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Introduction

Anxiety and stress-related disorders are highly prevalent in 
the general population and are frequently studied in the lab-
oratory by means of fear conditioning and extinction tasks, 
which serve as models for the acquisition and the behav-
ioural treatment, respectively, of pathological anxiety. Dur-
ing acquisition, a neutral stimulus becomes conditioned (con-
ditioned stimulus [CS]) by repeated pairings with an aversive 
unconditioned stimulus (US) until the CS has acquired the 
capacity to elicit a conditioned fear response (CR). During ex-
tinction, the CS is presented repeatedly in the absence of the 
US, which leads to a gradual weakening of the CR that may, 
however, reoccur at a later time (return of fear [ROF]).1

Anxiety and fear disorders are more than twice as preva-
lent in women than men,2,3 and affected women also display 
more severe symptoms and impairment.4,5 Furthermore, data 
indicate sex differences in the cellular, molecular and struc-
tural organization of brain areas involved in emotion and 
memory (e.g., hippocampus, amygdala, prefrontal cortex6,7). 
Despite this sexual dimorphism, most experimental fear con-
ditioning studies in rodents have been conducted in male 
animals. Similarly, the role of sex differences in humans has 
often been neglected and studies often included only male 
participants.7,8 When including female participants, studies 
should control for menstrual cycle phase and the use of hor-
monal contraceptives because both factors have been shown 
to have an impact on these brain areas.9 Obviously, this puts 
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Background: Anxiety disorders are more prevalent in women than in men. Despite this sexual dimorphism, most experimental studies are 
conducted in male participants, and studies focusing on sex differences are sparse. In addition, the role of hormonal contraceptives and 
menstrual cycle phase in fear conditioning and extinction processes remain largely unknown. Methods: We investigated sex differences in 
context-dependent fear acquisition and extinction (day 1) and their retrieval/expression (day 2). Skin conductance responses (SCRs), fear 
and unconditioned stimulus expectancy ratings were obtained. Results: We included 377 individuals (261 women) in our study. Robust sex 
differences were observed in all dependent measures. Women generally displayed higher subjective ratings but smaller SCRs than men 
and showed reduced excitatory/inhibitory conditioned stimulus (CS+/CS–) discrimination in all dependent measures. Furthermore, women 
using hormonal contraceptives showed reduced SCR CS discrimination on day 2 than men and free-cycling women, while menstrual cycle 
phase had no effect. Limitations: Possible limitations include the simultaneous testing of up to 4 participants in cubicles, which might have 
introduced a social component, and not assessing postexperimental contingency awareness. Conclusion: The response pattern in women 
shows striking similarity to previously reported sex differences in patients with anxiety. Our results suggest that pronounced deficits in asso-
ciative discrimination learning and subjective expression of safety information (CS– responses) might underlie higher prevalence and higher 
symptom rates seen in women with anxiety disorders. The data call for consideration of biological sex and hormonal contraceptive use in 
future studies and may suggest that targeting inhibitory learning during therapy might aid precision medicine. 
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a heavy burden on time management and substantially in-
creases the required number of participants. Consequently, 
only a limited number of studies have investigated the role of 
sex differences, and all too often conclusions based on studies 
in male participants are generalized to females.

Biologically determined sex differences in anxiety-related 
behaviour may arise through different mechanisms.8 They 
can become hard-wired during early brain development 
(organizational effects) or arise through phasic variation in 
sex hormone levels during later phases in life (activational 
effects). While these mechanisms are not mutually exclusive, 
support for the latter comes from the observation that sex 
differences in the prevalence of anxiety do not emerge until 
puberty10 and that low levels of ovarian hormone levels 
(e.g.,  postpartum, premenstrual and perimenopausal) co
incide with increased incidences of anxiety symptoms and 
disorder onset.11,12

Series of rodent studies and studies in naturally cycling 
females have shown that high levels of estrogens — both 
occurring naturally during the menstrual cycle and induced 
pharmacologically — are favourable for extinction memory 
consolidation, as indicated by enhanced extinction recall. At 
the same time, low levels have been shown to be disadvanta-
geous for these processes7,8,13–16 and associated with impaired 
fear inhibition.17 These studies suggest that the consolidation 
of extinction memory is critically modulated by fluctuating 
estrogen levels through the menstrual cycle and may be 
mediated through facilitation of (hippocampal) neuronal 
plasticity.8 If estrogen in fact modulates the success of experi-
mental fear extinction, this might be of high clinical rele-
vance. Fear extinction is used as a model for exposure-based 
cognitive behavioural therapy (CBT18), and consequently 
fluctuations in estrogen levels might affect the outcome of 
CBT during different menstrual cycle phases.7

The general suppression of estradiol levels by the intake of 
hormonal contraceptives, which are widely used among 
young women, might be of similar clinical relevance. It has 
been suggested that altered fear learning in women taking 
hormonal contraceptives might be relevant for the treatment 
of patients with anxiety disorders.19 Previous studies have 
shown that these contraceptives have little or no effect on the 
acquisition and extinction of fear but significantly impair ex-
tinction recall.20 Furthermore, decreased extinction recall in 
women and rodents treated with hormonal contraceptives re-
sulting in low estradiol and progesterone levels could be res-
cued by pharmacological enhancement of estrogen.20 An-
other study found no differences between men, women using 
hormonal contraceptives and women in the luteal phase of 
their menstrual cycles during fear acquisition, whereas dur-
ing immediate extinction, women taking contraceptives 
showed significantly stronger excitatory/inhibitory condi-
tioned stimulus (CS+/CS–) differentiation than both of the 
other groups in regions of the fear network (anterior cingu-
late cortex, amygdala, thalamus, ventromedial prefrontal cor-
tex) driven by reduced CS– responses.21

Given the markedly different prevalence rates for fear and 
anxiety disorders between men and women and the wide use 
of hormonal contraceptives, it is of high clinical relevance 

whether robust sex differences in fear conditioning and ex-
tinction exist and how hormonal contraceptives and men-
strual cycle phase modulate these processes. In addition, the 
role of context dependency in fear learning and extinction 
processes has not yet been addressed with respect to sex dif-
ferences. Contexts serve adaptive functions as they help re-
solve ambiguity and assign situationally dependent mean-
ings. The role of context in fear conditioning, extinction and 
ROF processes has increasingly gained attention,22–25 and the 
loss of contextual control over extinction memory has been 
implicated in psychopathology.25 We thus aimed to investi-
gate differences between men and women and between 
women who use and do not use hormonal contraceptives in, 
to our knowledge, the largest sample of healthy participants 
reported so far. We used a 2-day differential fear conditioning 
paradigm with context-dependent fear and extinction learn-
ing on day 1 and a retrieval/expression session on day 2. This 
paradigm has been used previously23,26 to study the neural 
correlates of context-dependent CS discrimination and subse-
quent extinction retrieval/expression23,26 as well as their phar-
macological manipulation.26

Methods

Participants

We recruited healthy individuals (both men and women) who 
were part of a larger data-collection initiative (Appendix 1, 
Table S1, available at jpn.ca) to participate in the present study. 
Additional analyses involved subdividing women into those 
currently using hormonal contraceptives and free-cycling 
women and further subdividing free-cycling women based on 
menstrual cycle phase (follicular v. luteal). We obtained writ-
ten informed consent from all participants after the procedure 
had been fully explained. The study was approved by the Eth
ical Review Board of the General Medical Council of the State 
of Hamburg (Ethikkommission der Ärztekammer).

Experimental paradigm

The experimental protocol has been used previously.26 In 
brief, the experiment consisted of a context-dependent fear 
conditioning and extinction learning task (day 1; 50% re
inforcement ratio to make discrimination not too easy) and 
retrieval/expression of fear and extinction memory (day 2; 
Fig. 1 and Appendix 1). The paradigm is well suited to ad-
dress the important role of context dependency in fear learn-
ing and extinction processes as fear acquisition often occurs 
in different contexts (e.g., a traumatic situation) than extinc-
tion (e.g., reconfrontation with trauma-associated stimuli out-
side the traumatic situation in daily life or in therapy). Hence, 
the paradigm allows us to test whether participants appro-
priately retrieve fear in the conditioning context and extinc-
tion in the extinction context on day 2 or whether the context
ualization learned on day 1 might be lost (e.g., fear might 
generalize to the extinction context, which would be an indi-
cation of maladaptive and potentially pathological process-
ing). Prior to the experiment, US intensity was individually 
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adjusted to a level of maximum tolerable pain (range 0.2–
85 mA, mean 4.3 ± 0.27 mA). To this end, participants rated 
the painfulness of the US from 0 (‘‘I feel nothing’’) to 10 
(‘‘maximally unpleasant’’; final rating range 2–9 mA, mean 
6.2 ± 0.07 mA).

Fear and US expectancy ratings

After every eighth trial (4 CS+ and 4 CS–, day 1) or second trial 
(1 CS+, 1 CS–, day 2) participants provided explicit fear and 
US expectancy ratings on a screen showing a picture of the CS 
(CS+ or CS–) within the given context, using a Likert scale 
ranging from 0 (none) to 100 (maximum) and answering the 
questions, “When you saw the symbol, how strong was your 
stress/fear/tension” (for fear) and “When you saw the sym-
bol, did you expect painful stimulation?” (for expectancy).

Data recording and response definition

Skin conductance was recorded via self-adhesive Ag/AgCl 
electrodes placed on the palmar side of the left hand on the 
distal and proximal hypothenar eminence using a BIOPAC 
MP35 amplifier (BIOPAC Systems Inc) with AcqKnowledge 
3 software. Data were down-sampled to 10 Hz, and phasic 
skin conductance responses (SCRs) were automatically scored 
as an increase in skin conductance within 1–3.5 s after CS or 
US onset. Specification of a minimum amplitude is optional 
according to published guidelines27 and was not used here. 

Participants not showing any US response during the first 
half of the experiment (day 1) were classified as non
responders23 and excluded from all SCR analyses. Raw SCR 
amplitudes were logarithmized (+1) and range-corrected 
(SCR/SCRmax_CS).

Statistical analysis

For each dependent variable (SCRs, fear ratings, US expec-
tancy) and day, we performed separate 2 × 2 (CS type [CS+/
CS–] × context [A/B]) mixed model analyses of variance 
(ANOVA) with sex as the between-subjects variable. Analy-
ses with trait anxiety, as measured by the Spielberger State–
Trait Anxiety Inventory (STAI),28 as a covariate are reported 
in Appendix 1. For all analyses, we used appropriate follow-
up tests, such as additional repeated-measures ANOVAs, for 
in-depth analyses of significant interaction effects. If the 
sphericity assumption, as tested by the Mauchly sphericity 
test, was violated, we adopted Greenhouse–Geisser correc-
tions. We considered results to be significant at p < 0.05. Partial 
η2 is reported as a measure of effect size.

Results

Participants

In total, 377 individuals (261 women, 116 men) participated 
in this study. The sexes did not differ in age (range 18–35 yr, 

Fig. 1: The experiment used a within-subjects A1B1A2B2 block design consisting of 2 interleaved blocks of fear conditioning in con-
text A and extinction in context B on day 1. Each block consisted of 12 presentations of the excitatory (CS+) and inhibitory condi-
tioned stimulus (CS–) for 3 s each. A blue and a yellow screen background served as different contexts, and 2 geometric symbols 
served as CSs. Thereby the CS+ in context A was in 50% of the cases paired with the aversive, individually adjusted electrotactile 
unconditioned stimulus (US; onset 2.5 s after CS, train of 3 square-wave pulses of 2 ms). On day 2, US intensity was individually 
adjusted again, followed by 10 presentations of 1 CS+ and 1 CS– in context A (acquisition context) and B (extinction context) in an 
interleaved design. Different contexts consisted of alternating background screen colours (blue and yellow, counterbalanced between 
participants). Stimulus presentation was controlled using Presentation software (NeuroBehavioural Systems).
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F1,375 < 1). Among the women, 172 used hormonal contracep-
tives and 89 were free-cycling; of the free-cycling women, 18 
were in the follicular phase and 22 were in the luteal phase of 
their menstrual cycles.

Thirty-two participants (21 women) were classified as non-
responders23 and excluded from all SCR analyses. The SCRmax 
did not differ between men and women (F1,312 < 1). Groups 
did not differ in unconditioned SCR responses to the US 
(men v. women and contraceptive v. free-cycling: both F < 1; 
luteal phase v. follicular phase: F1,125 = 3.10, p = 0.08).

Manipulation check (main effects of task)

Generally, there was robust fear conditioning in the acquisi-
tion context A and robust extinction in the extinction context 
B on day 1 as well as context-dependent retrieval of fear in 
context A (i.e., renewal) and of extinction in context B on day 
2 (Appendix 1, Fig. S2 and Fig. S3). These findings were still 
present in any dependent variable on any day when includ-
ing sex or the use of hormonal contraceptives.

On both experimental days, there was a significant main 
effect of sex as well as a sex × CS type interaction in all 
dependent measures (fear ratings, US expectancy ratings, 
SCRs; Table 1 and Appendix 1, Fig. S2 and Fig. S3).

Subjective ratings
On both days, there was a main effect of sex in fear and US ex-
pectancy ratings (higher in women than men) that was in
dependent of context and CS type (Appendix 1, Fig. S2 and 
Fig. S3). Because this effect may reflect sex differences in the use 
of rating scales and because of a higher-order interaction in-
volving the factor sex, we do not discuss the finding further. 
Interestingly, there was a sex × CS type interaction on both 
days (Table 1 and Fig. 2). This interaction was characterized by 

stronger differences in CS– ratings than in CS+ ratings between 
the sexes, resulting in attenuated CS+/CS– discrimination in 
women compared with men.

Separate analyses for both CS types showed that women had 
higher rating values than men, particularly for the CS– (day 1: 
fear ratings F1,375 = 19.17, p < 0.001, η2 = 0.05 and US expectancy 
F1,375 = 16.52, p < 0.001, η2 = 0.04; day 2 fear ratings F1,354 = 21.53, 
p < 0.001, η2 = 0.06 and US expectancy F1,354 = 19.89, p < 0.001, 
η2 = 0.05; Appendix 1, Fig. S2 and Fig. S3). For the CS+, the sexes 
did not differ on day 1 (fear ratings F1,375 = 2.54, p = 0.11 and US 
expectancy F1,375 = 2.00, p = 0.16; Appendix 1, Fig. S2). On day 2, 
however, women showed higher reactions toward the CS+ than 
men (fear ratings F1,354 = 11.33, p = 0.002, η2 = 0.03 and US expec-
tancy F1,354 = 9.91, p = 0.002, η2 = 0.03; Appendix 1, Fig. S3).

In addition, on day 2 but not on day 1, the main effect of sex 
(fear and US expectancy in women > men) was further ac-
companied by an interaction with context (Table 1). Although 
significant in both contexts, this sex difference was more pro-
nounced in context A (fear ratings F1,354 = 24.99, p < 0.001, η2 = 
0.07 and US expectancy F1,354 = 24.11, p < 0.001, η2 = 0.06) than 
in context B (fear ratings F1,354 = 10.55, p = 0.001, η2 = 0.03 and 
US expectancy F1,354 = 9.40, p = 0.002, η2 = 0.03), giving rise to a 
sex × context interaction (Table 1) in the absence of a sex × CS 
type × context interaction.

Results were similar when excluding SCR nonresponders 
from rating analyses.

Skin conductance responses 
For SCRs, however, men displayed larger SCRs than women 
on both days (Table 1 and Appendix 1, Fig. S2 and Fig. S3). 
This main effect of sex was further accompanied by a sex × 
CS type interaction, which was characterized by higher CS+ 
(day 1: F1,312 = 10.20, p = 0.002, η2 = 0.03; day 2: F1,310 = 5.50, p = 
0.020, η2 = 0.02) but not CS– (day 1: F1,312 < 1; day 2: F1,310 < 1) 

Table 1: Statistical results for fear ratings, US expectancy ratings and SCRs on day 1 and day 2

Fear ratings US expectancy SCRs

Variable Statistic p value η2 Statistic p value η2 Statistic p value η2

Day 1

CS F1,375 = 377.74 < 0.001 0.50 F1,375 = 436.09 < 0.001 0.54 F1,312 = 149.84 < 0.001 0.32

Context F1,375 = 261.70 < 0.001 0.41 F1,375 = 223.68 < 0.001 0.37 F1,312 = 241.08 < 0.001 0.44

Sex F1,375 = 11.54 < 0.001 0.03 F1,375 = 10.89 0.001 0.03 F1,312 = 5.55 0.019 0.02

CS × context F1,375 = 195.00 < 0.001 0.34 F1,375 = 202.48 < 0.001 0.35 F1,312 = 59.27 < 0.001 0.16

Sex × CS F1,375 = 9.30 0.002 0.02 F1,375 = 9.30 0.002 0.02 F1,312 = 13.70 < 0.001 0.04

Sex × context F1,375 = 1.08 0.30 — F1,375 < 1 — — F1,312 < 1 — —

Sex × CS × context F1,375 = 1.71 0.19 — F1,375 < 1 — — F1,312 = 2.99 0.09 0.01

Day 2

CS F1,354 = 212.60 < 0.001 0.36 F1,354 = 238.63 < 0.001 0.40 F1,310 = 49.20 < 0.001 0.14

Context F1,354 = 120.77 < 0.001 0.25 F1,354 = 136.74 < 0.001 0.28 F1,310 = 73.59 < 0.001 0.19

Sex F1,354 = 18.30 < 0.001 0.05 F1,354 = 17.33 < 0.001 0.05 F1,310 = 3.24 0.71 0.01

CS × context F1,354 = 56.72 < 0.001 0.14 F1,354 = 79.00 < 0.001 0.18 F1,310 = 2.17 0.14 —

Sex × CS F1,354 = 4.17 0.44 0.01 F1,354 = 4.67 0.034 0.01 F1,310 = 4.78 0.030 0.02

Sex × context F1,354 = 8.98 0.003 0.03 F1,354 = 5.55 0.019 0.02 F1,310 = 1.04 0.31 —

Sex × CS × context F1,354 < 1 — — F1,354 < 1 — — F1,310 = 1.15 0.29 —

CS = conditioned stimulus; SCR = skin conductance response; US = unconditioned stimulus.
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reactions in men in the absence of a sex × CS type × context 
interaction. Hence, while reduced CS+/CS– discrimination in 
women (Fig. 2C and F) was observed in all dependent meas
ures, this resulted from reduced CS+ responses in SCRs in-
stead of higher CS– responses (as in the subjective ratings).

Effects of hormonal contraceptives 
Additional analyses subdividing the women based on use of 
hormonal contraceptives showed no significant main effect or 
interaction with the use of contraceptives (yes v. no) on sub-
jective ratings on any day and SCRs on day 1. On day 2, how-
ever, free-cycling women discriminated better than women 
using hormonal contraceptives in SCRs between the CS+ and 
the CS–, irrespective of the context (Appendix 1, Fig. S4).

Effects of menstrual cycle phase 
Exploratory analyses subdividing free-cycling women fur-
ther based on luteal or follicular phase of the menstrual cycle 
did not reveal significant differences between these sub-
groups on either day (all F < 1, data not shown).

Discussion

We report several major findings. First, women displayed less 
CS+/CS– discrimination than men in a context-independent 
way on both experimental days (learning and retrieval/
expression test). In particular, women showed increased CS– 
reactions in subjective ratings and decreased CS+ reactions in 

SCRs during both learning (day 1) and retrieval/expression 
(day 2). Second, at retrieval/expression, CS+/CS– discrimin
ation differences in SCRs were driven by reduced discrim
ination in women using hormonal contraceptives compared 
with men and free-cycling women. Hormonal contraceptive 
intake and menstrual cycle phase, however, did not affect 
subjective ratings on any day or SCRs on day 1. Third, at the 
same time, women displayed generally higher fear ratings 
and US expectancy but smaller SCRs than men.

These findings of sexually dimorphic discrimination learn-
ing are highly important and might reflect underlying mech-
anisms of higher prevalence and symptom severity for anx
iety and stress-related disorders in women. Discrimination 
between the danger (CS+) and the safety cue (CS–) is thought 
to represent the joint effect of 2 learning processes: excitatory 
danger learning (to the CS+) and inhibitory safety learning 
(to the CS–). Deficits in either of these processes can result in 
reduced discrimination rates, and an early meta-analysis on 
this topic implicated both mechanisms in patient–control dif-
ferences in CS+/CS– discrimination.29 While in SCRs women 
showed reduced excitatory processing (attenuated CS+ re-
sponses), women’s subjective ratings were mainly character-
ized by enhanced CS– responses, likely reflecting impaired 
inhibitory mechanisms.30 In particular, deficient safety-signal 
processing represents a hallmark of anxiety-related disor-
ders, such as panic disorder and posttraumatic stress disor-
der (PTSD),29,31,32 and has been implicated in theories of path-
ological anxiety.33 In patients wiht panic disorders, for 

Fig. 2: Differences in excitatory/inhibitory conditioned stimulus (CS+/CS–) scores for men (in black) and women (in white) in both the acquisi-
tion context A and the extinction context B for the 3 dependent measurements, fear ratings (A,D), unconditioned stimulus (US) expectancy 
(B,E) and skin conductance responses (SCRs; C,F), on day 1 (A–C) and day 2 (D–F). Error bars represent standard errors of the mean. *p < 
0.05, **p < 0.01, ns = nonsignificant. 
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instance, deficits to identify safety signals render panic at-
tacks unpredictable. Ultimately, this leads to sustained anx-
ious apprehension of the future (“better safe than sorry”).

The sexually dimorphic discrimination pattern observed in 
this study resembles what has been reported in patients with 
PTSD or panic disorder compared with controls using auto-
nomic markers, subjective ratings and fMRI.29,32,34–39 With re-
spect to the clinical relevance of these findings, it is tempting 
to speculate that impaired associative learning processes 
might set the ground for higher prevalence and symptom 
rates in women, as prospective studies have suggested im-
paired fear suppression as a vulnerability factor for PTSD.40,41 
While the finding of reduced discrimination in this study was 
consistent over different dependent measures and experi-
mental days, disparate mechanisms seem to be at work for 
different outcome measures (SCRs v. subjective ratings). In 
our data, women showed reduced autonomic responses 
(SCRs) to the CS+ (day 1 and day 2) and enhanced CS– re-
sponses (day 1 and day 2) in combination with enhanced CS+ 
responses (day 2 only) in subjective ratings.

We observed sex differences in CS+/CS– discrimination in 
a context-independent way, suggesting that a loss of contex-
tual control over extinction memory, which has been impli-
cated in psychopathology,25 does not represent a mechanism 
behind different prevalence rates and symptom profiles be-
tween the sexes.

Generally, literature on sex differences in fear conditioning 
and extinction processes is rather sparse. Still our results are 
well in line with those of a recent rodent study resporting 
faster generalization of contextual fear cues in female than in 
male rats,42 and the present results also fit well into a stimulus 
generalization framework of anxiety.43,44 Stimulus generaliza-
tion represents an associative mechanism and refers to the 
transfer of a CR to a different stimulus that shares some char-
acteristics (e.g., visual, physical) with the CS.45 Patients with 
anxiety and women may thus be more prone to a subjective 
initial evaluation of the CS– as a threat owing to the similar
ities to the true danger cue (CS+). Studies focusing on sex dif-
ferences in fear generalization are ongoing, and upcoming re-
sults might clarify this. Thus, to date, it can be only speculated 
that women may show faster and more pronounced general-
ization than men.42 These results may also be of high clinical 
relevance not only for the understanding of the pathophysiol-
ogy of anxiety disorders, but also for their treatment. If 
women are characterized by inhibitory learning deficits, then 
targeting these processes directly during therapy46,47 might be 
a promising avenue to precision medicine.48

Previous studies in humans have suggested activational ef-
fects of estrogens on fear conditioning and, in particular, ex-
tinction (recall) processes, as shown by differences between 
free-cycling women and those using hormonal contraceptives 
as well as differences during menstrual cycle phases.8 It was 
thus suggested that current sex hormone status may have a 
stronger impact than biological sex on fear and extinction pro-
cesses. Our data stand in contrast to this and support the no-
tion that sex differences may be more dependent on organiza-
tional effects49 as we find strong sex differences on both fear 
acquisition and retrieval/expression but little evidence for a 

modulatory role of current sex hormone status. Only during 
the retrieval/expression phase did we observe reduced CS+/
CS– discrimination in SCRs in women using hormonal contra-
ceptives compared with men and free-cycling women irre-
spective of menstrual cycle phase. This suggests a more gen-
eral effect of hormonal contraceptive usage on SCRs during 
fear and extinction retrieval/expression rather than an effect 
of biological sex. In addition, no evidence for differences be-
tween subgroups of free-cycling women were observed.

Others have not observed any differences in SCRs during 
fear acquisition and extinction between men and women in dif-
ferent menstrual cycle phases either,20,21,50 but stronger CS+/
CS– discrimination has been observed in women using hor-
monal contraceptives compared with men and free-cycling 
women in the luteal phase of their menstrual cycles in regions 
of the fear network during immediate extinction.21 In addition, 
women using hormonal contraceptives exhibited poorer extinc-
tion recall (i.e., stronger CS+/CS– discrimination) then free-
cycling women.20 These latter findings stand in contrast to our 
findings of reduced CS+/CS– SCR discrimination on day 2 in 
women using hormonal contraceptives. Generally differences 
between our results and previous findings might be due to crit-
ical details in experimental designs (e.g., immediate v. delayed 
extinction v. extinction recall, instructed v. noninstructed acqui-
sition, context-dependent acquisition v. cue conditioning). In 
addition, it needs to be acknowledged that central effects of es-
trogen are not mediated via serum levels but via local synthe-
sis, even though both levels are highly correlated.51

Third, in addition to sex differences in CS+/CS– discrimi-
nation, we also observed higher subjective fear and US expec-
tancy ratings, but generally (that is, irrespective of CS type) 
lower SCRs in women than in men. While it is established that 
women subjectively report higher fear levels,52 few studies53–55 
have focused on sex differences in physiologic arousal. The 
significantly enhanced SCRs in men observed in our study are 
in line with previously reported nonsignificantly enhanced 
SCRs in men during fear acquisition in studies with much 
smaller samples than ours (Nmax = 2014,50,56). Even though SCRs 
were range-corrected in our study, it cannot be excluded that 
generally dampened electrodermal responding in females 
might partly contribute to differences in CS discrimination.

Limitations

While our study has several major strengths (e.g., the use of, 
to our knowledge, the largest sample size so far), some limi
tations should be acknowledged. We can provide only a 
rough estimate of menstrual cycle phase, as fluctuating ovar-
ian hormones and male sex hormones were not directly 
measured. Consequently, classification in different menstrual 
cycle phases in this limited sample was based on the partici-
pants’ self-reported data. In addition, a postexperimental in-
terview assessing CS-US contingency awareness would have 
been helpful to guide the interpretation of our data, as we 
found sex differences in US expectancy ratings and previous 
studies have reported differences in US expectancy and 
awareness between patients and controls and anxious re-
sponding.34,57,58 Furthermore, an alternative explanation to the 
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role of biological sex might be sex-associated environmental, 
societal or cultural effects (e.g., sex-associated differences in 
upbringing; valuation of pain, fear or safety; perceived coping 
potential). These are, however, difficult to control in an ex
perimental setting. Finally, up to 4 participants were tested in 
the same room in separate cubicles. While they could not see 
each other during the experiment, this might have introduced 
a social component that could affect results differentially for 
both sexes. Finally, the effect sizes for the sex differences that 
we observed are rather small and suggest that large samples 
such as ours might be required to detect them.

Conclusion

Our data demonstrate robust sex differences in CS+/CS– dis-
crimination and safety learning and call for the incorporation 
of a sex difference perspective into future studies.6 Of note, it 
has been demonstrated previously that failure to consider sex 
differences may even lead to false-negative findings, such as 
the interaction of stress hormone levels (i.e., cortisol) with 
fear conditioning processes.59, 60 As estrogen is not the only 
sex hormone that differs between the sexes and between 
menstrual cycle phases, the role of other hormones (e.g., pro-
gesterone) deserve more attention, particularly in light of 
small effects for hormonal contraceptive usage or different 
menstrual cycle phases. In addition, as most rodent and hu-
man work has been conducted in males, a future challenge 
will be the investigation of whether results truly can be trans-
lated to women. This is of high clinical relevance given the 
higher prevalence and severity of anxiety symptoms in 
women. In light of these findings, it seems no longer appro-
priate to generalize experimental results obtained in men to 
clinical disorders that affect mainly women.
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