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The mechanisms linking ovarian hormones to negative affect are poorly characterized, but important clues may come from the examination
of the brain’s intrinsic organization. Here, we studied the effects of both the menstrual cycle and oral contraceptives (OCs) on amygdala and
salience network resting-state functional connectivity using a double-blind, randomized, and placebo-controlled design. Hormone levels,
depressive symptoms, and resting-state functional connectivity were measured in 35 healthy women (24.9 +4.2 years) who had previously
experienced OC-related negative affect. All participants were examined in the follicular phase of a baseline cycle and in the third week of the
subsequent cycle during treatment with either a combined OC (30 pg ethinyl estradiol/O.15 mg levonorgestrel) or placebo. The latter time
point targeted the midluteal phase in placebo users and steady-state ethinyl estradiol and levonorgestrel concentrations in OC users.
Amygdala and salience network connectivity generally increased with both higher endogenous and synthetic hormone levels, although
amygdala—parietal cortical connectivity decreased in OC users. When in the luteal phase, the naturally cycling placebo users demonstrated
higher connectivity in both networks compared with the women receiving OCs. Our results support a causal link between the exogenous
administration of synthetic hormones and amygdala and salience network connectivity. Furthermore, they suggest a similar, potentially

INTRODUCTION

The naturally occurring ovarian hormone fluctuations of the
menstrual cycle are associated with negative affect for ~20%
of all women in childbearing ages (Nevatte et al, 2013). This
impact on well-being has been associated with the proges-
terone exposure in the luteal phase and is potentially
intensified by the concomitantly increased levels of estradiol
(Sundstrom Poromaa and Gingnell, 2014). Millions of
women worldwide control these fluctuations with oral
contraceptives (OCs) that work by creating a high synthetic
hormone environment that prevents ovulation and endo-
genous sex hormone synthesis. However, for many, the use
of OCs is also a source of negative emotional side effects
(Lundin et al, 2017; Skovlund et al, 2016). This may be
related to the continued exposure to progestogens in the OCs
as well as the suppression of endogenous estradiol (Lundin
et al, 2017; Skovlund et al, 2016).
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stronger, association between the natural hormonal vanations across the menstrual cycle and intrinsic network connectivity.
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Little is known about the brain mechanisms mediating
hormone-related negative affect, but estradiol and progester-
one receptors are present in several brain areas crucial for
emotion, including the amygdala and cingulate cortex
(Brinton et al, 2008, 2015; Mahfouz et al, 2016; Parsons
et al, 1982). Altered amygdala reactivity to emotional stimuli
has been demonstrated across the menstrual cycle as well as
between naturally cycling women and OC users (Petersen
and Cahill, 2015; Sundstrém Poromaa and Gingnell, 2014).
Moreover, after treatment with a gonadotropin-releasing
hormone (GnRH) agonist, downregulating estradiol levels,
Henningsson et al (2015) found an association between
depression symptoms and amygdala reactivity to emotional
faces. An elevated anterior cingulate gyrus (ACC) density of
the monoamine-regulating enzyme monoamine oxidase-A
has been associated with symptoms of postpartum depres-
sion (Sacher et al, 2015). The dorsal part of the ACC
(dACC), more specifically, has been related to hormone
levels and negative affect through findings of lower dACC
activity and weaker fear extinction memory in women with
lower estradiol levels (Zeidan et al, 2011).

The measurement of the functional connections of the
brain at rest can be used to study the brain’s intrinsic
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organization into distributed networks. This is commonly
examined with a seed-to-voxel approach, correlating the
spontaneous low-frequency BOLD-signal oscillations in a
priori regions of interest (ROIs) with those in all the
individual voxels of the brain. Using the amygdala as a seed
defines an amygdala resting-state network (Roy et al, 2009)
and the dACC the salience network (Seeley et al, 2007). The
amygdala network, which includes cortical, subcortical, and
cerebellar areas (Roy et al, 2009), is related to emotion
processing and regulation (Vaidya and Gordon, 2013). The
salience network, centered around frontal and temporal
cortical and subcortical areas, is important in the detection of
significant stimuli and the integration of sensory, emotional,
and cognitive processes (Menon, 2015).

Alterations in both amygdala and salience resting-state
functional connectivity (RSFC) have been related to negative
affect (Brakowski et al, 2017), but the literature on how
resting-state networks are affected by ovarian hormones and
OCs is limited. Higher amygdala RSFC has been found in
sensory-related areas in women with higher estradiol levels
(Engman et al, 2016), as well as in prefrontal and temporal
areas after estradiol infusion in postmenopausal women
(Ottowitz et al, 2008a). Findings in other networks include
higher hippocampus-related RSFC in women with higher
estradiol and progesterone levels (Arélin et al, 2015; Lisofsky
et al, 2015; Ottowitz et al, 2008b). In addition, both naturally
fluctuating hormone levels and OC use have been related to
alterations in the default mode and executive control networks
(Petersen et al, 2014). However, mixed and negative findings
have also been reported (De Bondt et al, 2015; Hjelmervik
et al, 2014; Pletzer et al, 2016; Fisher et al, 2017).

In this double-blind, randomized, placebo-controlled trial,
we examined how different hormonal states during the
menstrual cycle and OC use affect amygdala and salience
network connectivity. We hypothesized that higher hormone
levels would be associated with a generally higher con-
nectivity (Arélin et al, 2015; Engman et al, 2016; Lisofsky
et al, 2015; Ottowitz et al, 2008a, 2008b). More specifically,
we predicted the connectivity to be higher in frontal and
sensory areas for the amygdala RSFC (Engman et al, 2016)
and in frontal and temporal areas for the dACC-defined
salience network RSFC (Seeley et al, 2007). The women
participating in this study demonstrate increased depressive
symptoms with OC use (Gingnell et al, 2013). Therefore, we
also explored how change in depressive symptoms was
related to change in RSFC in the women receiving OCs.

MATERIALS AND METHODS
Participants

A total of 35 healthy women (24.9 +4.2 years) with regular
menstrual cycles (25 to 31 days) participated in the study.
They were recruited through advertisements in local news-
papers for a larger project examining the influence of OCs on
brain function and negative affect. To better study this, we
used an OC commonly associated with emotional side effects
(Sundstrom Poromaa and Segebladh, 2012) and only
included women who had previously suffered from OC-
related negative affect. Previous experiences of premenstrual
syndrome or premenstrual dysphoric disorder were not
considered. Findings from task-based paradigms collected at
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the same time as the resting-state data studied here have
been reported elsewhere with additional details about the
method (Gingnell et al, 2013, 2016). No participant used
hormonal contraceptives, cortisol, levothyroxine, or psycho-
tropic drugs for 2 months before the study and all were free
from a family history of venous thromboembolism as well as
neurological disorders. The presence of any ongoing
psychiatric disorder was excluded using the Mini Interna-
tional Neuropsychiatric Interview (MINI) (Sheehan et al,
1998). Furthermore, no participant had any contraindication
for MRI scanning and none was pregnant. During the study,
backup contraception had to be used and no pregnancies
occurred. Study procedures were in accordance with ethical
standards for human experimentation and the study was
approved by the Uppsala University Independent Research
Ethics Committee and the Swedish Medical Products Agency
(Eudra-CT: 2008-003123-124). All participants provided
written informed consent before inclusion.

Study Design

Following a baseline menstrual cycle, the participants
received a combined OC (n=17) or placebo (n=18) for
one additional cycle. The OC contained 30pg ethinyl
estradiol and 0.15mg levonorgestrel and was provided by
Bayer (Berlin, Germany) who also supplied the placebo. To
blind participants and study personnel from treatment, the
compounds were packaged in identical capsules by Apo-
teksbolaget Production and Laboratories (Stockholm, Swe-
den). The same company performed the randomization
using a computerized random-number generator in blocks of
four. Group allocation was implemented by use of numbered
containers. The capsules were ingested once daily, using a
21/7-day dosing regimen, starting from days 1-3 after the
onset of menses. Randomization codes were kept secret at
the Uppsala University Hospital Pharmacy until completion
of the study. No participant reported missing a capsule and
none had any left at the end of the study.

Hormone levels, depressive symptoms, and RSFC were
measured in the follicular phase of the baseline cycle (day
4+3 from the onset of menses) and during the third and
final active week of the subsequent treatment cycle (day
18 + 2 from the onset of treatment). The first time point was
chosen to coincide with the low hormone levels of the early
follicular phase for both groups. The second time point
instead coincided with the high hormone levels of the
midluteal phase in the naturally cycling placebo users and the
steady-state ethinyl estradiol and levonorgestrel serum
concentrations of the OC users. For the hormone measure-
ments, blood samples were drawn in conjunction with the
fMRI scanning sessions and immediately centrifuged and
transferred to storage in —70 °C. The serum concentrations
of estradiol and progesterone were determined using a Roche
Cobas e601 and Cobas Elecsys reagent kits (Roche Diag-
nostics, Bromma, Sweden). For estradiol, this has a detection
threshold of 40 pmol/l and an intraassay coefficient of
variance of 6.8% at 85.5 pmol/l and 2.8% at 1 640 pmol/L
For progesterone, the sensitivity is 0.1 nmol/l and the
intraassay coefficient of variance 2.21% at 2.39 nmol/l and
2.82% at 31.56 nmol/l. In addition, in conjunction with the
fMRI scanning sessions, symptoms of depression were



evaluated with the Montgomery-Asberg Depression Rating
Scale (MADRS) (Montgomery and Asberg, 1979).

Data Acquisition

fMRI was performed with a Philips Achieva 3.0T scanner
using an 8-channel head coil (Philips Medical Systems, Best,
The Netherlands). Velcro strips were used to restrict head
movement and earplugs to attenuate the scanner noise.
During the 5-min resting-state paradigm, the participants
were instructed to stay as still as possible and simply rest with
their eyes closed while a single shot echo planar imaging
sequence was used to collect 100 volumes of BOLD data with a
voxel size of 3.0 x 3.0 x 3.0 mm” in 30 ascending slices and a
TR=3000ms, TE=35ms, flip angle=90°, and FOV=
230x230 mm>  For anatomical reference, an inversion
recovery turbo spin echo sequence was used to acquire a
structural T1-weighted image with a voxel size of 0.8x
1.0x 2.0 mm?> in 60 slices and a TR =5700 ms, TI=400ms,
TE=15ms, and FOV=230x230 mm> An influence of
preceding task-based paradigms on the resting-state data
cannot be excluded (Gordon et al, 2014), but is beyond the
scope of this study.

Preprocessing

Scanner DICOM images were converted to nifti files with
MRIcron (www.nitrc.org/projects/mricron/) and prepro-
cessed using the DPARSF toolbox (Yan and Zang, 2010)
with SPM8 (Wellcome Trust Centre for Neuroimaging). The
preprocessing started with within-volume slice timing
corrections and between-volume head motion corrections
using six rigid body translation and rotation parameters. In
the following step, the motion parameters were used as
covariates of no interest together with the white matter and
cerebrospinal fluid signals to reduce the sources of spurious
or regionally nonspecific variance. The residual data were
then spatially normalized into MNI space using DARTEL
and smoothed with a 4 mm FWHM Gaussian kernel before a
temporal band-pass filter of 0.01 to 0.08 Hz was applied to
minimize the impact of low-frequency scanner drift and
high-frequency physiological noise.

Resting-State Functional Connectivity Analyses

We examined amygdala network RSFC with AAL atlas-
defined ROIs (Tzourio-Mazoyer et al, 2002) and salience
network RSFC with dACC seeds defined as the AAL anterior
cingulate areas posterior to the genu of the corpus callosum.
These were entered into DPARSF individually, and for the
left and right side separately, to calculate Pearson’s product
moment correlations between the mean signal time course
from each seed and the time courses from all acquired voxels.
In addition, Fisher’s r-to-z transformation was applied to
increase the normality of the distribution of correlations.
Second-level analyses were entered directly into SPMS.
Group-level amygdala and dACC RSFC was determined with
one-sample t-tests. Differences across the cycles were
examined with paired t-tests and differences between the
groups with two-sample t-tests. To balance the risk of type I
and type II errors, voxels were considered to be significant if
they survived a cluster level FWE correction of p <0.05 after
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first having been thresholded at an uncorrected voxel level of
p<0.001. Results were confined to gray matter with the
SPM8 a priori gray matter mask binarized at a likelihood of
gray matter of >25%.

Demographic and Correlational Statistical Analyses

Age, hormone level, depressive symptom, and head motion
differences across the cycles were examined with paired
t-tests, and differences between the groups with two-sample
t-tests, using IBM SPSS Statistics 24 (IBM Corporation,
Armonk, NY, USA). The association between change in
depressive symptoms and change in RSFC in the OC users
was examined by subtracting the follicular phase connectivity
maps from those acquired during treatment, using SPMS,
and correlating the resultant values with the corresponding
change in MADRS scores, using bivariate correlations with
Pearson’s correlation coefficient in IBM SPSS Statistics 24.
The analyses were confined to the areas where the OC users
demonstrated a difference in RSFC across treatment.

RESULTS
Demographic Data

One naturally cycling woman receiving placebo was excluded
from the follicular phase session because of excessive head
movement and one discontinued the study before the session
in the luteal phase. Two women receiving OCs were excluded
from the treatment session because of preprocessing errors
and excessive head movement. There was no difference in
age between the naturally cycling placebo users (24.3 +3.3)
and the OC wusers (25.5+5.0); t#(33)=-0.84, p=041.
Endogenous hormone levels did not differ in the follicular
phase, but diverged between sessions (see Table 1). As
expected, the naturally cycling placebo users’ estradiol and
progesterone serum concentrations increased, whereas the
OC users’ estradiol levels decreased and progesterone levels
remained low. Ratings of depressive symptoms were
available for 15 of the naturally cycling placebo users at
each session, and for 17 and 14 of the OC users in the
follicular phase and during treatment, respectively. Depres-
sive symptoms increased in the OC users, but not among the
naturally cycling placebo users, and there was no difference
between the groups (see Table 1). Head motion did not
exceed 1.75mm translation or degrees rotation in either
direction and the relative framewise displacement, as
calculated by Jenkinson et al (2002) and implemented in
Yan and Zang (2010), did not differ across time or between
the groups (all ps>0.10). In an additional step to better
ascertain that head motion did not affect our analyses, we
performed a diagnostic test in which the participant with the
relatively most between-volume movement was removed
from one of the contrasts. The impact on the result was
negligible.

Amygdala and Salience Network Connectivity

In the follicular phase, amygdala and dACC RSFC covered
widespread areas of the brain across all participants
combined (see Supplementary Figure S1). The amygdala
network largely corresponded to that demonstrated in
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Table | Hormone Levels and Depressive Symptoms

Naturally cycling placebo users

Oral contraceptive users

Between-group effects

Follicular Luteal  Within-group Follicular During Within-group Follicular  Luteal phase/During
phase phase effects (p) phase treatment effects (p) phase (p) treatment (p)
Estradiol (pmol/l)* 167 +99 436£277 0.002 243+ 175 50+ 18 0.001 0.13 < 0001
Progesterone (nmol/l) 20+09 182+212 0.006 3.1 +42 14+£05 0.16 0.30 0.004
MADRS 413+125 540372 025 506 +4.68 893+696 002 046 0.10

Hormone levels and symptom scores are presented as mean + SD, and the significance levels for the within- and between-group effects are given in p-values.
“Measurement specificity restricted the lower limit of the estrogen levels to <40 pmol/l. Values indicated to be lower than this were therefore entered as 39 pmol/l.

grTsTy

y=-13

Figure |

Within-group differences for naturally cycling placebo users. The hot color scale indicates areas with increased resting-state functional connectivity

in the left and right amygdala (AMY) and dorsal anterior cingulate cortex (dACC) respectively in the luteal compared with the follicular phase. No area with
higher connectivity in the follicular phase was found. Coordinates are given in MNI space and statistics in t-values. A full color version of this figure is available at

the Neuropsychopharmacology journal online.

previous studies (Gabard-Durnam et al, 2014; Roy et al,
2009) as did the network defined by the dACC seeds to the
salience network (Menon, 2015; Seeley et al, 2007).

Within- and Between-Group Differences

The naturally cycling placebo users demonstrated no areas
with higher RSFC in the follicular compared with the luteal
phase, but a widespread increase in RSFC in the luteal
compared with the follicular phase (see Figure 1 and Table 2).
This included higher amygdala RSFC to the middle and
superior frontal gyri, paracentral lobule, and cerebellum. At the
same time, dACC RSFC was higher in the middle frontal,
superior temporal, transverse temporal, and postcentral gyri.
The OC users demonstrated higher dACC RSFC in the
superior frontal gyrus and precuneus during treatment
compared with the follicular phase, whereas their amygdala
RSFC was higher in the postcentral gyrus in the follicular phase
compared with that during treatment (see Figure 2 and Table 2).
The two groups demonstrated no differences in amygdala
and salience network RSFC in the follicular phase. However,
during treatment, the naturally cycling placebo users had
higher amygdala RSFC in the postcentral gyrus and cuneus,
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as well as higher dACC RSFC in the precuneus, than the OC
users (see Figure 3 and Table 2).

The mean connectivity values in the peak voxels within the
significant clusters from the within- and between-group
analyses, for the separate sessions and groups respectively,
were positive with a few exceptions. In the group of naturally
cycling placebo users, the mean amygdala connectivity values
in the middle and superior frontal gyri, as well as in the
cerebellum, were negative in the follicular phase. This
was also true of their left dACC RSFC in the middle
frontal gyrus.

Correlations

In the areas where the OC users demonstrated altered
connectivity across the treatment, no correlations were found
between change in RSFC and change in depressive symptoms.

DISCUSSION

In this randomized, double-blind, placebo-controlled trial,
we examined amygdala and dACC RSFC in women receiving
a combined OC or placebo. Across all participants in the
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Table 2 Within- and Between-Group Differences in Amygdala and Dorsal Anterior Cingulate Cortex (dACC) Resting-State Functional
Connectivity for Naturally Cycling Placebo Users and Oral Contraceptive Users

BA x y z z-Score Cluster size
Within-group differences for naturally cycling placebo users
Luteal phase > baseline follicular phase
Left amygdala
Cerebellum —48 -75 —36 4.28 35
Paracentral lobule 5 -3 —36 51 4.00 123
Superior frontal gyrus 10 36 60 21 373 34
Right amygdala
Middle frontal gyrus 42 54 -9 4.57 37
Left JACC
Middle frontal gyrus 36 51 —15 4.36 49
Superior temporal gyrus 60 - 15 6 4.07 31
Transverse temporal gyrus 41 el -27 12 381 54
Right dACC
Middle frontal gyrus 10 36 48 I5 390 41
Transverse temporal gyrus 42 60 =15 9 3.87 49
Postcentral gyrus 43 -54 - 15 I5 362 29
Within-group differences for oral contraceptive users
Baseline follicular phase > during treatment
Right amygdala
Postcentral gyrus 40 —5I —36 54 4.03 28
During treatment > baseline follicular phase
Left JACC
Precuneus 0 —63 33 4.82 70
Right dACC
Precuneus 7 -3 - 69 33 4.87 55
Superior frontal gyrus 10 -3 66 18 4.66 38
Between-group differences
Naturally cycling placebo users in the luteal phase>OC users during treatment
Left amygdala
Cuneus 18 - 18 -8l 21 4.38 35
Postcentral gyrus 3 —54 —21 42 4.34 42
Left JACC
Precuneus 0 —54 63 392 53

All clusters are significant at p <0.05 family-wise error (FWE) corrected for multiple comparisons. Secondary local maxima within the significant clusters are not listed.

follicular phase combined, the resultant networks corre-
sponded well to previously published descriptions (Gabard-
Durnam et al, 2014; Menon, 2015; Roy et al, 2009; Seeley
et al, 2007). In line with our hypotheses, we generally found
higher connectivity with higher hormone levels. This was
reflected in increased amygdala and dACC RSFC in the luteal
compared with the follicular phase in women receiving
placebo, as well as increased dACC RSFC during treatment
compared with the follicular phase in OC users. In addition,
in line with our hypotheses, clusters with higher amygdala
RSFC were predominantly found in the frontal cortex and
sensory areas, whereas clusters with higher dACC RSFC were
primarily located not only in prefrontal and temporal areas,

but also in parietal areas. A contrasting finding was demon-
strated in amygdala-inferior parietal RSFC that decreased
with OC use. When the groups were compared during
treatment, the naturally cycling placebo users demonstrated
higher amygdala and dACC RSFC than the OC users. Taken
together, this indicates similarities in the effects of endo-
genous and exogenous hormone levels on the resting-state
networks, but suggests that the effect of endogenous
hormones is somewhat more profound. The exception to
higher hormone levels being associated with higher intrinsic
connections in the brain—the reduced amygdala-parietal
connectivity as a function of OC use—may reflect a reduced
coupling between the amygdala and cortical areas consistent
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Baseline follicular phase > During treatment
RIGHT AMY

During treatment > Baseline follicular phase

LEFT dACC

RIGHT dACC

Figure 2 Within-group differences for oral contraceptive users. The hot
color scale indicates (a) higher right amygdala—postcentral gyrus resting-state
functional connectivity (RSFC) in the follicular phase than during treatment, as
well as increased (b) left dorsal anterior cingulate cortex (dACC)—precuneus,
(c) right dJACC—precuneus, and (d) right dACC—superior frontal gyrus RSFC
during treatment compared with the follicular phase. Coordinates are given in
MNI space and statistics in t-values. A full color version of this figure is available
at the Neuropsychopharmacology joumal online.

with a reduced relation between emotion and cognition
during OC use. No correlations were found between the OC
users’ change in depressive symptoms and RSFC across the
treatment.

Hormones and RSFC

Our results are consistent with reports of an association
between hormonal state and RSFC (Arélin et al, 2015;
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Luteal phase/During treatment

LEFT AMY

Figure 3 Between-group differences. The hot color scale indicates higher
resting-state functional connectivity between the (a) left amygdala and
cuneus, (b) left amygdala and postcentral gyrus, as well as the (c) left dorsal
anterior cingulate cortex (dACC) and precuneus in the naturally cycling
placebo users compared with the oral contraceptive users during treatment.
No area with higher connectivity for the oral contraceptive users during
treatment, or for either group in the follicular phase, was found. Coordinates
are given in MNI space and statistics in t-values. A full color version of this
figure is available at the Neuropsychopharmacology journal online.

Engman et al, 2016; Lisofsky et al, 2015; Ottowitz et al,
2008a, 2008b; Petersen et al, 2014). Similar to the findings in
the naturally cycling placebo users, two previous studies
demonstrate generally higher amygdala RSFC with higher
estradiol levels (Engman et al, 2016; Ottowitz et al, 2008a),
although another found no main effect of hormones, and
only a marginally mediating effect of amygdala RSFC on the
association between estradiol and depressive symptoms in
women receiving a GnRH agonist (Fisher et al, 2017). In
contrast, effects of naturally cycling hormones and OCs on
default mode and cognitive control networks (Petersen et al,
2014) have resulted in mixed (Pletzer et al, 2016) and null
findings (De Bondt et al, 2015; Hjelmervik et al, 2014). One
potential explanation for these inconsistencies may lie in the
functions supported by the different networks and how they
are affected by fluctuations in hormone levels (Pletzer et al,
2016). The default mode and executive control networks are
mainly related to cognitive functions whereas the amygdala
network is associated with emotional processes (Vaidya and
Gordon, 2013), and a recent review found menstrual cycle



effects to be small on cognitive functions,
but more commonplace on emotion-related processes
(Sundstrom Poromaa and Gingnell, 2014). The alterations
in salience network connectivity among the naturally cycling
placebo users in this study, and reported previously for
hippocampal RSFC (Arélin et al, 2015; Lisofsky et al, 2015),
may also suggest that, although these networks support both
cognitive and emotional processes (Vaidya and Gordon,
2013), associations to emotional functions predominate in
studies producing consistent results. The progesterone-
dominated luteal phase also comes with many bodily
changes that the salience network is well equipped to detect,
whereas the hippocampal formation has been associated with
verbal memory (Sundstrém Poromaa and Gingnell, 2014), a
cognitive function that does appear to be linked to hormones
(Nolte, 2009).

Amygdala RSFC

In the luteal phase, the naturally cycling placebo users
demonstrated increased amygdala RSFC in the middle and
superior frontal gyri, paracentral lobule, and cerebellum. The
paracentral lobule and cerebellum are associated with motor
and sensory processes (Koziol et al, 2011; Nolte, 2009). The
latter has also been related to emotional processes (Sang et al,
2012). These changes may therefore suggest an increased
sensitivity in perception and emotionally determined pro-
cesses. The middle and superior frontal gyri have been
implicated in emotional regulation (Frank et al, 2014). The
connectivity to these areas in the naturally cycling placebo
users was right-lateralized, negative in the follicular phase
and positive in the luteal phase. We speculate that this
pattern of results may reflect a mechanism involved in
emotion regulation.

In contrast to our hypothesis, the OC users had lower
amygdala RSFC in the postcentral gyrus during treatment
compared with before. During treatment, their amygdala
connectivity to the postcentral gyrus, as well as to the cuneus,
was also lower than that of the naturally cycling placebo
users, indicating reduced subcortical-cortical connections.
This may be explained by the fact that the progestogen
levonorgestrel in our OC is a testosterone derivative with
affinity for progesterone as well as androgen and miner-
alocorticoid receptors (Hapgood et al, 2014). That opens for
androgenic actions that may deviate from the endocrine
environment that naturally cycling women are exposed to in
the luteal phase and potentially counteract estradiol-induced
connectivity. In line with this, testosterone has been
suggested to decrease subcortical-cortical connectivity
(Peper et al, 2011).

Salience Network RSFC

In the luteal phase, the naturally cycling placebo users
demonstrated increased dACC RSFC in the postcentral,
superior temporal, and transverse temporal gyri, which are
all related to sensory processes (Nolte, 2009). This increased
sensitivity within the salience network during the luteal
phase may reflect increased vigilance and awareness of
bodily sensations. Furthermore, the increased connectivity
between emotion-related and cortical areas within the
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salience network are consistent with an increased emotion-
ality related to a reduced cognitive control in the luteal phase.
In contrast to the increased positive RSFC in the OC users,
healthy controls have demonstrated a negative connection
between the dACC and superior frontal gyrus (Zhang et al,
2015). This change also coincided with increased depressive
symptoms, suggesting it may play a role in negative mood,
although we found no linear correlation between the two.

Limitations and Future Studies

Some important limitations need to be considered. We only
included women who had previously experienced negative
mood side effects from OCs, and therefore our study may
not generalize to all women. These prior experiences may
also have affected the participants’ expectations and biased
the results. However, that the same proportion of women in
each group guessed their treatment correctly argues against
this (Gingnell et al, 2013). Furthermore, the scanning
sessions in the naturally cycling placebo users were
scheduled based on an idealized 28-day menstrual cycle.
An individual monitoring of hormone levels would have
made it possible to more securely place these women in the
luteal phase at the second scanning session. However, this
could have compromised the blinding of the study and
introduced systematic differences between the groups. Even
though the use of a double-blind, randomized, controlled
trial design and the longitudinal approach constitute
significant strengths of the study, the low hormone
session preceded the high hormone session for all
participants, making it difficult to evaluate potential session
effects. However, RSFC has proven reliable in previous
studies (see, eg, Guo et al, 2012). It should also be noted
that the final sample size was relatively modest for the
between-group comparisons. Finally, there are factors
potentially affecting RSFC patterns that we did not
control for, including respiration and pulse (Craddock
et al, 2013).

The neurobiological mechanism through which ovarian
steroid hormones influence resting-state network connectiv-
ity remains to be disentangled. It may include a direct effect
of estradiol and progesterone on nervous system excitability
or synchronicity as sex steroid hormone receptors are
abundant throughout the brain (Mahfouz et al, 2016) as
well as the modulation of neurotransmission. The implica-
tion of the serotonergic system in the regulation of negative
affect and its treatment (Olivier, 2015) would make it
particularly interesting in the context of this study, and
estradiol and progesterone administration has, eg, been
shown to increase whole brain expression of the serotonin 2
A receptor (Moses et al, 2000). Both neural excitability and
neurochemical mediators are thus candidates for further
examination to elucidate the mechanism mediating hormo-
nal effects on brain activity and connectivity.

CONCLUSIONS

In this double-blind, randomized, placebo-controlled trial,
we found that both endogenous and exogenous hormone
levels, linked to the menstrual cycle and OCs respectively,
influenced amygdala and salience resting-state networks,

Neuropsychopharmacology

561



Hormone effects on resting-state networks
J Engman et al

562

with generally higher RSFC with higher hormone levels. The
connectivity patterns support an increased sensitivity in both
networks and suggest a potential protective mechanism for
emotion regulation.
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