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ABSTRACT

Background: Trauma- and stress-related disorders, such as post-traumatic stress disorder
(PTSD), are more common in females than in males. Sex hormones affect learning and
emotional memory formation and may be associated with the development of PTSD. Most
previous studies have indexed these hormones in isolation.

Objectives: To investigate associations of sex hormones and cortisol during memory
consolidation on the development of intrusive memories.

Methods: We employed an experimental trauma film paradigm in 61 healthy women and
indexed salivary testosterone, progesterone, estradiol, and cortisol on day one and day two
post experimental trauma exposure and their effects on intrusion frequency, distress, and
vividness. Intrusive trauma memories were indexed by means of a diary in which
participants documented intrusion frequency, distress, and vividness.

Results and conclusion: Participants reported an average of 5.3 intrusions over the course of
seven days (SD = 4.6, range 0-26). Progesterone, and estradiol indexed on day one predicted
intrusion frequency, with higher progesterone and lower estradiol predicting more intrusive
memories (p-values AUC progesterone 0.01 and estradiol 0.02). There was no evidence for
associations between hormone concentration indices on day two and intrusion outcomes.
Further research on the roles of gonadal and adrenal hormones in trauma memory
formation is needed to advance our efforts to understand their influence on PTSD
development.

Hormonas sexuales y cortisol durante la consolidacién experimental de
recuerdos traumaticos: Asociacion prospectiva con recuerdos intrusivos

Antecedentes: Los trastornos relacionados con el trauma y el estrés, como el trastorno de
estrés postraumatico (TEPT), son mas comunes en mujeres que en hombres. Las hormonas
sexuales afectan el aprendizaje y la formacién de la memoria emocional y pueden estar
asociadas con el desarrollo del TEPT. La mayoria de los estudios previos han indexado estas
hormonas de forma aislada.

Objetivos: Investigar las asociaciones de hormonas sexuales y cortisol durante la
consolidacién de la memoria en el desarrollo de recuerdos intrusivos.

Métodos: Empleamos un paradigma de trauma experimental de pelicula en 61 mujeres sanas
e indexamos la testosterona salival, la progesterona, el estradiol y el cortisol en el dia 1y el dia 2
después de la exposicion al trauma experimental y sus efectos sobre la frecuencia de intrusion,
la angustia y la vividez. Los recuerdos traumaticos intrusivos se indexaron por medio de un
diario en el que los participantes documentaron la frecuencia, la angustia y la vividez de la
intrusion.

Resultados y conclusion: Los participantes informaron un promedio de 5,3 intrusiones en el
transcurso de 7 dias (SD = 4,6, rango 0-26). La progesterona y el estradiol indexados en el dia 1
predijeron la frecuencia de intrusién, con progesterona mas alta y estradiol mas bajo
prediciendo mas recuerdos intrusivos (valores de p de AUC progesterona 0.01 y estradiol
0.02). No hubo evidencia de asociaciones entre los indices de concentracion de hormonas
en el dia 2 y los resultados de la intrusidn. Se necesita mas investigaciéon sobre los roles de
las hormonas gonadales y suprarrenales en la formacion de recuerdos traumaticos para
avanzar en nuestros esfuerzos por comprender su influencia en el desarrollo del TEPT.
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HIGHLIGHTS

« We examined effects of sex
hormones and cortisol
post-experimental trauma
on intrusive memories.

- Progesterone and estradiol
indexed on day one were
associated with intrusion
frequency.

- No significant association
between hormones on day
two and intrusive memory
outcomes emerged.
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1. Introduction

A proportion of individuals exposed to a traumatic
experience develops post-traumatic stress disorder
(PTSD) (Kearns et al., 2012; Wittchen, 2006). PTSD
is twice as likely to occur in female trauma survivors
compared to their male counterparts (Breslau and
Anthony, 2007; Seligowski et al., 2020a; Tolin and
Foa, 2006). Several factors may account for this differ-
ence, including psychological and sociocultural
aspects (Breslau and Anthony, 2007), or sex differ-
ences in stress- and trauma-related memory consoli-
dation processes (Felmingham et al, 2012; Hsu
et al,, 2018). Effects of estradiol and progesterone as
well as adrenal hormones, which have been associated
with stress-related and emotional learning, have all
been suggested as robust PTSD predictors (Seligowski
et al., 2020b). However, clinical studies have produced
inconsistent findings in relating gonadal hormones,
which fluctuate around the menstrual cycle, with
PTSD. Many of these studies have focused on intrusive
memories, the core characteristic of the disorder. Here
we expand on previous and partly inconsistent results
(Christiansen and Berke, 2020; Garcia et al., 2018;
Josephs et al., 2017; Ney et al.,, 2019), and investigate
associations of several sex hormones and cortisol
with intrusive memory formation during memory
consolidation in an experimental trauma paradigm,
hence accounting for concurrent adrenal and gonadal
hormonal influences.

A key mechanism thought to underlie PTSD is
enhanced consolidation of an often fragmented and
emotionally charged memory of the trauma due to
incomplete memory processing (Brewin, 2011; Marks
et al,, 2018; McGaugh, 2015). Initially fragile memories
consolidate gradually and convert from a labile short-
term into a long-term permanent state, which might
facilitate endogenous processes to adjust the strength
of an experience (Kearns et al., 2012; McGaugh,
2000). This is exemplified in synaptic and cellular rep-
resentations (Dudai et al, 2015). In this process of
recurrent reactivation, taking place during wakefulness
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and sleep, information is distributed to additional brain
locations and integrated into existing knowledge
(Dudai et al., 2015). According to contemporary mem-
ory consolidation accounts, the time period during
which memories are consolidated can range from
seconds to months or years (Brewin, 2018; Dudai
et al,, 2015; McGaugh, 2000, 2015). Arousal and hor-
mones, including cortisol and other adrenal hormones,
influence brain processes and memory consolidation
(McGaugh, 2015). However, existing studies have
mainly analyzed the effects of sex hormones and corti-
sol, during encoding and consolidation in the early
aftermath of trauma, such as minutes or hours post-
exposure (Chou et al., 2014; Christiansen and Berke,
2020; Jiang et al., 2019; Soni et al., 2013). The process
of memory consolidation in the later phase and
renewed consolidation following initial memory pro-
cessing, is relatively less researched although potential
effects could have important practical implications. In
this study, we focus on both, the early consolidation
phase on the day of experimental trauma exposure
(day one) as well as on the following day (day two).
The latter phase of memory consolidation has far
often been neglected. Any considerable effects that
might be identified on day two could be exploited for
prevention and intervention science, such as in an
emergency room setting (Kearns et al., 2012; Marks
etal,, 2018), where the majority of patients are admitted
within 24 h post-trauma (Rothbaum et al., 2012).
Glucocorticoids influence human cognitive func-
tion and memory formation, which has an effect on
the development of PTSD (Brewin, 2011; Bryant
et al.,, 2011; de Quervain et al.,, 2009; McEwen and
Sapolsky, 1995; Melmed et al., 2016). Memory conso-
lidation is enhanced by cortisol, in rats and humans by
influencing directly, or via the release of norepi-
nephrine in the basolateral amygdala, brain regions
involved in memory consolidation, such as the hippo-
campus, neocortex and caudate nucleus (McGaugh,
2015). Directly after a trauma film in men and
women, high levels of cortisol have been associated
with more intrusive memories (Cheung et al., 2015).



At encoding, there is evidence for a positive corre-
lation between cortisol levels and memory recall in
women and intrusion frequency in women and men
(Andreano et al., 2008; Chou et al., 2014; van Ast
et al,, 2014). Patients with PTSD from both sexes com-
pared to controls, as well as participants following
experimental trauma who report previous trauma
exposure, all show lower salivary cortisol levels (Pan
et al., 2018). Participants of a trauma film study who
have recently experienced more traumatic events,
had lower salivary cortisol after trauma film, which
led to more vivid intrusions (Chou et al., 2014).

There is an intricate interplay between sex hor-
mones and cortisol in stress regulation and emotional
memory consolidation (Zorawski et al., 2006). Adrenal
stress-related hormones, such as glucocorticoids, sup-
press gonadotropin-releasing hormone (GnRH). As a
consequence, luteinizing hormone (LH), follicle-sti-
mulating hormone (FSH), and the sex hormones estra-
diol, progesterone, and testosterone often increase
(Melmed et al., 2016). During the luteal phase, pro-
gesterone levels rise. Women in this phase have higher
levels of bioavailable free salivary cortisol compared to
women in the follicular phase or to men (Kirschbaum
et al., 1999; Shibui et al., 2000). Heightened estradiol
induces a higher norepinephrine and stress hormone
release from the hypothalamic pituitary adrenal
(HPA) axis in anterior frontal, insula, and cingulate
cortices, brain regions that are, among other functions,
responsible for arousal (Goldstein et al., 2005). Lower
estradiol and progesterone levels lead to a decrease in
serotonin and allopregnanolone, which in turn results
in less effective stress regulation (Li and Graham,
2017). Previous studies have mostly investigated adre-
nal and gonadal hormone effects in isolation (Seli-
gowski et al., 2020a; Seligowski et al., 2020b).

In terms of gonadal hormones, testosterone has
been associated with PTSD development, anxiolytic
and antidepressant effects, neuronal plasticity, and
anxiety symptom reduction during exposure therapy
(Christiansen and Berke, 2020; Davis and Wahlin-
Jacobsen, 2015; Hutschemaekers et al., 2020; Josephs
et al, 2017; McHenry et al., 2014; Pitman et al,
2012a). In men, reduced testosterone and cortisol
under stress was associated with a higher risk of devel-
oping PTSD (Josephs et al., 2017). Lower pre-deploy-
ment testosterone levels also predicted later
development of PTSD symptoms (Reijnen et al,
2015). Higher testosterone levels, together with heigh-
tened estradiol and lower cortisol levels, demonstrated
beneficial effects and were associated with fewer PTSD
symptoms in both sexes (Pitman et al., 2012). In
rodents, testosterone impaired memory consolidation
and influenced extinction memory consolidation
(Harooni et al., 2008; Maeng et al., 2017). The impacts
of testosterone on emotional memory consolidation,
and intrusive memories in particular, have rarely
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been analyzed in humans, and results remain incon-
clusive to date (Davis and Wahlin-Jacobsen, 2015;
Hutschemaekers et al.,, 2020). To the best of our
knowledge, no studies have examined testosterone
and intrusive memories in women.

Estradiol and progesterone have been proposed as
key factors influencing intrusive emotional memories
in humans (Cover et al., 2014; Li and Graham, 2017;
Miedl et al., 2018; Ney et al., 2019; Seligowski et al.,
2020a). High levels of estradiol have been associated
with an increased consolidation of fear extinction
memory, while low estradiol levels have been correlated
with more and stronger intrusive memories at encoding
and consolidation (Cover et al., 2014; Soni et al., 2013;
Wegerer et al., 2014). In addition, high levels of pro-
gesterone at encoding, have been associated with
more intrusion frequency, and emotional memories
(Ferree et al., 2011; Soni et al., 2013). During early con-
solidation, high levels of progesterone have caused an
increased consolidation of emotional memories and
amygdala activity (Sundstrdom Poromaa and Gingnell,
2014). For emotionally arousing stimuli in women,
high progesterone levels have shown enhanced memory
consolidation (Ertman et al., 2011; Maeng and Milad,
2015). However, other studies revealed no association
between progesterone and intrusive memories or fear
extinction memory during encoding and consolidation
(Cover et al., 2014; Wegerer et al.,, 2014).

Overall, there are few studies investigating effects of
testosterone and memory consolidation in women.
Findings are mixed regarding the impacts of pro-
gesterone and estradiol levels during memory consoli-
dation. Moreover, there is evidence that cortisol
interacts with these hormones during memory conso-
lidation (Zorawski et al., 2006). Most studies have
investigated the influence of hormone concentrations
during encoding or early consolidation without inves-
tigating their influence in later consolidation phases.
Therefore, the present study aimed to investigate
effects of testosterone, estradiol, progesterone, and
cortisol during early, as well as later memory consoli-
dation, i.e. on day one and two post-experimental
trauma on intrusive memory characteristics. We
hypothesized that higher concentrations of cortisol
and progesterone and lower concentrations of estra-
diol and testosterone predict greater intrusion fre-
quency, distress, and vividness.

2. Methods
2.1. Study design and procedure

Participants were recruited through online advertise-
ment, mailing lists, and billboards, and they were
accepted for inclusion following a telephone screen-
ing. On the first day of the study, participants visited
the laboratory and, after providing informed consent,
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completed an independent task for evaluating atten-
tion control as well as standardized questionnaires.
Participants were asked if they have seen the film
scene before and then exposed to a traumatizing 12-
minute film sequence, that depicts strong interperso-
nal violence. Such experimental procedure has been
referred to as an analog trauma-film paradigm
(Holmes and Bourne, 2008; Holmes et al., 2004).
The film viewing took place during a time window
extending from 11:00 AM to 3:00 PM to control for
circadian fluctuations in hormones and other relevant
processes of, for example, attention and cognitive
functioning. Participants could stop the experiment
at any time and access the support of an experienced
psychotherapist. After viewing the film sequence, the
participants were instructed on how to fill in the intru-
sion diary, received an explanation of the hormone
self-measurements, and scheduled their next appoint-
ment. Salivary hormone measurements were obtained
from participants immediately and 20 minutes post-
film and at 6:00 PM of the day of laboratory trauma
exposure (day one), and at 8:00 AM, 12:00 PM, and
6:00 PM on day two (via self-selection). From day
one to day seven, participants used an intrusion
diary to document their trauma-film-related intrusive
memories during this post experimental analogue
trauma period in regard to the type, content, fre-
quency, associated vividness, and distress. In a second
session, which was held after one week, the partici-
pants received their payment of 50 CHF or course
credit points. Moreover, the results were discussed,
and intrusions were coded. The local ethics board
approved this study, which was reported in alignment
with the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guide-
lines (von Elm et al., 2014).

2.2. Participants

The research sample of this observational study con-
sisted of 61 healthy women. All of the participants
provided informed consent. To meet the inclusion cri-
teria, participants had to be female, between the ages
of 18 and 40, fluent in the German language, and
have a regular menstrual cycle of between 24 and 32
days. Exclusion criteria were the use of psychotropic
medication or hormonal contraception, depressive or
anxious psychopathology, pregnancy, hormonal dis-
orders such as polycystic ovary syndrome, endome-
triosis, or a prior experience of interpersonal
violence, experienced either by themselves or by a sig-
nificantly close other. Participants were included fol-
lowing a telephone screening, where we indexed
pregnancy and medication use (yes to any of these
lead to study exclusion), a screening question for
depression, i.e. whether participants experienced a
period of time where they felt depressed or down

most of the time (yes lead to study exclusion), suicid-
ality, i.e. whether they experienced suicidal ideation or
had attempted suicide during the last four weeks (yes
lead to study exclusion), psychosis, as well as interper-
sonal violence, i.e. were they or anyone in their close
surroundings ever victim of interpersonal violence
(yes to any of these questions lead to study exclusion).
Demographic variables, such as age, marital status,
employment, education, and nationality, were col-
lected via questionnaire items. Participants also pro-
vided information about their consumption of
nicotine, cannabis, and alcohol as well as their use of
medication. Prior experience of interpersonal violence
was identified through the German abbreviated ver-
sion of the Post-Traumatic Stress Diagnostic Scale
by Foa, Cashman, Jaycox, and Perry (Griesel et al.,
2006) and the Childhood Trauma Questionnaire
(CTQ) by Bernstein and Fink (Klinitzke et al., 2012).
Depressive or anxious psychopathology was assessed
with the German versions of the Beck Depression
Inventory II (BDI-II) by Hautzinger (Hautzinger
et al, 2000) and the Beck Anxiety Inventory (BAI)
by Beck and Steer (Margraf and Ehlers, 2007).

2.3. Trauma film

In a low-stimulus and darkened laboratory room, par-
ticipants viewed alone a 12-minute film sequence from
the R-rated French movie Irréversible by Gaspar Noé
(Noé, 2002) on a laptop monitor that had a diagonal
of 17 in. with a resolution of 1280 x 1024 pixels. The
film sequence depicted scenes of strong interpersonal
violence against a woman, including injury and humi-
liation. In a prior study that examined a number of
films, the results indicated significant emergence of
intrusive memories following the viewing of this film
(Weidmann et al., 2009). In the present study, partici-
pants were instructed to always look at the screen.
They were asked to watch the scene as if they were wit-
ness to the situation. Eye tracking was not used.

2.4. Hormone salivary assessment

In this study, hormone measurements of cortisol and
testosterone as well as estradiol and progesterone
were obtained. Salivary assessments measured free bio-
logically active hormones (Dabbs and de La Rue, 1991;
Melmed et al., 2016). Salivary hormones were assessed
at the day of and one day after the laboratory trauma.
On the first day of the study in the laboratory, partici-
pants received instructions for the collection of the sal-
iva samples. The first sample was taken while still at the
laboratory, and they took two further saliva samples
under supervision in the laboratory. Participants were
instructed to refrain from drinking, eating, or smoking
for at least 30 min before collecting the saliva sample.
They collected saliva samples with Salivette® collection



devices (Sarstedt, Sevelen/Switzerland), salicaps (SC),
recorded the collection using a form and kept them
in their fridge at home. A reminder and instruction
for obtaining saliva samples was included on the front
page of the intrusive memory diary. Participants
brought the saliva samples to the second session,
where they were frozen and send to the independent
laboratory at the University of Dresden in Germany
(DSL, Sinsheim, Germany). This laboratory centrifuged
all samples and assayed hormone levels by using com-
mercially available radioimmunoassay kits that were
adopted for the analysis of salivary samples. The sensi-
tivity of the cortisol assay was 0.11 nmol/l of the pro-
gesterone assay is 2.6 pg/ml of the estradiol assay is
0.3 pg/ml, and of the testosterone assay is 1.8 pg/ml
(DSL, Sinsheim, Germany).

2.5. Intrusive memory diary

The intrusion diary was based on prior studies (Holmes
and Bourne, 2008; Holmes et al., 2004) and included a
definition of the nature of intrusive memories as well as
instructions for how to use and fill in the intrusion
diary. The paper-pencil diaries were filled in daily,
with the request to enter intrusions as soon as possible
after their occurrence. Participants recorded infor-
mation about the memory content, distress, and vivid-
ness as indexed on a scale from one (‘not at all’) to ten
(‘extremely’), and they noted whether the intrusion
occurred spontaneously. Starting from day one, the
participants filled in the diary for seven days. The
data for this study only included memories that had
been coded as intrusive. The experimenter also checked
through the diary together with participants when they
returned to the laboratory to resolve potential inconsis-
tencies. Two independent raters, both trained psychol-
ogy graduate students, categorized each memory as
intrusive or non-intrusive based on the content descrip-
tions and participants’ scores relating to vividness and
spontaneous occurrence.

2.6. Outcomes

Intrusion frequency post-film was the primary out-
come, distress, and vividness of intrusive memories
the secondary outcome. Measures were obtained
from the diary completed by participants from day
one to seven post-film.

2.7. Statistical methods

All analyses were conducted with the software R (R,
version 3.6.3, 29.02.2020) (RStudioTeam, 2016).
Descriptive statistics included minimum and maxi-
mum, mean, and standard deviation (SD) for approxi-
mately normal continuous variables, median and
interquartile range (IQR) for skewed continuous
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variables and frequency and percentage for categorical
variables. Interrater reliability was assessed using
Cohen’s Kappa. Participants with missing values
were excluded from the respective analysis; as a conse-
quence, the data reflect only those participants with
complete observations. We assumed that the mechan-
ism generating the missingness was missing comple-
tely at random (MCAR).

A negative binomial regression model (McCullagh
and Nelder, 1999; Venables and Ripley, 2010) was
applied to model the primary outcome (i.e. intrusion
frequency), with the independent variables being the
log of the area under the curve (AUC) of the hor-
mone concentrations of testosterone, cortisol, pro-
gesterone, and estradiol. In addition, linear
regression modeling (Field, 2012; Hastie and
Chambers, 1992) was used to quantify the association
with distress and vividness of intrusions from the
same hormone concentrations of testosterone, corti-
sol, progesterone, and estradiol, if participants
reported intrusions. No adjustments were made for
multiple testing. The independent variables were
the hormone concentrations of testosterone, cortisol,
progesterone, and estradiol that were measured on
day one and two. In order to utilize the total diurnal
hormonal output and exposure for the participants
and ensure the same calculation method for each
hormone, for the early consolidation phase we calcu-
lated the AUC based on the concentration of the sal-
iva samples SC2 immediately after the film, SC3 20
minutes after the film and SC4 at 6:00 PM at the
day of experimental analogue trauma (Antypa et al.,
2018; Pruessner et al., 2003). For day two, the day
after trauma-film, we calculated the AUC based on
the concentration of SC5 at 8:00 AM, SC6 at 12:00
PM, and SC7 at 6:00 PM one day after experimental
analogue trauma. To enhance homoscedasticity and
the linear relation of the independent variables to
the dependent variable, hormone data were log trans-
formed after the calculation of the AUC.

Tobacco use was controlled for as a confounding
variable. As tobacco may influence cortisol and testos-
terone, the menstrual cycle, other neuroendocrinologi-
cal factors and is a risk factor for the development of
PTSD, tobacco use was included as a confounder in
the models (Hawkins and Cougle, 2013; Kudielka and
Kirschbaum, 2003; Pitman et al., 2012; van der Velden
et al.,, 2008; Zhao et al., 2016). We defined it as a binary
variable with two categories: tobacco use and no tobacco
use. Model results including additional confounders
alcohol and cannabis use can be found in the Sup-
plement (Tables 8 and 9).

2.8. Sample size considerations

There was no a priori sample size calculation for this
study. However, we conducted a sensitivity analysis
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for the sample size at hand (Perugini et al., 2018) using
the R package RSPS, a significance level a of 5%, and
an anticipated power of 80%. Two scenarios for 1.3-
fold and 1.5-fold change in number of intrusions as
outcome in a negative binomial model were evaluated
regarding power for varying sample sizes for the
regression analysis. The resulting figure is shown in
the supplementary material (see Figure 2). For a
power of 80% and an expected medium effect size of
1.5-fold increase, a sample size of at least 35 subjects
would be sufficient to detect this effect with 80%
power, which our study fulfilled.

3. Results
3.1. Descriptive and sample characteristics

Our sample consisted of 61 healthy women. Following
inclusion, eight participants had to be excluded from
the study due to noncompletion of the intrusion
diary, one for not being present at the first laboratory
session, one had seen the distressing film clip before,
and one resigned during the film sequence, see Figure
1. Mean age of the resulting 61 participants was 25.1
years (SD = 5.3, range 18-40), see Table 1. Depression
and anxiety symptoms were low (mean BDI =4.5; SD
=4.2, mean BAI =6.5; SD =5.4). Participants experi-
enced three traumatic events on average (mean = 3.2;
SD =2.0), with a mean childhood trauma score of
32.5 (SD =7.7). One participant reported interperso-
nal violence in the questionnaires later but had not
reported this in the initial screening. This participant
remained in the study and her exclusion did not

significantly change the results of the three regression
models. With respect to self-reported menstrual
phases, 41 participants were in their follicular phase,
while 20 were in their luteal cycle phase. Hormone
salivary measurements did not fully reflect the self-
evaluated menstrual phases, see Supplements Figure
4. Hormone concentrations were used for regression
analysis. Both independent raters who categorized
each memory as intrusive or non-intrusive had an
interrater reliability of Cohen’s Kappa K=1.0 (95%
CI from 1.0 to 1.0).

3.2. Cortisol, testosterone, estradiol, and
progesterone

The mean AUC of cortisol post-experimental ana-
logue trauma exposure was 72.8 (day 1, SD =29.3)
and 90.1 (day 2, SD=42.9). For testosterone, the
mean AUC was 210.6 (day 1, SD =161.2) and 314.8
(day 2, SD =422.0). The mean AUC for progesterone
after experimental analogue trauma was 2860.7 (day 1,
SD = 7580.3) and 925.9 (day 2, SD = 772.1). For estra-
diol, the mean AUC was 46.5 (day 1, SD =25.1) and
44.0 (day 2, SD =27.4; see Table 2). Due to missing
hormone data 15 (day 1) and 12 (day 2) participants
had to be excluded from the regression analysis (see
Figure 1 flow chart participants). For information pur-
poses, Spearman correlation coefficients between hor-
mone concentrations, as well as hormone
concentrations and intrusions of day one, can be
found in the Supplement Table 5.

Participants recruited (n=102)

Excluded via telephone interview (n=41):
Use contraceptives, psychotropic medication (n=8)
Did not fill out or bring back intrusion diaries (n=8)
Outside age range (n=6)
Irregular menstrual cycles (n=6)

Prior experience of interpersonal violence (n=5)
Without German skills (n=4)

Man (n=1)

Not present at first laboratory session (n=1)
Had seen trauma film before (n=1)

Resigned during film sequence (n=1)

Participants included in study (n=61)

Excluded in total (d1 n=16, d2 n=13):
Missing hormone data in total (d1 n=15, d2 n=12):
Cortisol (d1 n=13, d2 n=11)
Testosterone (d1 n=4, d2 n=7) f—
Progesterone (d1 n=6, d2 n=6)
Estradiol (d1 n=4, d2n=5)
Outlier (d1=d2 n=1)

Excluded in total (d1 n=18, d2 n=21):
Missing hormone data in total (d1 n=12, d2 n=21):
Cortisol (d1 n=13, d2 n=11)
- Testosterone (d1 n=4, d2 n=7)
Progesterone (d1 n=6, d2 n=6)
Estradiol (d1 n=4, d2n=5)
Participants without intrusions (d1 n=4, d2 n=11)

Participants included for primary outcome:
Intrusion frequency
Day 1 (n=45)
Day 2 (n=48)

Partici included for dary
Intrusion distress and vividness
Day 1 (n=43)
Day 2 (n=40)

Figure 1. Flow chart participants.



Table 1. Descriptive Statistics (n=61).

N %

Marital status Single 56 91.8
Married 4 6.6

Divorced 1 1.6

Education Baccalaureate 34 55.7
University degree 20 32.8

Secondary school 3 49

Elementary School 2 33

Others 2 33

Employment Studying 46 75.4
Employed 8 13.1

Unemployed 5 8.2

In school 2 33

Nationality Swiss 37 60.7
German 10 16.4

Turkish 2 33

French 1 1.6

Italian 1 1.6

Others 10 16.4

Tobacco use Yes 19 31.1
No 42 68.9

Cannabis use Yes 9 14.8
No 52 85.2

Alcohol use Yes 49 80.3
No 12 19.7

Medical use Yes 47 77.0
No 6 9.8

Without information 8 13.1

Menstrual cycle® Early follicular cycle phase 24 39.3
Late follicular cycle phase 17 27.9

Luteal cycle phase 20 328

M SD

Age 25.1 53
Beck Depression index (BDI)® 45 4.2
Beck Anxiety index (BAI) 6.4 54
Childhood Trauma Questionnaire (CTQ)® 325 77
Emotional abuse 7.0 3.0
Physical abuse 5.5 1.2
Sexual abuse 53 1.2
Emotional neglect 8.6 3.7
Physical neglect 6.1 1.7
Life Event Scale (LE)® 3.2 2.0

Note. Descriptive statistics of demographic and clinical sample character-
istics.

?Self-reported menstrual phase.

PBDI range 0-63, moderate depression > 19.

BAl range 0-63, moderate anxiety > 15.

d4CTQ range 5-25 for each subscale —, assessment of moderate traumatic
childhood experiences: emotional (>12), physical (>9), and sexual (>7)
abuse, as well as emotional (>14) and physical neglect (>9).

°LE range 0-16 critical traumatic life events, based on DSM IV PTSD
criteria.

Table 2. Descriptive statistics of AUC hormone levels (day 1
and 2) and intrusive memories (day 1-7 and 2-7).

Day 1 Day 2

Mean SD Mean SD
Cortisol, nmol/I 72.8 293 90.1 429
Testosterone, pg/ml 210.6 161.2 314.8 422.0
Progesterone, pg/ml* 2860.7 7580.3 925.9 7721
Estradiol, pg/ml 46.5 25.1 44.0 27.4

Day 1-7 Day 2-7

Mean SD Mean SD
Intrusion frequency 53 4.6 3.7 39

Median IQR Median IQR
Intrusion distress® 4.0 28,64 3.2 21,63
Intrusion vividness® 55 40, 6.8 45 3.0, 64

Note:

*Median progesterone levels did not differ significantly for day 1 and day
2; mean differences were driven by single individuals.

PIntrusion distress and vividness are indexed on a scale from 1 ‘not at all’
to 10 ‘extremely’.
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3.3. Intrusion frequency, distress, and vividness

There were individual differences in intrusion fre-
quency and participants reported an average of 5.3
intrusions (day 1-7, SD =4.6, range 0-26) and 3.7
intrusions (day 2-7, SD = 3.9; range 0-22), see Sup-
plement Figure 3. 4 participants (day 1-7, 7%) and
11 participants (day 2-7, 18%) reported no intrusions.
Average intrusion distress revealed low to moderate
distress, with a median of 4.0 (day 1-7, IQR=2.8-
6.4) and 3.2 (day 2-7, IQR = 2.1-6.3). Vividness ratings
conveyed moderate overall vividness (day 1-7 Mdn =
5.5, IQR =4.0-6.8; day 2-7 Mdn = 4.5, IQR = 3.0-6.4).

3.4. Effects of hormones on intrusive memories

Hormone data were missing for 15 participants (day
1) and 12 participants (day 2), one participant was
identified and excluded as an outlier based on the
residual and Cooks’ distance. For the analysis of intru-
sion distress and vividness, four participants (day 1-7)
and eleven participants (day 2-7) were excluded, as
they had not experienced intrusions. Since there was
an overlap between missing hormone data and no
experience of intrusions, 45 (day 1) and 48 (day 2) par-
ticipants were included in the analysis of the primary
outcome, and 43 (day 1) and 40 (day 2) in the analysis
of the secondary outcome (see Figure 1).

For hormone indices obtained on day one, results
of the negative binomial model regressing the intru-
sion count between day one and seven on log-trans-
formed AUC values for cortisol, testosterone,
progesterone, and estradiol directly after trauma film
are reported in Table 3. There was evidence of an
association between progesterone and estradiol con-
centrations and intrusion frequency (estimates of log
AUC of progesterone 0.21 (95% CI from 0.02 to
0.41, p=0.01) of log AUC of estradiol —0.71 (95%
CI from —1.39 to —0.06, p = 0.02)). There was no evi-
dence for an association between cortisol, testoster-
one, and intrusion frequency, (estimates of log AUC
of cortisol —0.02 (95% CI from —0.61 to 0.57, p=
0.95), and of log AUC of testosterone —0.10 (95% CI
from —0.42 to 0.22, p=0.53) with intrusion fre-
quency). A linear model regressing intrusion distress
and vividness on the same hormone concentrations
provided no evidence for an association between hor-
mone concentrations and these characteristics (esti-
mates of log AUC of cortisol 0.16 (95% CI from
—1.91 to 2.23, p=0.88), of log AUC of testosterone
0.70 (95% CI from —0.60 to 2.00, p=0.28), of log
AUC of progesterone 0.09 (95% CI from —0.55 to
0.73, p=0.78), and of log AUC of estradiol —0.25
(95% CI from —2.48 to 1.97, p =0.82) with intrusion
distress, respectively, and estimates of log AUC of cor-
tisol 0.54 (95% CI from -1.24 to 2.33, p = 0.54), of log
AUC of testosterone 0.17 (95% CI from —0.96 to 1.29,
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Table 3. Negative binomial model regressing intrusion frequency (day 1-7) (upper section) on cortisol, testosterone, and estradiol
indexed on day 1 (n=45). Linear model regressing mean intrusion distress (day 1-7) (middle section) and vividness (day 1-7)
(lower section) on cortisol, testosterone, progesterone, and estradiol indexed on day 1 (n =43).

Lower CI°

Estimate (SE?) Upper CI° p value
Intrusion frequency®
Cortisol* —0.02 (0.29) -0.61 0.57 0.95
Testosterone* —0.10 (0.17) —-0.42 0.22 0.53
Progesterone* 0.21 (0.09) 0.02 0.41 0.01
Estradiol* —0.71 (0.32) -1.39 —0.06 0.02
Tobacco use —0.37 (0.23) -0.82 0.08 0.10
Intrusion distress
Cortisol* 0.16 (1.02) -1.91 2.23 0.88
Testosterone* 0.70 (0.64) —-0.60 2.00 0.28
Progesterone* 0.09 (0.32) —0.55 0.73 0.78
Estradiol* —0.25 (1.10) —2.48 1.97 0.82
Tobacco use 1.16 (0.74) -0.34 2.66 0.13
Intrusion vividness

Cortisol* 0.54 (0.88) —-1.24 233 0.54
Testosterone* 0.17 (0.55) —0.96 1.29 0.77
Progesterone* —0.02 (0.27) -0.57 0.53 0.94
Estradiol* —0.19 (0.95) =2.11 1.72 0.84
Tobacco use 1.14 (0.64) -0.15 243 0.08
Note:

*=log AUC value, day 1.
2 Standard error.
b Two-sided 95% Cl.

¢ Upper section for intrusion frequency prediction: Estimates depict the log of the expected count.

p=0.77), of log AUC of progesterone —0.02 (95% CI
from —0.57 to 0.53, p = 0.94), and of log AUC of estra-
diol —0.19 (95% CI from —2.11 to 1.72, p = 0.84) with
intrusion vividness; see Table 3). There was evidence
for an association between the confounder tobacco
use and intrusion frequency as well as vividness (esti-
mates of tobacco use with intrusion frequency —0.37
(95% CI from —0.82 to 0.08, p=0.1) and estimates
of tobacco use with intrusion vividness 1.14 (95% CI
from -0.15 to 2.43, p = 0.08); see Table 3) and little evi-
dence of tobacco use with intrusion distress (estimates

of tobacco use with intrusion frequency 1.16 (95% CI
from —0.34 to 2.66, p = 0.13; see Table 3)).

For hormone concentrations obtained on day two,
no evidence for an association emerged for any of the
hormones and intrusion frequency (estimates of log
AUC of cortisol —0.01 (95% CI from —0.66 to 0.64,
p=0.99), of log AUC of testosterone —0.05 (95% CI
from —0.41 to 0.31, p = 0.77), of log AUC of progester-
one 0.22 (95% CI from —0.20 to 0.64, p = 0.25), and of
log AUC of estradiol —0.08 (95% CI from —0.74 to
0.58, p=0.81), Table 4). We also calculated univariate

Table 4. Negative binomial model regressing intrusion frequency (day 2-7) (upper section) on cortisol, testosterone, and estradiol
indexed on day 2 (n=48). Linear model regressing mean intrusion distress (day 2-7) (middle section) and vividness (day 2-7)
(lower section) on cortisol, testosterone, progesterone, and estradiol indexed on day 2 (n = 40).

Lower CIP

Estimate (SE®) Upper CI° p value
Intrusion frequency®
Cortisol* —0.01 (0.29) —0.66 0.64 0.99
Testosterone* —0.05 (0.17) —-0.41 0.31 0.77
Progesterone* 0.22 (0.19) -0.20 0.64 0.25
Estradiol* —0.08 (0.32) -0.74 0.58 0.81
Tobacco use —0.34 (0.31) —0.95 0.27 0.28
Intrusion distress
Cortisol* —0.87 (0.92) —2.73 0.99 0.35
Testosterone* 0.27 (0.49) -0.73 1.26 0.59
Progesterone* 0.09 (0.51) —0.95 1.12 0.87
Estradiol* —0.77 (0.88) —2.55 1.01 0.39
Tobacco use 1.02 (0.85) —0.71 2.75 0.24
Intrusion vividness

Cortisol* 0.02 (0.84) -1.70 1.73 0.98
Testosterone* —0.07 (0.45) —0.98 0.85 0.88
Progesterone* 0.01 (0.47) —-0.95 0.96 0.99
Estradiol* —0.40 (0.81) -2.04 1.24 0.62
Tobacco use 0.54 (0.78) -1.05 213 0.49
Note:

*=log AUC value, day 2.
2 Standard error.
® Two-sided 95% Cl.

¢ Upper section for intrusion frequency prediction: estimates depict the log of the expected count.



models for hormone influences on intrusion out-
comes, see Table 6 and 7 in the Supplement. For intru-
sion distress and vividness no evidence for an
association between hormone concentrations and
intrusion distress or vividness emerged (estimates of
log AUC of cortisol —0.87 (95% CI from —2.73 to
0.99, p=0.35), of log AUC of testosterone 0.27 (95%
CI from —0.73 to 1.26, p =0.59), of log AUC of pro-
gesterone 0.09 (95% CI from —0.95 to 1.12, p = 0.87),
and of log AUC of estradiol —0.77 (95% CI from
—2.55 to 1.01, p=0.39) with intrusion distress,
respectively, and estimates of log AUC of cortisol
0.02 (95% CI from —1.70 to 1.73, p=0.98), of log
AUC of testosterone —0.07 (95% CI from —0.98 to
0.85, p=0.88), of log AUC of progesterone 0.01
(95% CI from —0.95 to 0.96, p=0.99), and of log
AUC of estradiol —0.40 (95% CI from —2.04 to 1.24,
p =0.62) with intrusion vividness; see Table 4).

4. Discussion

We investigated gonadal and adrenal hormone influ-
ences during memory consolidation on the develop-
ment of intrusive memories, which constitute a core
PTSD symptom. To this end, we indexed hormones
(i.e. progesterone, estradiol, testosterone, and cortisol)
in an experimental analog trauma paradigm. Hor-
mones were sampled on day one and day two post-
experimental trauma during memory consolidation.
Progesterone and estradiol fluctuated around the
menstrual cycle. Participants reported intrusive
emotional memories in a diary over the following
seven days. In accordance with previous studies
(Chou et al., 2014; Holmes and Bourne, 2008; Schul-
tebraucks et al., 2019; Weidmann et al., 2009), the
majority of participants (93%) reported intrusive
memories during the seven-day period in which they
maintained the diary, and 82% reported intrusions
from day two until day seven. There were considerable
between-person differences in intrusion frequency,
and we investigated whether sex hormones and corti-
sol account for significant parts of this variance in
intrusion development. In the early consolidation
phase, there was evidence for an association between
the salivary hormone concentrations of progesterone
and estradiol levels, and intrusive memory frequency.
One day after trauma film, in the later consolidation
phase, there was no evidence of an association of
any of the hormones that were indexed at day two
with intrusion frequency, distress, or vividness.

In the early consolidation phase, there is evidence
for an association between the salivary hormone con-
centrations of progesterone and estradiol, and intru-
sive memory frequency (see Table 3), as well as
between the confounder tobacco use and intrusion
frequency and vividness. Participants with higher
progesterone and lower estradiol concentrations
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experienced more intrusive memories. Nonsmokers
had more and more vivid intrusions. These findings
are in line with previous studies investigating these
hormones in the immediate aftermath (i.e. on the
same day) of trauma, that have demonstrated signifi-
cant influences of estrogen and progesterone on
intrusive memories (Pitman et al., 2012) and estrogen
and progesterone in PTSD (Garcia et al., 2018; Seli-
gowski et al., 2020a). Higher progesterone levels
could lead to more intrusions due to increased
activity of the amygdala and increased consolidation
of emotional memories (Sundstrom Poromaa and
Gingnell, 2014). Additionally, lower estradiol levels
might promote less activation of the prefrontal cor-
tex, stronger emotional reaction, and memory for-
mation (Cover et al., 2014; Wegerer et al., 2014).
The confounder tobacco use might have influenced
progesterone and estradiol levels, as well as dysregu-
lated neural stress systems and enzymes involved in
the regulation of dopamine and serotonin (van der
Velden et al., 2008).

During memory consolidation, initially fragile
memory traces are reorganized and integrated into
long-term storage (McGaugh, 2000) in a process that
can take up to years to fully develop (Diekelmann
and Born, 2010). The later consolidation phase that
was examined in this study as well (i.e. one day
post-trauma) appears promising for early clinical
interventions to prevent PTSD. Trauma survivors
are often in contact with professional services during
this time, and the majority of patients present to the
emergency room within 24 hours post-trauma (Roth-
baum et al., 2012). Identification of clinically relevant
associations could support practical uses and impli-
cations for treatment and prevention in settings such
as an emergency room, which can open up treatment
opportunities. While significant sex hormone associ-
ations have often been reported—for example,
between cortisol and testosterone (Josephs et al.,
2017) or between Dehydroepiandrosteron (DHEA)
and cortisol in recurrent depression (Mocking et al.,
2015), we did not discover any evidence of associ-
ations between testosterone and cortisol directly
after trauma film and between sex hormones or corti-
sol on day two and intrusions. It is possible that a sig-
nificant effect was constrained to sub-groups that we
have not identified. Interactions between endocrinolo-
gical with physiological, psychological, and social fac-
tors might be complex, and while focusing on adrenal
and gonadal hormonal influences, we did not model
such complexity in our data.

While glucocorticoids, as well as gonadal hormones
have both been associated with fear learning and
emotional memory modulation, timing of their
measurement has been key to demonstrate such
associations and has recently been exploited for clini-
cal application to augment extinction learning (Bentz
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et al., 2010; de Quervain et al., 2011; Milad et al., 2009;
Soravia et al., 2014).

Our study is one of the first to explore the role of
testosterone in women in an experimental analogue
trauma context while accounting for adrenal and
gonadal hormonal influences. Cortisol, testosterone
in men, and estradiol follow circadian patterns,
while no significant diurnal variation seems to exist
for progesterone and evidence for diurnal testosterone
variation in women has so far not been fully estab-
lished (Al-Dujaili and Sharp, 2012; Melmed et al,
2016; Panico et al., 1990; Parikh et al., 2018; Strickler
et al., 1981). To take advantage of this diurnal hormo-
nal output and to match calculation methods across
hormones, we calculated the AUC, but we found no
evidence for an association. Despite our findings, tes-
tosterone could be a promising biological marker in
women and warrants further investigation in larger
studies.

Our study is not without limitations. First, partici-
pants reported a relatively low number of intrusions
among a total of 48 participants for the primary out-
come and 40 participants for the secondary outcome,
although this finding approximates those of other
studies that have employed the trauma film paradigm
(Chou et al., 2014; Ferree et al., 2011; Miedl et al.,
2018). This limitation could relate to the fact that
our participants opted into the research while
aware of the stressful nature of the film. Individuals
who are more sensitive to such material and, poss-
ibly, more susceptible to the impact of trauma
might have been unwilling to watch a potentially dis-
tressing film clip. Second, while we excluded women
who had irregular menstrual cycles, used contracep-
tion or other medication, reported hormonal dis-
orders, or with prior experience of interpersonal
violence, we did not control for light exposure in
the morning, sleep timing including the time of awa-
kening, sleep restriction, exercise, or subjective stress
early in the day, which are factors that may affect
morning cortisol (Kudielka and Kirschbaum, 2003;
Scheer and Buijs, 1999; Vgontzas et al., 2004; Wil-
liams et al., 2005). We did not measure the cortisol
awakening response. Future studies are needed to
investigate potential interactions and joint contri-
butions of such processes. Complex interactions
between sex hormones and sleep (Morssinkhof
et al,, 2020), in particular, warrant future investi-
gations. Third, a higher number of salivary measure-
ments throughout the day could have improved the
validity of the AUC. Finally, even though we used a
well-studied experimental setting with the trauma
film paradigm, the design remains experimental
and is not based on women who suffered from a
real-life trauma.

Despite these limitations, this study presents
important strengths. It is one of the first to examine

several sex hormones on day one post-experimental
analogue trauma in explaining intrusive memory for-
mation. There is a need for future studies that feature
larger samples and that use clinical samples after real-
world trauma to better understand these complex
relationships. Additional experiments, including ani-
mal studies, could provide insight into the exact mech-
anisms with which sex hormones shape long-term
synaptic changes in memory that may explain their
potential contribution to intrusive memory formation
in PTSD.
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