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Impact of exogenous estradiol on task-based and resting-state
neural signature during and after fear extinction in healthy
women
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Fluctuations of endogenous estrogen modulates fear extinction, but the influence of exogenous estradiol is less studied. Moreover,
little focus has been placed on the impact of estradiol on broad network connectivity beyond the fear extinction circuit. Here, we
examined the effect of acute exogenous estradiol administration on fear extinction-induced brain activation, whole-brain functional
connectivity (FC) during the fear extinction task and post-extinction resting-state. Ninety healthy women (57 using oral
contraceptives [OC], 33 naturally cycling [NC]) were fear conditioned on day 1. They ingested an estradiol or placebo pill prior to
extinction learning on day 2 (double-blind design). Extinction memory was assessed on day 3. Task-based functional MRI data were
ascertained on days 2 and 3 and resting-state data were collected post-extinction on day 2 and pre-recall on day 3. Estradiol
administration significantly modulated the neural signature associated with fear extinction learning and memory, consistent with
prior studies. Importantly, estradiol administration induced significant changes in FC within multiple networks, including the default
mode and somatomotor networks during extinction learning, post-extinction, and during extinction memory recall. Exploratory
analyses revealed that estradiol impacted ventromedial prefrontal cortex (vmPFC) activation and FC differently in the NC and OC
women. The data implicate a more diffused and significant effect of acute estradiol administration on multiple networks. Such an
effect might be beneficial to modulating attention and conscious processes in addition to engaging neural processes associated
with emotional learning and memory consolidation.
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INTRODUCTION
Women are at higher risk of developing posttraumatic stress
disorder (PTSD) and anxiety disorders compared to men [1, 2]. The
pathophysiology of anxiety and fear-related disorders is asso-
ciated with abnormal fear extinction learning and extinction
memory retention [3–7]. Pavlovian fear conditioning and extinc-
tion is a widely used translational model that investigates the
mechanisms underlying fear extinction and its memory consolida-
tion [6, 8, 9]. Women and men exhibit different psychophysiolo-
gical responses during fear conditioning and extinction [10–12],
and fear conditioning and extinction appear to be impacted by
the phase of the menstrual cycle in women (see [13] for a recent
review). These findings are consistent with the rodent literature
[14, 15] and with documented sex differences in humans across
multiple emotional learning and memory paradigms [16–18].
Accumulating evidence suggests that sex hormones are likely to

contribute to some of these differences [19–23]. Specifically,
naturally cycling (NC) women undergoing extinction learning
while in a naturally high-estrogen state showed facilitated

extinction memory retention compared to women in low-
estrogen state [11, 24]. In women with PTSD, estrogen levels
were associated with extinction deficits [25, 26]. And higher
estradiol levels protected against the negative impact of PTSD
symptoms by enhancing habituation during fear conditioning and
extinction [27]. A recent review highlighted the consistency of
premenstrual exacerbation of anxiety symptoms and the protec-
tive effects of estradiol on recall of extinction learning in healthy
women [13]. Collectively, these works suggest that there is
potential for using estradiol as an adjunct to current PTSD
treatments [5]. Currently, however, there is little evidence to show
that exogenous administration of synthetic estradiol (whether
acute or chronic) could impact the neural correlates of fear
extinction and extinction memory recall. In a psychophysiological
study, we have shown that administration of a estradiol pill before
extinction learning significantly improved extinction memory in
healthy women [28], supporting the idea that extinction learning
and memory may be enhanced by exogenously manipulating
estradiol.
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The main objective of the current study was to examine how a
single administration of estradiol affects the neural signature
during and after fear extinction learning. Ninety healthy women
were randomized to take placebo or estradiol pill (double-blind)
and underwent a validated fear conditioning and extinction
paradigm while skin conductance responses (SCR) and fMRI data
were acquired [29–32]. In addition to studying the activation of
key nodes of the fear extinction network, including the
ventromedial prefrontal cortex (vmPFC), hippocampus, and
amygdala [6, 33, 34], our analyses also focused on whole-brain
functional connectivity (FC). This analytic approach is consistent
with recent calls to focus on broadly distributed brain networks
that underlie attention and conscious awareness in addition to
emotional learning and memory [35–37]. Moreover, we analyzed
data from resting-state immediately after extinction learning,
given that animal [38–41] and human [42–44] studies have shown

that the time window after extinction learning is important for
extinction memory consolidation. We hypothesized that estradiol
administration would modulate both brain activations and large-
scale FC. We conducted secondary analyses to explore whether
there is a difference between oral contraceptive (OC) users and NC
women in the estradiol-induced activations and FC, and explored
the potential impact of estradiol dose effects.

MATERIALS AND METHODS
Participants
Ninety healthy women (18–30 years old) were recruited at three sites in the
study. Participants were either OC users (n= 57) or NC women (n= 33). For
the OC users, we recruited women using monophasic, second and third
generation OC pills with 20mg or less of ethynyl estradiol. We did not
obtain any additional specific information about the brand of type of OC
being used. All women were required to have used OC for at least
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3 months prior to their participation in our study. NC women underwent
the paradigm within the first 10 days of menses. All procedures were
approved by the Institute Review Board (IRB) of the three sites. Written
informed consent was obtained from all participants. See Supplementary
Material for more details.

Experimental design
Participants underwent a 3-day fear conditioning and extinction paradigm
[29–32] (shown in Fig. 1A). On day 1, participants completed the fear
conditioning phase outside of the scanner. They were presented with three
cues (conditioned stimulus, CS), two of which were partially reinforced with
a mild electric shock (CS+) while the other was not reinforced (CS−). On
day 2, participants were randomized (double-blind) to take either a pill of
placebo or estradiol (2 or 4 mg) at home. Approximately 5 h later, when
estradiol levels were expected to be near peak (per manufacturer
description), participants underwent the extinction learning phase in the
fMRI scanner, during which they viewed one CS+ (termed CS+
extinguished [CS+ E]) and one CS−, both presented without shock. About
10min after extinction learning, participants underwent a 10-min resting-
state scan. Twenty-four hours later (day 3), participants underwent the
extinction retention test in the fMRI scanner. Participants were presented
with all three cues: the CS+ E, the CS+ that was not extinguished on day 2
(termed CS+U), and the CS−, without shock. Resting-state data were
collected before the extinction retention test. On each experimental day,
we collected blood samples from participants before the experiment to
measure serum estradiol levels. SCR data were analyzed as described in
prior studies [31, 32, 45]. For fear conditioning, we focused on the
difference between both CS+ s and the CS−, with the trials equally divided
into two halves (early and late). For extinction learning, we conducted the
analysis by calculating the differential SCRs (CS+minus CS−, 4 bins of 4
trials each). For the extinction retention test, we evaluated extinction
retention using SCRs during the first 4 trials of the CS+ E and CS+U.
See Supplementary Material for more details.

Imaging data analyses
Task-based activation. For details regarding MRI data acquisition and
processing, see Supplementary Material. For extinction learning, we
created contrast maps for the early (the first 4 trials CS+ vs. CS−) and
late (the last 4 trials CS+ vs. CS−) phase. For the extinction retention test,
we focused on the early CS+ E vs. CS+U (the first 4 trials) contrast map.
The rationale for selecting these specific trials for each phase was based on
prior fMRI and animal studies showing distinct neural activations for these
trials within each examined phase [6, 31, 32, 46, 47]. Individuals’ contrast
maps were used as the dependent variable for the second-level group
analyses, with the estradiol levels at day 2 as the independent variable. For
analyses of neural activations (and FC described below), we opted to use
estradiol concentrations as a continuous measure rather than the placebo
vs. estradiol groups. We did this for two reasons: First, this approach
provides more robust statistical power in studying the impact of estradiol
on the brain. Second, previous studies have shown that the inter-individual
variance within groups was very high [43], likely reflecting individual
differences pertaining to the pharmacodynamics and kinetics of estradiol
absorption and metabolism. Therefore, examining estradiol levels in this
manner could potentially capture inter-individual differences more
effectively than a binary group approach. Study site was included as a
covariate in our analyses to control for site effects. Group-level activation
maps were thresholded with a voxel-level p < 0.001 and a cluster-level p <
0.05 (family-wise error rate [FWER] corrected). For significant activations,
Montreal Neurological Institute (MNI) coordinates of the peaks were
reported.

Task-based connectivity. We used a whole-brain generalized psychophy-
siological interaction method to examine task-based connectivity among
brain regions [48, 49]. We divided the whole-brain into 432 functionally
homogeneous regions, including 400 cortical regions [50], and 32 sub-
cortical regions [51]. Each region was assigned to one of 8 canonical
subnetworks according to previous studies [52], including the frontopar-
ietal control network (CON), default mode network (DMN), dorsal attention
network (DAN), limbic network (LIM), ventral attention network (VAN),
somatomotor network (SMN), visual network (VIS), and subcortical network
(SUB). For every two regions, we estimated their connections during early
and late extinction learning and early extinction retention test, as defined
above. We constructed a symmetrized 432 × 432 FC matrix for each
condition, with each value representing an edge (connection) between

paired regions. We used the Combat harmonization approach to correct
site effects [53, 54]. We used the Network-Based Statistic (NBS) procedure
—a well-validated method for controlling FWER [55]—to identify edges
that showed significant correlations with estradiol levels on day 2 (for
details, see Supplementary Material).

Resting-state FC. We extracted the mean time series of each brain region
from the preprocessed resting-state fMRI data. We obtained a 432 × 432 FC
matrix for each resting-state run by calculating Pearson correlations
between paired regions. The NBS method was used to identify network
components that significantly correlated with estradiol level on day 2.

Mediation analyses. Mediation analysis tests whether the effect of an
independent variable (IV) on a dependent variable (DV) is transmitted by a
mediator [56]. In this study, we specifically tested two models. The first
(learning model) was a standard mediation model, which tested whether
FC during extinction learning (mediator) mediates the effects of estradiol
administration (IV) on post-extinction learning resting-state FC (rsFC, DV).
The second (memory model) was a parallel mediation model, which tested
whether extinction learning (mediator 1) and post-extinction learning rsFC
(mediator 2) mediate the effects of estradiol administration (IV) on
extinction retention connectivity (DV). Bootstrap tests (10,000 iterations)
were used for testing the significance of mediation effects. For the
mediation analyses, we focused on FC patterns during early extinction
learning. This choice was made for two reasons. First, prior fMRI and animal
studies have shown distinct neural activations for the early and late
extinction learning [6, 31, 32, 46, 47]; Second, we observed robust effects of
estradiol on FC during early extinction learning for CS+ vs. CS− (Fig. 3A–C).

Secondary analyses. First, we examined neural activation and FC for the
OC and NC subgroups separately to explore whether there is a difference
between OC and NC in the estradiol-induced activations and FC. To ensure
that the observed modulation differences were not due to sample size, we
also conducted the same analyses on a subset of OC (i.e., all OC from one
site), which had a comparable sample size to NC. Moreover, we used
general linear models with interaction terms (contraceptive status [OC vs.
NC] × estradiol concentrations) to assess how different patterns of estradiol
might affect NC and OC. The second exploratory analyses were done to
examine the potential impact of estradiol dose. We divided all participants
into three groups (placebo, 2 mg estradiol, or 4 mg estradiol) and then
compared the brain activations or FCs between these 3 groups
(Supplementary Fig. S5).

RESULTS
Estradiol and psychophysiological measures
The estradiol concentrations obtained across the 3 experimental
days are presented in Supplementary Fig. S1. On day 1, as
expected, there were no differences in serum estradiol levels (t
(88)= 0.12, p= 0.90) between participants (those to receive
estradiol on day 2 vs. those to receive placebo pill). On day 2,
estradiol levels were significantly higher for women that ingested
the estradiol pill compared to those that ingested the placebo pill
(t(88)= 6.86, p < 0.001), confirming the effectiveness of estradiol
administration in elevating serum estradiol levels. For the women
ingesting the estradiol pill, the impact of dose (2 vs. 4 mg) on
estradiol levels was not significant (t(51)= 1.85, p= 0.07),
suggesting the high inter-individual variance in response to
estradiol administration. On day 3, estradiol levels remained
significantly higher in women that had ingested the estradiol pill
(t(88)= 3.98, p < 0.001), suggesting that the impact of estradiol
might have lingered onto the recall test.
With regards to psychophysiological measures, fear condition-

ing on day 1 (indexed by SCR) was achieved and did not differ
between women to receive the estradiol on day 2 and those to
receive the placebo pill. Time (early and late) × Group (placebo
and estradiol administration) mixed model ANOVA revealed no
significant results (ps > 0.3 for main and interaction effects)
(Fig. 1B). Extinction learning was also achieved with no differences
between women ingesting the estradiol vs. placebo pills. There
was a significant effect of Time, indicating that SCRs significantly
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declined across fear extinction learning (F(3,174)= 8.48, p < 0.001),
but main effects of Group (F(1,58)= 0.05, p= 0.82) and the Time ×
Group interaction were not significant (F(3,174)= 0.82, p= 0.31)
(Fig. 1B). During extinction retention test, estradiol-treated women
exhibited significantly less recovery of fear compared to placebo-
treated women, indexed by SCR (CS+ E vs. CS+ U) (Fig. 1C, t(57)
= 2.0, p= 0.049). We conducted exploratory analyses on the SCR
data for the OC and NC groups, see Supplementary Material for
details.

Impact of estradiol on task-induced activations
We examined the overall impact of estradiol administration on
brain activation across participants (Fig. 2A). We found that
individuals with higher estradiol levels exhibited increased
activation in the cuneus gyrus (MNIxyz= [−10, −82, 26], t= 4.62,
pcluster-FWE < 0.001) and vmPFC (MNIxyz= [−10, 42, 6], t= 4.39,

pcluster-FWE= 0.001), during early and late extinction learning,
respectively. During the extinction retention test, activation of the
dorsal anterior cingulate cortex (dACC, MNIxyz= [2, 0, 40], t= 3.83,
pcluster-FWE < 0.001) was positively correlated with estradiol levels.
Using a less conservative threshold (voxel-level p < 0.005), we
observed an impact of estradiol on hippocampal activation
(Supplementary Fig. S2).

Results of exploratory analyses: OC and NC. The OC subgroup
exhibited similar associations between estradiol levels and
activations (Fig. 2B). However, NC exhibited different patterns of
neural modulation (Fig. 2C). Specifically, in NC women we found a
positive correlation between estradiol level and vmPFC activation
(MNIxyz= [0, 36, 10], t= 4.16, p < 0.001, uncorrected) in early but
not late extinction learning. The null result in late extinction
learning is not likely due to reduced power, since we identified
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significant association between the vmPFC activations and
estradiol levels in OC with a similar sample size (Supplementary
Fig. S3). During extinction retention test, the vmPFC activation
(MNIxyz= [−8, 48, 0], t= 5.44, pcluster-FWE < 0.001) of NC women
was positively correlated with estradiol levels, which is consistent
with our previous study [24]. To statistically compare the two
subgroups, we examined the interaction effects of contraceptive
status (OC vs. NC) and estradiol concentrations on brain
activations (Supplementary Fig. S4). We observed significant
interaction effects in the vmPFC activation during extinction
retention test. For the extinction learning phase, we also found
significant interactions in the vmPFC activations with a less
conservative threshold. Note that the variance of estradiol
concentrations on day 2 (which was used for correlation analyses)
was similar for the OC and NC groups (Levene’s test, F(1, 88)= 2.8,
p= 0.10). Additionally, there was no significant difference
between the OC and NC groups regarding the mean estradiol
concentrations on day 2 (t(88)= 1.26, p= 0.21). Therefore, the
observed differences based on the correlation analyses (for
activation analyses and connectivity analyses shown below) were
not likely due to differences in measurements of estradiol
between the OC and NC group.

Impact of estradiol on task-based FC
Next, we explored how estradiol modulates FC across experi-
mental phases. In early extinction learning, the NBS analysis
revealed an association of estradiol level and a network
component (p < 0.05). The component contained 264 edges
between 155 regions, mainly involving the DMN, SMN, and SUB
(Fig. 3A, B). The mean connectivity of this component showed a
significant negative correlation with estradiol levels (r=−0.63,
p < 0.001). We did not observe any significant components during
the late extinction learning phase with the CS+ vs. CS− contrast.
However, we observed two significant components during late
extinction CS+ processing, one negatively correlated with
estradiol levels; the other showed a marginally positive association
with estradiol levels (Supplementary Fig. S5). During extinction
retention test (day 3), we identified another network component
that showed a significant negative correlation with estradiol levels
(r=−0.64, p < 0.001). The component contained 351 edges
between 209 regions, mainly involving the DMN and SMN (Fig. 3D,
E). There were no overlapping edges between this component
and the significant component in early extinction learning,
suggesting different patterns of modulation by estradiol across
experimental phases.

Results of exploratory analyses: OC and NC. We examined the
association of estradiol level and the mean connectivity of the
identified network components, separately within the OC and NC
subgroups. In early extinction learning (Fig. 3C), we observed
similar patterns of negative correlation within the OC (r=−0.69,
p < 0.001) and NC groups (r=−0.51, p= 0.003). However, during
the extinction retention test (Fig. 3F), the OC and NC groups
exhibited dissociated patterns. We observed a significant negative
correlation in the OC (r=−0.71, p < 0.001) but not in the NC
group (r=−0.31, p= 0.089). Bootstrap analysis indicated that the
difference between the two correlation coefficients was significant
(Δr=−0.40, 95% CI: [−0.70, −0.13], p < 0.005). This difference was
not likely because of sample size, since we observed a similar
pattern of a significantly robust negative correlation on a subset of
OC (on site 1, r=−0.67, p < 0.001).

Impact of estradiol on resting-state FC
We examined whether estradiol modulated rsFC after extinction
learning and before extinction memory retrieval. We first
examined the post-extinction rsFC, where memory consolidation
is likely to occur. When including all participants, we identified a
network component with 464 edges between 281 regions (r=

0.76, p < 0.001), mainly involving the DMN, SMN, and VIS (Fig. 4A,
B). We examined the relationship between estradiol and rsFC on
day 3, before the extinction retention test, but did not find
significant network components.

Results of exploratory analyses: OC and NC. For the significant
component identified in post-extinction learning rsFC (Fig. 4C), we
observed a stronger positive correlation with estradiol in the OC (r
= 0.84, p < 0.001) compared to the NC group (r= 0.44, p= 0.015).
Bootstrap analysis confirmed the significant difference between
the two correlation coefficients (Δr= 0.40, 95% CI: [−0.75, −0.11],
p < 0.005). On a subset of OC participants, we observed similar
pattern of positive correlation (r= 0.86, p < 0.001), suggesting the
difference between OC and NC is not likely due to sample size.
These results suggest a different impact of estradiol on post-
extinction learning rsFC for OC and NC groups.

Mediation analysis
The analyses conducted above revealed a significant impact of
estradiol on task-based FC (tbFC) and rsFC. Is there a link or an
association between changes in FC during the task and changes in
functional activity after learning and before recall? To answer this
question, we conducted mediation analyses to test two models—
a learning model and a memory model. Within the learning
model, we explored the mediator effect of early extinction
learning tbFC on the role of estradiol administration on post-
extinction learning rsFC. In the memory model, we explored the
mediator effect of both early extinction learning rsFC (mediator 1)
and post-extinction learning rsFC (mediator 2) on the influence of
estradiol on extinction memory retention tbFC. For the learning
model (Fig. 5A), we found that the connectivity in early extinction
learning partially mediated the effects of estradiol on the post-
extinction rsFC (β=−0.02, p= 0.016). For the memory model
(Fig. 5B), the post-extinction rsFC (β=−0.19, p= 0.007), but not
the tbFC during extinction learning (β=−0.05, p= 0.24), partially
mediated the effects of estradiol on the connectivity during
follow-up extinction retention test. These results suggest an
interaction between estradiol-induced changes during extinction
learning, post-extinction learning memory-consolidation phase,
and the memory retrieval phase.

DISCUSSION
We examined the impact of acute exogenous estradiol adminis-
tration on task-based and resting-state activations and connectiv-
ity during and after fear extinction learning. We found that
estradiol administration significantly affected brain activations and
FC across different phases of the experiment. Our data also
showed that the impact of estradiol during and post fear
extinction learning is far more diffused across multiple brain
regions and networks. Our exploratory analyses revealed that
neural modulation patterns differed between NC women and
OC users.
We observed effects of exogenous estradiol administration on

extinction learning at the neurobiological level (Fig. 2), mainly on
the vmPFC. Studies in rodents [57] and humans [31, 58, 59] have
shown the involvement of the vmPFC in mediating extinction.
Women with higher endogenous estradiol showed increased
vmPFC activation during extinction learning [24]. The results
herein replicate and extend previous studies by showing the
impact of exogenous estradiol on vmPFC activation during
extinction learning. During the memory retention test, we found
an impact of estradiol on the dACC, which has been broadly
implicated in cognitive and emotional processes [60–62], includ-
ing fear extinction and its memory recall [34, 61]. Overall, these
results suggest that exogenous estradiol modulates activations of
regions involved in fear extinction learning and memory
consolidation.
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Beyond the vmPFC and dACC, estradiol administration modu-
lated large-scale FC across experimental phases (Fig. 3 and 4).
Resting-state studies have shown that endogenous estradiol
modulates FC with the amygdala [63] and connectivity across
distributed brain regions [64, 65]. Our results provide evidence
that exogenous estradiol not only modulates rsFC, but also
connectivity during extinction learning and its memory retention
test. Rodent [38–41] and human studies [42–44] have consistently
shown that the time window after extinction learning is critical for
memory consolidation. Administration of the estrogen-receptor
beta agonist within this time window facilitated extinction recall
[24]. Therefore, the effects of estradiol on resting-state connectiv-
ity during this period may explain estradiol’s influence on
improving extinction memory consolidation, a hypothesis that is
supported by the results of our mediation (Fig. 5B).
The estradiol-modulated connections were distributed across

functionally distinct systems including the DMN and SMN. Many of
the ‘resident’ brain regions within the DMN, like the prefrontal
cortex, are areas containing high levels of estrogen receptors
[66, 67]. FC of DMN and SMN is modulated by endogenous
estradiol across the menstrual cycle [64, 65, 68]. The DMN is
implicated in conscious awareness, affective learning, and
memory consolidation [69–71]. Dysfunction of the DMN is
associated with impaired fear extinction in PTSD [72]. The SMN

is not only associated with motor function, but also involved in the
pathophysiology of psychiatric disorders [73], including PTSD [74–
76] and anxiety disorders [77]. Activations in the SMN are
correlated with flashbacks in PTSD [78], suggesting a possible
function in preparing for reacting to a potential threat [74].
Consistent with recent study showing distributed brain network
modulations of endogenous estradiol [65], we also observed
effects of estradiol on other networks, such as the VIS and SUB.
These findings align with view that emotional learning and
regulation should engage systems involved in attention control,
conscious awareness, and sensory motor functioning [36].
Together, these results suggest that estradiol administration
improves extinction memory retention via modulating neural
systems implicated in attention, motor and sensory systems, and
memory encoding and retrieval.
The exploratory analyses we conducted in the current study

revealed different patterns of activation and connectivity across
experimental phases for OC users and NC women. In a previous
psychophysiological study [28], we observed impaired extinction
retention in OC users compared to NC women in a high-estrogen
state. OC users and NC women that underwent extinction in a low-
estrogen state showed comparable extinction retention. Hwang
et al. also showed comparable brain activations within the neural
circuits underlying fear extinction in OC women compared to NC
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women in low-estrogen state [79]. In the current study, the NC
women underwent fear extinction in a low-estrogen state, like
those OC users. Based on these results and our prior studies, we
speculate that the differential impact of exogenous estrogen
administration on the two subgroups (OC and NC) observed here
is likely due to the chronic use of OC and its impact on the brain.
This speculative interpretation is consistent with studies showing
that the use of OC changes brain structures and FC underlying
affective and cognitive processing [80, 81], both during rest
[68, 82] and during tasks [79, 83]. There is also evidence that the
use of OC is associated with mental health outcomes [81, 84, 85],
though these findings have not been consistently reported [86].
Moreover, estrogens are locally synthesized within numerous
brain regions including prefrontal cortical areas and the hippo-
campus [87–89]. There could be a potential interaction between
locally produced estrogens within the brain and those exogen-
ously administered. Yet, it is unclear how long-lasting this
interaction would persist and the potential impact of such an
interaction given our very acute manipulation setting within the
current experimental design. It is important to note that our
preliminary results require replication and more refined experi-
mental parameters. Future studies focusing on examining inter-
actions between local estrogen production and exogenous

administration of estradiol (acute and/or chronic) could contribute
towards enhancing our understanding of the functionality and
expression of estrogen-receptor expression. Prospective studies
are needed with emphasis on (1) larger sample sizes in each
group, (2) the interrogation of various types of OCs, and (3) the
duration of the utilization of OCs on neural correlates of fear
extinction. Such studies could provide mechanistic advances to
understanding the potential differences in neural responses
between the NC and OC women.
The present study has limitations that should be considered.

First, the data of NC and OC were collected in different sites.
However, it is unlikely that the observed effects were caused by
site or sample-size differences, because similar results were
observed with an equalized sample, and for our extinction
learning FC analysis, we have found similar patterns for the NC
and OC groups. Second, we did not collect subjective ratings of
fear from participants. It would be important for future studies to
examine the link between the neural signature changes, such as
observed in this study, and the subjective reports of participants.
Third, we only recruited women in this study, thus the impact of
estradiol on men should be examined in future studies.
In summary, our findings are consistent with prior studies

showing that estradiol administration facilitates extinction
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memory retention and modulates brain activation and network
connectivity during and after extinction learning. There is growing
evidence supporting the important role of estradiol on anxiety
and fear-related disorders [13, 25–27]. Some studies have shown
the impact of endogenous estradiol on treatment efficacy [90, 91].
The results here showed that a single dose of estradiol could
engage numerous key nodes within and beyond the fear
extinction network while subjects underwent fear extinction. The
data we report raise an intriguing and exciting possibility about
the use of estradiol as a possible adjunct to exposure therapies for
PTSD and, perhaps, other anxiety and mood disorders [5, 92].
Future studies are needed to explore if estrogen levels and natural
cycling status in women at time of trauma exposure might be
linked to the etiology of PTSD and other psychiatric disorders. In
addition, our results may also be relevant to major depressive
disorder (MDD). For example, there is evidence showing that
patients diagnosed with MDD exhibit abnormal patterns during
fear conditioning and extinction [93, 94], and that there is
association between estradiol levels and depression symptoms
[85]. Further studies should examine this prospect and the
relevance of these findings to MDD as well as other psychiatric
disorders.
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