series of trial with a continuous
background 70 dB white noise in between. The test session consisted of
four blocks. Block 1 included five pulse alone trials (115 dB 40ms
broad-band white noise), measuring the baseline startle response. Block
2 and 3 consisted of 25 trials, comprised of 5 pulses–alone and 20 pre-
pulse trials presented in pseudo-random order. The pulse stimuli con-
sisted of a 115 dB 40ms noise burst preceded at a 100ms interval by
prepulses (20ms noise bursts) that were 2, 4, 8, 16 dB above the 70-dB
background noise (72 dB; 74 dB; 78 dB; 86 dB). The last block consisted
of five pulse-alone trials, which allowed measurement of within-test
habituation. The inter-trial interval was pseudo-randomly variable,
averaging 30 s.

Peak startle amplitudes were measured automatically within
20–150ms following the onset of the startle stimulus. Zero response
trials were considered invalid and not used in startle magnitude and PPI
calculations if (1) the peak startle response occurred outside the
20–150ms time frame (2) a baseline shift exceeded 40 arbitrary units,
or (3) the startle response was 25 arbitrary amplitude units or less.
Patients with negligible baseline startle responses (mean
amplitude< 10 V), and more than 50% zero responses were considered
as non-responders and were consequently excluded from further ana-
lyses. An arbitrary unit corresponded to 0.076mV.

2.3. Hormonal analyses

Venous blood samples were collected at the end of the 90-minutes
test session. Sample preparation was done using a slightly modified
method of steroid extraction (Liu et al., 2011). Separation of steroids
were performed using ultra-performance convergence chromatography
(UPC2) and identification of serum cortisol and cortisone was done by
tandem mass spectrometry (Xevo TQ-S), as previously described
(Hellgren et al., 2016).

The participating women collected saliva samples for cortisol ana-
lyses at home. All women were carefully instructed how to perform the
saliva sampling using Salivette tubes (Sarstedt, Sweden). The first saliva
sample was to be taken immediately after awakening, the second
15min later, the third 30min later and the fourth and last one 45min
after awakening. The women were instructed to report time of awa-
kening and the four-sampling time points on a report sheet. No food,
drink, smoking or tooth brushing was allowed within one hour before
or between the samples, and women who provided the first sample
more than 5min after awakening were excluded. After completed
sampling, the Salivette tubes and the report sheet were sent back to the
research laboratory by mail. The saliva samples were analyzed using a
Cobas 8000 e602 instrument with the Cobas Elecsys cortisol reagent kit
(Roche Diagnostics, Bromma, Sweden).

2.4. Statistical analyses

For participants with valid ASR, PPI and cortisol levels at all four
time-points (n=107), the area under the curve of cortisol levels
(nmol/ (l min)) following awaking was calculated with respect to the
ground (AUCg), the increase (AUCi), and above baseline (AUCab)
(Fekedulegn et al., 2007). The different formulas for the area under the
curve can be derived from the trapezoid formula. The information
needed in order to calculate the formula consists of (a) the measure-
ments themselves and (b) the time distance between the measurements
(Pruessner et al., 2003). AUCg as calculated includes both the time
differences between the single measurement and the difference for each
of those measurements from the ground (zero). Thus, AUCg can be
considered a measure of total cortisol release during the awakening
response as it represents the total area under the curve, based on the
four salivary cortisol measurements with respect to the ground (zero).
On the other hand, unlike AUCg, AUCi and AUCab are calculated with
respect to the first value (baseline) measured instead of the ground
(zero). AUCi measures the increase in salivary cortisol from the baseline
value without respect to the ground. AUCab is variant of AUCi but only
considers the measures above baseline. Consequently, if subsequent
measures are less than the baseline salivary cortisol measure AUCab
will always be zero (Fekedulegn et al., 2007). Hence, AUCi and AUCab
emphasize the change over time and can be considered as measures of
reactivity.

Prepulse inhibition (PPI) was computed as the percentage reduction
in peak magnitude of startle on pulse-alone (PA) trials by the formula;
PPI= 100 × (MPA − MPP)/ MPA, where MPA is the mean magnitude of
pulse-alone in block 2 and 3, and MPP is the magnitude of pre-
pulse–pulse trials.

The ASR and PPI (78 dB and 86 dB) values followed a normal dis-
tribution, assessed using the Shapiro-Wilk test (Shapiro- Wilk> 0.95).
However, among the PPI values at the four prepulse levels, the first two
(72 dB and 74 dB) were found to be non-normally distributed (Shapiro-
Wilk= 0.899 and 0.908). PPI at 72 dB approached, but did not statis-
tically reach, normal distribution (Shapiro-Wilk= 0.938), whilst PPI at
74 dB deviated even more from normal distribution after natural
logarithm transformation (Shapiro- Wilk= 0.888). Hence, the natural
logarithm transformed ratio was used for PPI at 72 dB but not for the
PPIs following 74, 78 and 86 dB prepulses in the final regression model.

Confounders of the association between ASR, PPI of the startle re-
sponse, and measures of the HPA-axis were evaluated by Pearson’s
correlation test and independent t-tests with both exposure and out-
come. The confounders in the final model were selected based on sig-
nificant findings in these analyses, or on previous findings in the lit-
erature and included any ongoing anxiety disorder, EPDS-score, sleep
duration the night before the test session, smoking during pregnancy,
and maternal age (Comasco et al., 2016; Duncan et al., 2001; Ludewig
et al., 2002; Petrovsky et al., 2014; Poli and Angrilli, 2015). Use of
antidepressant medication was discarded as a confounder due to strong
collinearity with ongoing anxiety disorder.
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All values in the text and tables are displayed as mean ± standard
deviation, unless otherwise stated. All statistical analyses in the present
study were performed with IBM SPSS Statistics, version 21. P-values
less than 0.05 were considered statistically significant.

3. Results

3.1. Sample characteristics

Two hundred and thirty-four pregnant women were recruited for
the study, among whom data on all variables of interest was available
for 107 women (Supplementary material). As presented in Table 1, the
included women had a mean age of 31.4 ± 4.8 years and 57 (53.3%)
had previously given birth. Only two women reported regular smoking
during pregnancy, none of the women reported use of systemic corti-
costeroid steroid therapy or alcohol during pregnancy; however, six
women reported antidepressant drug use. The anxiety subtypes pre-
sented in this sample include: social anxiety disorder (n=7), panic
disorder (PD) (n= 1), obsessive compulsive disorder (OCD) (n=7),
posttraumatic stress disorder (PTSD) (n=1) and generalized anxiety
disorder (GAD) (n=3), according to the MINI and based on the DSM-
IV and ICD-10 classification system. In addition, two women had PTSD
symptoms (“subthreshold-PTSD”) according to the MINI. The startle
response test sessions and blood sampling took place on average
19.0 ± 9.0 days before delivery in gestational week 37.7 ± 0.7, and
the CAR saliva sampling took place approximately 4.4 ± 3.8 days after
the test session.

3.2. ASR, prepulse inhibition, CAR, and confounders

The relationships between the ASR magnitude, PPI, CAR and po-
tential confounders are presented in Table 2. As previously shown in
this population, pregnant women who had any ongoing anxiety dis-
order had significantly lower PPI than women without anxiety dis-
orders. Also, women with antidepressant drugs use had significantly
higher CAR AUCi and AUCab compared to women with no anti-
depressant drug use. No association between age, BMI, parity, smoking,
sleep duration, or depressive symptoms and any of the primary out-
comes was noted (Table 2). Moreover, no correlation could be found
between symptoms of anxiety, assessed by STAI-S, and CAR, cortisol,
cortisone, and ASR. Nevertheless, in addition to any ongoing anxiety
disorder, EPDS-score, age, smoking, and sleep duration were included
in the subsequent regression models due to previously described asso-
ciations.

3.3. ASR and HPA axis measures

In concordance with the hypothesis of the present study and as
presented in Table 3, the CAR measured as AUCi, AUCab and AUCg
significantly predicted the ASR (Fig. 1). Women with higher CAR dis-
played a higher baseline startle magnitude, whereas women with lower

Table 1
Participants´characteristics.

n Mean ± SD or n
(%)

Minimum Maximum

Age, years 107 31.4 ± 4.8 19.0 44.0
BMI (first trimester) 105 24.4 ± 4.2 17.4 37.4
Caucasian ethnicity 107 106 (99.1)
Smoking during pregnancy 107 2 (1.9)
Previous children 107 57 (53.3)
Singleton pregnancies 107 107 (100)
Pre-term delivery 107 0
Sleep duration, h 106 7.1 ± 1.4 2.5 10.0
EPDS 107 5.1 ± 4.8 0.0 22.0
Baseline startle, AU 107 3009 ± 1766 355 7512
Prepulse inhibition (72 dB),

%
107 −0.62 ± 29.1 −160.1 67.4

Prepulse inhibition (76 dB),
%

107 29.2 ± 28.9 −103.8 70.4

Prepulse inhibition (78 dB),
%

107 42.4 ± 27.7 −44.2 92.8

Prepulse inhibition (86 dB),
%

107 51.4 ± 27.7 −51.1 97.5

Salivary cortisol 0min after
awakening, nmol/l

107 18.2 ± 5.2 8.3 39.0

Salivary cortisol 15min after
awakening, nmol/l

107 18.4 ± 5.0 7.2 40.0

Salivary cortisol 30min after
awakening, nmol/l

107 20.5 ± 5.3 9.1 40.0

Salivary cortisol 45min after
awakening, nmol/l

107 19.7 ± 5.9 9.1 47.0

AUCg, nmol/(1 min) 107 868 ± 208 413.3 1635
AUCi, nmol/(l min) 107 50.1 ± 161 −455.3 540.0
AUCab, nmol/(l min) 107 374 ± 322 0.0 1268.0
Cortisol, nmol/l 99 201 ± 140 47.3 765.2
Cortisone, nmol/l 99 166 ± 186 32.5 970.9
Cortisone to cortisol ratio 99 1.9 ± 1.2 0.3 6.2

AU=Arbitrary units, AUCab=Area under the Curve above baseline,
AUCg=Area under the Curve with respect to the ground, AUCi=Area under
the Curve with respect to the increase, BMI=Body Mass Index,
EPDS=Edinburgh Postnatal Depression Scale.

Table 2
Relationships between the acoustic startle response, prepulse inhibition, cortisol awakening response and potential confounders.

Baseline startle magnitude Prepulse inhibition (86 dB) AUCg AUCi AUCab
r r r r r

EPDS, score 0.02 −0.16 −0.08 0.03 −0.05
Sleep duration −0.19 −0.04 −0.17 −0.07 −0.10
Age, years −0.12 0.05 −0.09 −0.07 −0.09
First trimester BMI, kg/m2 0.07 0.03 −0.11 0.06 −0.01
Gestational length, weeks 0.29 0.26 0.12 0.16 0.16

n mean ± SD mean ± SD mean ± SD mean ± SD mean ± SD
Smoker 2 3940 ± 13.2 66.9 ± 15.4 1003 ± 81 139 ± 196 594 ± 361
Non-smoker 105 2992 ± 1779 51.1 ± 27.8 866 ± 209 48 ± 161 370 ± 322
Anxiety disorder 16 3069 ± 1717 36.5 ± 24.7 a 875 ± 229 99 ± 170 435 ± 347
No anxiety disorder 90 3007 ± 1792 53.9 ± 27.6 867 ± 206 43 ± 158 367 ± 318
Antidepressant drug use 6 4085 ± 2506 52.9 ± 21.8 958 ± 251 246 ± 181b 724 ± 310b

No antidepressant drug use 101 2945 ± 1709 51.3 ± 28.1 863 ± 205 39 ± 153 353 ± 312
Previous children 57 3054 ± 1781 50.8 ± 27.4 862 ± 228 35 ± 174 312 ± 329
No previous children 50 2958 ± 1767 52.1 ± 28.3 876 ± 184 68 ± 143 443 ± 302

a Significantly lower than women with no anxiety disorder, p < 0.05.
b Significantly higher than women with no antidepressant drug use, p < 0.05.
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CAR had lower startle magnitude (AUCg B=2.33, β=0.27,
p=0.004; AUCi B= 2.34, β=0.21, p=0.028; AUCab B=1.30,
β=0.24, p=0.014). The relationship remained significant for AUCg
and AUCab when adjusting for any ongoing anxiety disorder, EPDS-
score, sleep duration, smoking and age (AUCg B=1.98, β=0.23,
p=0.022; AUCab B=1.13, β=0.21, p=0.04). However, for the
AUCi the relationship was borderline significant (AUCi B= 2.10,
β=0.19, p=0.055). As presented in Table 4, no significant associa-
tion was found between ASR magnitude and serum cortisol, cortisone
and cortisone to cortisol ratio.

3.4. Prepulse inhibition and HPA axis measures

A significant association between AUCi and AUCab and PPI at 86 dB
prepulses was observed, Table 3. Women with higher HPA-axis re-
activity measured as AUCi and AUCab had higher PPI (AUCi B= 0.04,
β=0.23, p= 0.017; AUCab B=0.02, β=0.27, p= 0.005, Fig. 2.
These findings remained following adjustment for any ongoing anxiety
disorder, EPDS-score, sleep duration, smoking and age (AUCi B= 0.05,
β=0.27, p=0.005; AUCab B=0.03, β=0.31, p=0.002). No asso-
ciation was noted between PPI (86 dB) and AUCg, nor between PPI
(with 72 dB, 76 dB, and 78 dB prepulses) and the CAR indices, Table 3.
Furthermore, PPI across all prepulse intensities was not associated with
levels of cortisol, cortisone or the cortisone to cortisol ratio, as pre-
sented in Table 4.

4. Discussion

The present study investigated the association between the baseline

acoustic startle response (ASR) and prepulse inhibition (PPI) of the
startle response with the cortisol awakening response (CAR) in saliva
samples, as well as serum levels of cortisol, cortisone and the cortisone
to cortisol ratio in women in their late pregnancy. The main findings
were that pregnant women with higher CAR (measured as AUCg, AUCi
and AUCab) displayed higher ASR magnitude and higher PPI compared
to women with lower CAR. However, no association was found between
serum levels of cortisol or cortisone and the ASR and PPI of the startle
response.

To our knowledge, this is the first study demonstrating a positive
association between the CAR and the ASR magnitude in late pregnancy,
a period when plasma cortisol levels are tripled (Jung et al., 2011), but
a distinct rise in cortisol following awakening (CAR) is still present (de
Weerth and Buitelaar, 2005). However, it has previously been demon-
strated that the CAR physiologically decreases with gestational length,
indicating altered HPA-axis responsiveness (Buss et al., 2009). Thus, it
is plausible to speculate that a smaller attenuation of the CAR in late
gestation may represent a marker of stress system dysregulation. Cor-
tisol released from the adrenal gland during pregnancy stimulates the
placental CRH synthesis and release, rather than providing negative
feedback, a phenomenon that is in contrast to the non-pregnant cortisol
suppression of CRH secretion from the hypothalamus (Chrousos et al.,
1998; Jung et al., 2011; Robinson et al., 1988). Furthermore, hormones
of the HPA-axis have previously been demonstrated to affect the ASR
magnitude (Buchanan et al., 2001; Liang et al., 1992; Swerdlow et al.,
1986). Altogether, these findings support the result of the present study
of increased startle magnitude in association with higher CAR in late
pregnancy and may be interpreted as a link between HPA-axis

Table 3
Linear regression analyses of the acoustic startle response and prepulse in-
hibition in relation to the cortisol awakening response.

Variable Unstandardized B β p

Acoustic startle response
AUCg 2.33 0.273 0.004
AUCi 2.34 0.213 0.028
AUCab 1.30 0.237 0.014
Prepulse inhibition (72 dB)
AUCg −0.001 −0.168 0.216
AUCi −0.001 −0.119 0.381
AUCab 0.000 −0.074 0.586
Prepulse inhibition (76 dB)
AUCg −0.004 −0.031 0.747
AUCi 0.008 0.044 0.653
AUCab 0.008 0.085 0.387
Prepulse inhibition (78 dB)
AUCg −0.003 −0.023 0.811
AUCi 0.028 0.160 0.100
AUCab 0.014 0.165 0.089
Prepulse inhibition (86 dB)
AUCg 0.020 0.147 0.130
AUCi 0.040 0.231 0.017
AUCab 0.023 0.272 0.005

Fig. 1. Linear association between the baseline acoustic startle response magnitude and cortisol awakening response measured as AUCg, AUCi and AUCab.

Table 4
Linear regression analyses of the acoustic startle response magnitude and pre-
pulse inhibition in relation to serum levels of cortisol and cortisone, and the
cortisol to cortisone ratio.

Variable Unstandardized B β p

Acoustic Startle response
Cortisol −0.26 −0.02 0.84
Cortisone −0.47 −0.05 0.62
Cortisol: Cortisone ratio 143.0 0.09 0.35
Prepulse inhibition (72 dB)
Cortisol −0.000108 −0.013 0.928
Cortisone 0.002 0.235 0.090
Cortisol: Cortisone ratio −0.231 −0.235 0.090
Prepulse inhibition (74 dB)
Cortisol 0.009 0.050 0.626
Cortisone −0.007 −0.047 0.641
Cortisol: Cortisone ratio 1.807 0.080 0.431
Prepulse inhibition (78 dB)
Cortisol −0.001 −0.007 0.946
Cortisone 0.009 0.060 0.557
Cortisol: Cortisone ratio −1.024 −0.044 0.669
Prepulse inhibition (86 dB)
Cortisol −0.01 −0.52 0.61
Cortisone −0.01 −0.07 0.48
Cortisol: Cortisone ratio 1.67 0.07 0.49
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reactivity and neurophysiological reactivity measured as the ASR. The
measurement of CRH levels, that was not performed in the present
study, would further explore the relation between the HPA-axis and the
baseline ASR magnitude.

Another finding of the present study was that third trimester preg-
nant women with increased HPA-axis reactivity measured as the CAR
(AUCi and AUCab, but not AUCg) displayed greater PPI (86 dB).
Contrary to AUCi and AUCab, that measure the changes in salivary
cortisol over time and hence are considered as measures of reactivity,
AUCg is a measure of the total hormonal output and a state indicator of
the salivary cortisol released during the awakening response
(Fekedulegn et al., 2007). Vreeburg et al. previously investigated the
association between anxiety disorders (social anxiety disorder, PD and
GAD) and HPA-axis activity in a non-pregnant population and de-
monstrated higher CAR, measured as AUCi and AUCg, in participants
with current anxiety disorders compared to controls, indicating that
both the dynamic measure of the CAR, as well as the total cortisol
output is increased in anxiety disorders (Vreeburg et al., 2010). How-
ever, cautious interpretation of the results regarding PPI is needed as
this is the first study demonstrating an association of PPI of the startle
with HPA-axis reactivity in pregnant women, and study findings are in
contrast to results in non-pregnant participants. For instance, De la Casa
et al. demonstrated that induced stress reduces both the ASR magnitude
and PPI of the startle (De la Casa et al., 2016). But as pregnancy re-
presents a supraphysiological hormonal state, the HPA influence on the
PPI of the startle response may not be as straight-forward as in non-
pregnant individuals. For instance, progesterone levels are increased by
approximately 10 times during pregnancy compared to normally cy-
cling women, and high progesterone levels may, hypothetically, coun-
teract or have a greater impact than the HPA axis on sensorimotor
gating (Hantsoo et al., 2018). In fact, sex differences in PPI have been
associated with changes in progesterone levels (Swerdlow et al., 1997).
Moreover, lower PPI has been found during the luteal phase of the
menstrual cycle (Kumari, 2011), and in women of childbearing ages, as
well as healthy pregnant women, compared with postmenopausal
women (Bannbers et al., 2010; Kask et al., 2008a).

Further, no association was found between serum levels of cortisol
and cortisone, nor cortisone to cortisol ratio, with neither the ASR nor
PPI of the startle. The most straight-forward interpretation is that HPA
reactivity, such as the CAR, rather than static measures of HPA hor-
mone levels, are the major driver for arousal and sensorimotor gating at
this stage of pregnancy. Another explanation could be that salivary
cortisol better assesses the hypothalamic–pituitary–adrenal (HPA)
function than serum cortisol, since cortisol in saliva is present only in
the unbound form. Binding proteins in plasma increase markedly
during pregnancy, hence cortisol present in saliva likely provides a
more accurate measure of the biologically active hormone (Kirschbaum
and Hellhammer, 1994).

Strengths of the present study include the relatively large popula-
tion-based sample size and that the participating women included in the
study were in a narrow gestational age-range that should have mini-
mized variation caused by the dampening of cortisol reactivity with

gestational age (Buss et al., 2009). Limitations include the home-based
saliva sampling that was performed at a different day than the test
session. However, the latter was based on previous findings suggesting
that CAR shows moderate to high intra-individual stability across days
(Wust et al., 2000). The participating women were instructed to
document the four time points when the saliva samples were taken to
enable better control over the participants’ adherence to the salivary
cortisol sampling protocol. Participants who did not collect the first
wake-up sample of salivary cortisol within five minutes after awakening
were excluded from the present study. In addition, Kudielka et al. de-
monstrated a strong correlation between the magnitude of the CAR and
the time of awakening; individuals who wake up early in the morning
showed higher increase in the CAR magnitude compared to the ones
that wake up later (Kudielka and Kirschbaum, 2003). This factor was
not considered in the present study and will therefore form the basis for
further investigations.

Several factors have been suggested to influence the ASR, and in this
context it is important to consider the variation in ASR magnitude that
exists between individuals but also intra-individual variations that
possibly can be explained by the organism’s internal and emotional
state (Koch, 1999). Furthermore, it is known that factors affecting
startle reactivity may also influence the PPI. Nicotine use is a factor
known to influence both the ASR and PPI of the startle, resulting in a
decreased ASR and an increased PPI (Baschnagel and Hawk, 2008;
Duncan et al., 2001). Even though only a few women in the present
study self-reported nicotine use, this factor was included in the final
regression model. Furthermore, another important confounding factor
is sleep. Sleep has important homeostatic functions and sleep depriva-
tion is a stressor (McEwen, 2006). Sleep deprivation enhances CRH
neuronal activity in the limbic areas of the brain (Fadda and Fratta,
1997), including the amygdala (Davis and Whalen, 2001). Interestingly,
sleep deprivation has been associated with increased baseline startle
response magnitude in rats (Frau et al., 2008) and reduced sensor-
imotor gating in healthy subjects (Petrovsky et al., 2014) and in post-
partum women (Comasco et al., 2016). However, no such association
between ASR, PPI or sleep was found in the present study of third tri-
mester pregnant women. The absence of association could be explained
by the degree of impact on the sleep. While sleep disturbances are
prevalent throughout pregnancy (Mindell et al., 2015), the post-partum
period usually affects the number of hours of sleep to a greater extent
than during pregnancy, resulting in sleep deprivation rather than sleep
disturbances (Mindell et al., 2015).

Affective as well as cognitive dysregulation are indeed key char-
acteristics of many psychiatric disorders and the relationship between
measures of the HPA-axis and affective disorders, such as depression,
has been repeatedly demonstrated (Nemeroff and Vale, 2005). How-
ever, present knowledge of the mechanisms behind HPA-axis hormone
influence on the human brain and how these hormones contribute to
the development of affective disorders such as anxiety is scarce. Co-
morbidity of depression and anxiety disorders is highly prevalent, and
depression is often preceded by anxiety disorder (Lamers et al., 2011).
Noteworthy, in this study population, no association between

Fig. 2. Linear association between the prepulse inhibition at 86 dB and cortisol awakening response measured as AUCg, AUCi and AUCab.
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depressive symptoms and any of the primary outcomes was noted, al-
though pregnant women who had an ongoing anxiety disorder had
significantly lower PPI than women without anxiety disorders. This
result is in line with previous studies demonstrating reduced PPI in
several psychiatric disorders, including schizophrenia and a number of
anxiety disorders, such as obsessive-compulsive disorder, panic dis-
order, and post-traumatic stress disorder (Braff et al., 2001 Kohl et al.,
2013). In contrast, a study of Perry and colleagues demonstrates that
MDD patients did not have PPI deficits when compared to schizo-
phrenic and control subjects (Perry et al., 2003). Symptoms of anxiety
disorders include difficulty with concentration and inattention, symp-
toms that possibly can be associated with impaired sensorimotor gating
(Braff et al., 2001).However, it is unclear how many of those symptoms
can be attributed to anxiety disorders alone. Hence, the discrepancies
found may partly be explained by cognitive bias associated with per-
sonality traits of anxiety rather than coexisting symptomatology be-
tween anxiety and depression disorders.

Pregnancy is characterized by dramatic alterations of the woman´s
hormonal status, including a continuous increase in the plasma con-
centrations of CRH and cortisol (Skalkidou et al., 2012). These hor-
mones play a modulatory role in cognitive-affective processing via their
actions on receptors that are expressed in brain regions involved in
emotional processing and cognitive regulation (Joels et al., 2008; Quax
et al., 2013). However, the low PPI consistently associated with schi-
zophrenia (Swerdlow et al., 2014) has not yet been related to HPA-axis
malfunction.

The clinical application of the startle response measurement can
provide important insights to improve our understanding of psychiatric
disorders such as anxiety and form the basis for further examination of
other psychiatric disorders occurring during pregnancy. Importantly,
progesterone levels during pregnancy dramatically increase in com-
parison to non-pregnant normally cycling women. Consequently, it is
inevitable not to take account of this hormone´s potential impact on the
outcome variables of this study. Furthermore, Epperson et al., demon-
strated that women suffering from premenstrual dysphoric disorder
show an increase in baseline startle magnitude in the luteal phase
compared to the follicular phase (Epperson et al., 2007). Clearly, fur-
ther studies are needed to investigate the role of changes in proges-
terone during pregnancy in relation to the neurophysiological changes
associated with the pregnancy period.

5. Conclusion

In conclusion, the findings of the present study demonstrate that
enhanced startle reactivity and high prepulse inhibition of the startle
response (a neurophysiological correlate of improved sensorimotor
gating) in late pregnancy are associated with enhanced HPA-axis re-
activity (AUCi and AUCab) respectively. These findings suggest that
hypothalamic-pituitary-adrenal axis responsiveness, rather than state-
indicators, may be related to neurophysiological reactivity and sen-
sorimotor gating in women in late pregnancy.
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