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Abstract

At rest, brain activity can be characterized not by an absence of organized activity but instead by

spatially and temporally correlated patterns of activity. In this experiment, we investigated

whether and to what extent resting state functional connectivity is modulated by sex hormones in

women, both across the menstrual cycle and when altered by oral contraceptive pills. Sex

hormones have been shown to have important effects on task-related activity, but few studies have

investigated the extent to which they can influence the behavior of functional networks at rest.

These hormones are dramatically altered by the use of hormonal contraception, which is used by

approximately 100 million women worldwide. However, potential cognitive side effects of

hormonal contraception have been given little attention. Here, we collected resting state data for

naturally-cycling women (n=45) and women using combined oral contraceptive pills (n=46) and

evaluated the differences in resting state activity between these two groups using Independent

Components Analysis. We found that in the default mode network and in a network associated

with executive control, resting state dynamics were altered both by the menstrual cycle and by oral

contraceptive use. Specifically, the connectivity of the left angular gyrus, the left middle frontal

gyrus, and the anterior cingulate cortex were different between groups. Because the anterior

cingulate cortex and left middle frontal gyrus are important for higher-order cognitive and

emotional processing, including conflict monitoring, changes in the relationship of these structures

to the functional networks with which they interact may have important consequences for

attention, affect, and/or emotion regulation.
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1.1 INTRODUCTION

Sex hormones are neuroactive steroids that influence cognitive function in a variety of

domains. These hormones change significantly over the course of the menstrual cycle, and

are strongly suppressed by synthetic hormones in women who use hormonal contraceptives.

Potential cognitive side effects of hormonal contraceptives have been only minimally

explored, despite their widespread use. Effects of hormonal contraceptives on mate selection

have been documented, both as they affect women’s preferences for men (Wedekind et al.,

1995) and men’s preferences for women (Kuukasjärvi et al., 2004). Differences in long-term

relationship outcomes have also been observed in hormonal contraceptive users (Roberts et

al., 2012).

Although the intended purpose of hormonal contraceptives is primarily reproductive, and it

might be assumed that behavioral effects of these medications are limited to the reproductive

domain, recent studies have suggested more widespread cognitive changes may be

associated with hormonal contraceptive use. Performance on verbal memory (Mordecai et

al., 2008), verbal fluency, and mental rotation tasks differ in women using oral

contraceptives (OCs; Griksiene and Ruksenas, 2011), as does the pattern of memory

retention for recall of an emotional story (Nielsen et al., 2011).

Hormonal contraceptive use has been shown to significantly increase gray matter volume in

prefrontal and temporal regions of the brain (Pletzer et al., 2010). Differences have also been

observed in the white matter tracts of hormonal contraceptive users, specifically in the

fornix (De Bondt et al., 2013). These differences in brain structure suggest that hormonal

contraceptives may have functional effects on the brain as well, and indeed recent evidence

has emerged suggesting that this is the case. Women using oral contraceptive pills have a

larger blood-oxygen-level dependent (BOLD) response in the fusiform face area to images

of faces compared to naturally-cycling women (Marečková et al., 2012), but a reduced

BOLD response in the precentral gyrus to some categories of erotic stimuli relative to

women in the follicular phase of the menstrual cycle (Abler et al., 2013). On a verb

generation task, women using OCs showed different patterns of activation than naturally-

cycling women, and the localization of the differences depended on the cycle phase of the

naturally-cycling women (Rumberg et al., 2010).

Hormonal contraceptives have been shown to alter the endocrine response to stressors

(Kirschbaum et al., 1999; Maes et al., 1992), and more recently this has been linked to

differences in the neural activity associated with fear learning. Cortisol administration

reduces hippocampal response to a learned fear stimulus in naturally-cycling women, but

increases the hippocampal BOLD signal in women using OCs (Merz et al., 2012). Finally,

OC use has also been associated with differences in the BOLD response that underlies

emotional reactivity, with OC users showing less activity in several prefrontal regions and

failing to show the attenuation of activity in the amygdala observed in naturally-cycling

women (Gingnell et al., 2012).

With the emergence of these studies indicating that OCs may affect brain activity in

response to the demands of specific tasks, we hypothesized that they may have important
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effects on the resting state of the brain. The brain at rest, rather than entering a quiescent

state, has a characteristic pattern of synchronous low-frequency oscillations (Biswal et al.,

1995, 1997). A number of functional networks have been observed that show correlated

patterns of activity at rest, most notably the default mode network (DMN; Greicius et al.,

2003), but also a number of other networks and subnetworks that have since been correlated

with specific behavioral domains (Laird et al., 2011; Smith et al., 2009). Previous studies

have shown sex influences on resting state functional connectivity (Biswal et al., 2010; Tian

et al., 2011), but to our knowledge neither menstrual cycle nor OC use have been explored

as potential modulators of resting state dynamics.

Because the tasks previously shown to be affected by OCs were cognitive and affective in

nature, and as a result of preliminary data analysis, we hypothesized that the resting state

networks most sensitive to OCs would be those associated with cognitive and affective

domains. Thus, in this experiment we examined the dynamics of two resting state networks,

both of which have been implicated in cognitive and affective tasks: the anterior portion of

the default mode network (aDMN), and a network previously described as the executive

control network (ECN; Smith et al., 2009).

Differences in the connectivity of these networks were examined across four hormonally

distinct groups: (1.) early follicular naturally-cycling women, (2.) luteal naturally-cycling

women, (3.) OC users during the inactive week of pill use, and (4.) OC users during the

active phase of pill use. These four groups represent, respectively: women with low

endogenous sex hormones; women with high endogenous sex hormones; women with low

endogenous hormones and low synthetic hormones; and finally, women with high synthetic

hormones and low endogenous hormones. The two groups of naturally-cycling women were

selected to maximize the contrast between endogenous hormones, as the early follicular

phase is characterized by low levels of sex hormones, and the luteal phase is characterized

by relatively elevated levels of both estrogen and progesterone. Further, by including both

naturally-cycling women and OC users, we were able to examine the extent to which the

synthetic hormones in OCs mimicked the effects of endogenous hormones, and by including

OC users during the inactive pill week, we were able to examine whether the effects of

synthetic hormones (if any) were acute or chronic.

METHODS AND MATERIALS

2.1 Participants

Participants were recruited from the University of California, Irvine student population and

the surrounding community. Signed, informed consent was obtained before beginning the

experiment. Participants were screened by phone and excluded for age under 18 or over 40;

a reported history of drug or alcohol abuse; a previous diagnosis of psychiatric, endocrine,

or neurological disorders; epilepsy; strokes; brain tumors; current pregnancy or

breastfeeding; irregular periods; left-handedness; or non-removable metal implants.

Participants did not differ on basic demographic characteristics (see Table S1 in

supplementary materials).
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Naturally-cycling women were excluded if they had used any form of hormonal

contraception in the previous 3 months. Women assigned to the early follicular group were

scanned during cycle days 2 to 6, and women assigned to the luteal group were scanned

during cycle days 18 to 24. These days were selected in accordance with those in previous

literature (Andreano and Cahill, 2008; Andreano and Cahill, 2010; Maki, Rich and

Rosenbaum, 2002). We elected to narrow the follicular window very slightly in light of

unpublished data from our laboratory showing that salivary hormone levels are sometimes

higher on cycle day 1 compared to cycle day 2, and our goal was to minimize hormone

levels in the early follicular group. We also sought to avoid the possibility that women in

this group were near enough to ovulation to be experiencing the pre-ovulatory estrogen

surge, hence the cutoff of cycle day 6.

Women in the birth control group were excluded if they had used OCs for fewer than 3

consecutive months prior to scanning, if their OCs were progestin-only, or if they were not

using a 28-day cycle. Inactive pill users were scanned during days 2–6 of inactive pill use,

and active pill users were scanned during the 11th to 17th days of active pill use. We treated

the beginning of the inactive week from the preceding month’s pack as cycle day 1, rather

than treating the beginning of the active pill week as cycle day 1. This way, in both the

naturally-cycling and the OC group, cycle day 1 corresponded approximately with the onset

of menses, and thus days 11 to 17 of pill use corresponded to cycle days 18 to 24 in the

naturally-cycling group.

One participant was consented but withdrew before scanning due to feelings of

claustrophobia, another was consented but could not be scanned due to technical problems at

the imaging center, and three participants in the naturally-cycling group were scanned but

later excluded for menstrual irregularities leading to abnormal cycles within the study cycle;

their data were not analyzed. After data pre-processing, an additional 2 subjects were

excluded for excessive head motion (>4mm or 4 degrees). Data from 91 subjects was

available for analysis: 20 follicular, 25 luteal, 22 inactive pill users, and 24 active pill users.

2.2 Saliva collection and assay

Saliva was collected immediately before and after scanning via direct expectoration into

15mL Falcon tubes. Each sample was approximately 2mL. Samples were frozen at −20°C

until the day of assaying, when they were defrosted and centrifuged for 15 minutes at

3000rpm. The supernatant was decanted into a clean Falcon tube and centrifuged again for

10 minutes at 3000rpm before assaying.

Salivary progesterone and 17β-estradiol assays were performed using commercially

available immunoassay kits (Salimetrics, State College, PA, USA). The detection sensitivity

levels reported for these kits are 5 and 0.1 pg/mL, respectively.

Each of the two samples from each participant was assayed in duplicate. The two samples

were averaged together to provide the average hormone level at the time of the resting scan.

The average inter-assay coefficient of variance for the progesterone assays was 9.86%, and

for the estradiol assays, 7.18%. The intra-assay coefficient of variance was 9.32% and

3.71% for the progesterone and estradiol assays, respectively.
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2.3 MRI data collection and preprocessing

Data was collected on a Philips Achieva 3T MR scanner (Eindhoven, The Netherlands)

equipped with an 8-channel SENSE head coil. Functional echoplanar imaging data was

collected in 30 slices with an 80×79 acquisition matrix size, a 70° flip angle, 2 s repetition

time, 30 ms echo time, and 3.0×1.5×3mm3 voxel size. Two hundred and fourteen volumes

were collected. Structural T1-weighted data was collected in 160 slices with

1.0×1.0×0.67mm3 voxel size.

Once positioned in the scanner, participants were instructed, “Relax, and try to stay as still

as you can until the scan is over. The scan will take about 8 minutes.” After the resting data

was collected, participants remained in the scanner to participate in a separate experiment.

Imaging data was preprocessed using SPM8 (Wellcome Trust Centre for Neuroimaging,

London, UK) modules via the toolbox Data Processing Assistant for Resting-State fMRI

(DPARSF; http://www.restfmri.net; Yan and Zang, 2010) implemented in MATLAB

R2012b. The first volume of each run was dropped to allow for magnetic field stabilization.

Subsequent volumes were slice timing corrected to the middle volume, realigned to the first

volume, normalized to MNI space using a standard echoplanar imaging template, and

smoothed with a 4×4×4mm full-width half-maximum Gaussian kernel.

Six head motion parameters were extracted by DPARSF and compared between groups by

one-way ANOVA. No significant differences in head motion were found between groups in

any direction, all ps > 0.1.

2.4 Data analysis

Preprocessed data was analyzed using the Group ICA Toolbox v. 2.0e (GIFT; http://

mialab.mrn.org/software/gift). Group-level independent components were estimated using

the Infomax algorithm (Bell and Sejnowski, 1995) and 20 iterations were performed using

ICASSO (Himberg et al., 2004) with a minimum cluster size of 16 and maximum cluster

size of 20 to increase the stability of the components. Individual subject ICA maps were

back-reconstructed using GICA (Erhardt et al., 2011).

Of the 20 components ICA produced, 11 were discarded as likely artifactual findings and 9

were retained. These were identified as the medial visual, somatosensory, left frontoparietal,

right frontoparietal, poster default mode, anterior default mode, lateral visual, auditory, and

executive control networks. The anterior default mode network (aDMN) and executive

control network (ECN) were selected as the networks of interest. These networks were

initially identified by visual inspection, then compared to each of the 20 intrinsic

connectivity networks (ICNs) identified by Laird et al., 2011 (http://www.brainmap.org/

icns/). The component visually identified as the aDMN (Figure 1, Table S3) correlated most

strongly with the Laird default mode ICN (r=0.44), and the component visually identified as

the ECN (Figure 2, Table S4) correlated most strongly with Laird ICN 4 (r=0.44), described

as a network that connects cognition with emotion/interoception. Clusters with an extent of

at least 15 voxels and family-wise error (FEW) corrected p < 0.05 are reported.
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Each of these two components was transformed into a NifTI image file using the MARSeille

Boîte À Région d’Intérêt toolbox (MarsBaR; http://marsbar.sourceforge.net; Brett et al.,

2002). The image file was used as an explicit mask in SPM to limit the voxel extent to the

network of interest (NifTI files downloadable at http://cahill.bio.uci.edu/

ComponentMasks.zip). Finally, the component images for each subject in all four groups

were entered into one-way ANOVAs in SPM and contrast files were generated. The contrast

files showed the difference in connectivity between each group and the three others.

Correlations were also performed in SPM. The time course of each component (aDMN and

ECN) for each participant was regressed against baseline salivary progesterone and estrogen

levels. The hormone levels used were an average of the two samples taken over the course

of the experimental session.

RESULTS

3.1 Salivary hormone levels

Differences in hormone levels between the four groups (follicular, luteal, inactive pill, and

active pill) were analyzed by a one-way ANOVA. The groups differed significantly in mean

salivary estradiol levels, F(3,87) = 3.12, p = 0.03. Post-hoc t-tests revealed that the luteal

group differed significantly from the active pill users, p=0.01, and from the inactive pill

users, p = 0.03. The follicular group’s baseline estrogen levels were marginally different

from the active pill users, p = 0.05. However, the other groups did not differ significantly

from one another (Figure 3).

The groups also differed in baseline salivary progesterone levels, F(3,87) = 9.00, p < 0.0011.

Post-hoc t-tests found that the luteal group differed significantly from the inactive pill group,

p < 0.0011, from the active pill group, p < 0.0011, and from the follicular group, p < 0.05.

The follicular group differed significantly from the inactive pill group, p < 0.05. The

difference between follicular women’s and active pill users’ progesterone levels was

marginally significant, p = 0.06. The active and inactive pill users’ progesterone levels did

not differ from one another, p > 0.5 (Figure 4).

Mean salivary hormone levels for both estrogen and progesterone are included in

supplementary materials (Table S2).

3.2 Group differences in anterior Default Mode Network connectivity

A one-way ANOVA showed that the connectivity of the aDMN differed significantly

between the follicular and luteal groups. The follicular group showed increased connectivity

with the aDMN in the left angular gyrus, t(1,87) = 5.42, cluster-level pFWE = 0.005, 34

voxel extent relative to the luteal group. Follicular women also showed increased

connectivity with the aDMN in the left angular gyrus compared to active OC users, t(1,87) =

5.30, cluster-level pFWE = 0.017, 27 voxel extent (Figure 5a; bar graph available in

supplementary materials Figure S1).

A one-way ANOVA showed that the connectivity of the default mode network did not differ

between OC users on the active pill week compared to the inactive pill week. However,
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follicular women differed significantly from the inactive pill users. Compared to inactive pill

users, follicular women showed increased connectivity with the aDMN in the right caudate

nucleus, t(1,87) = 5.69, cluster-level pFWE = 0.044, 22 voxel extent, (Figure 5b; bar graph

available in supplementary materials Figure S2).

3.3 Group differences in Executive Control Network connectivity

Menstrual cycle phase was associated with significant differences in the connectivity of the

ECN. Here, follicular women showed increased connectivity with the ECN relative to the

luteal group in the right anterior cingulate cortex, t(1,87) = 5.42, cluster-level pFWE < 0.001,

52 voxel extent.

Active pill and inactive pill users also showed differences in ECN connectivity. A one-way

ANOVA showed increased connectivity with the ECN in the left middle frontal gyrus,

approximately BA10, in the inactive pill group relative to the active pill users, t(1,87)=4.59,

cluster-level pFWE = 0.019, 19 voxel extent.

OC users also showed differences compared to naturally-cycling women in the ECN.

Follicular women showed greater connectivity with the ECN than active pill users in both

the left anterior cingulate cortex, t(1,87) = 4.82, cluster-level pFWE < 0.001, 61 voxels, and

in the left middle frontal gyrus near BA10, t(1,87) = 4.57, cluster-level pFWE = 0.001, 37

voxels (Figure 6; bar graph available in supplementary material Figure S3 and S4).

As depicted in Figure 6, connectivity of the left middle frontal gyrus was altered in the

active OC users relative to both the inactive OC users and naturally-cycling follicular

women. Connectivity was also reduced relative to naturally-cycling luteal women, but this

difference was only significant at a much higher threshold (cluster-level p < 0.05,

uncorrected). Normalized average connectivity values for the left middle frontal gyrus

cluster in the ECN component are shown in Figure 7.

Luteal women did not show any regions of increased connectivity relative to OC users in the

ECN. In neither network did the luteal group show any areas of increased connectivity

relative to the follicular group.

3.4 Hormone correlations

Linear regression analyses were performed to determine if a linear relationship could be

observed between salivary estrogen or progesterone levels and the time course of each

component for each participant. No significant correlations were found, either positive or

negative, for estrogen or progesterone.

4.1 DISCUSSION

In this investigation of the effects of hormones on resting state functional connectivity, we

found that both endogenous hormone cycling due to the menstrual cycle and exogenous

hormone administration through the use of oral contraceptive pills are associated with

altered resting state dynamics in two separate functional networks, the aDMN and ECN. In

the aDMN, luteal women showed reduced coherence between the left angular gyrus and the
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rest of the network when compared to follicular women. OC users in the active phase of

their pill cycle also showed reduced coherence between the left angular gyrus and the rest of

the network when compared to follicular women. In the ECN, luteal women showed reduced

coherence between right anterior cingulate (ACC) and the rest of the network when

compared to follicular women. Compared to naturally-cycling women in the follicular

phase, OC users in the active pill phase showed reduced coherence between the left ACC

and the rest of the network, and also showed reduced coherence between the left middle

frontal gyrus and the ECN. This region also showed differences in resting state connectivity

when active pill users were compared to those on the inactive week of their pill cycle; the

inactive pill users had greater coherence between the left MFG and the ECN than did active

pill users.

Activity in the intrinsic connectivity network defined as the default mode network has

previously been shown to decrease during cognitive tasks (Greicius et al., 2003) and to be

negatively correlated with task performance across a number of behavioral domains (Smith

et al., 2009). In healthy individuals, evidence suggests the DMN is active during stimulus-

free rest periods (Greicius et al., 2003; Gusnard and Raichle, 2001; Raichle et al., 2001) as

well as during tasks that solicit an abstract, internal, self-representational state

(D’Argembeau et al., 2005; Gusnard et al., 2001). For instance, DMN structures are

activated by autobiographical remembering, prospection, and theory-of-mind imagining,

tasks which place the self in the past, the future, and in the mind of another person,

respectively (Spreng and Grady, 2009).

Altered functional connectivity in the DMN has previously been associated with young

(Supekar et al., 2010) and old age (Sambataro et al., 2010), as well as a number of mental

disorders (Broyd et al., 2008) including Alzheimer’s disease (Greicius et al., 2004) and

major depressive disorder (Grimm et al., 2009). At least two studies have failed to find

significant effects of sex on the DMN (Bluhm et al., 2008; Weissman-Fogel et al., 2010),

initially suggesting that sex does not impact resting state dynamics. However, both studies

failed to control for menstrual cycle position or oral contraceptive use, both of which, we

have demonstrated here, can affect DMN connectivity. These data suggest that hormone

status should be taken under consideration when investigating resting state functional

connectivity. Additionally, because the DMN is involved in a variety of domains, both in

healthy individuals as well as disease states, we can speculate that altered DMN connectivity

related to altered hormone levels has the potential to affect abstract, self-referential

reasoning, or perhaps in extreme cases may be related, positively or negatively, to the

development of disease states that show altered DMN connectivity.

In the ECN, active pill users showed decreased connectivity in the left middle frontal gyrus

compared to both inactive pill users and follicular women. This suggests that the hormones

in OCs acutely disrupt the connectivity of this region to the rest of the ECN. Furthermore,

this connectivity can be at least partly restored during the brief period of inactive pill use,

evidenced by the difference in connectivity patterns between the active and inactive pill

groups. The left prefrontal cortex has been generally associated with language processing

(Binder et al., 1997; Crozier et al., 1999; Gabrieli et al., 1998; Poldrack et al., 1999; Vigneau

et al., 2006), and the middle frontal gyrus in particular has been associated with a number of
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cognitive tasks, including but not limited to: recognition memory for verbal stimuli

(Donaldson et al., 2001), explicit contingency learning (Carter et al., 2006), and error

processing tasks (Kiehl et al., 2000) such as the Stroop task (Adleman et al., 2002). Because

we observed a change in the coherence of the left middle frontal gyrus with the rest of the

ECN, it may be the case that performance on any of these tasks that involve the left middle

frontal gyrus may be altered by OC use.

Active pill OC users also showed decreased connectivity in the left anterior cingulate

compared to naturally-cycling women, but only in comparison to those in the follicular

phase. Interestingly, luteal women also showed decreased connectivity in the anterior

cingulate, but in the opposite hemisphere. Previous literature has shown that the connectivity

of the ACC is sensitive to hormone changes, and administration of micronized progesterone

significantly increased the connectivity of the dorsal ACC to the amygdala (Van Wingen et

al., 2008). Our data suggest that increases in hormone levels alter the connectivity of the

anterior cingulate to the rest of the ECN, and the lateralization of the effect suggests that

endogenous and synthetic hormones may influence functional connectivity in a similar, but

not identical manner.

The ACC has previously been established as an important brain region for cognitive and

affective control (Bush et al., 2000), activated by conflict monitoring tasks (Botvinick et al.,

2004; Carter et al., 1998, 2007) such as the Stroop task (MacDonald et al., 2000; Pardo et

al., 1990). Patients with attentional disorders such as ADHD show abnormalities in the ACC

and often struggle with these conflict monitoring tasks (Bush et al., 1999; Seidman et al.,

2006). The ACC has also been implicated in affective processing, both related to conflict

monitoring (Etkin et al., 2006) and emotional processing independent of any conflict (e.g.,

Lane et al., 1998; Maddock et al., 2003). The ACC is consistently activated in emotional

reappraisal tasks (Ochsner and Gross, 2005) and appears to be structurally (Bremmer et al.,

2002) and functionally (Gotlib et al., 2005; Pezawas et al., 2005; Pizzagalli et al., 2001)

abnormal in patients with major depression. Abnormal activity has also been shown in

patients with PTSD (Etkin and Wager, 2007; Shin et al., 2001) as well as healthy people

experiencing transient anxiety (Kimbrell et al., 1999).

Increases in ACC connectivity with other brain regions have been reported in ADHD

patients (Tian et al., 2006) and in severely depressed patients (Horn et al., 2010); by

contrast, reduced ACC connectivity has been shown in autism patients (Cherkassy et al.,

2006). In healthy participants, ACC connectivity with orbitofrontal and prefrontal regions

increases during high-risk decision-making (Cohen et al., 2005), and increased ACC-PFC

connectivity has also been shown during conflict-monitoring (Fan et al., 2008; Mohanty et

al., 2007). Further, different spatio-temporal patterns of ACC connectivity may influence

different aspects of task performance: Lenartowicz and Macintosh (2005) reported one

network associated with an ACC seed that predicted lower reaction times at the cost of

reduced accuracy, and a separate network associated with the same ACC seed that positively

predicted accuracy.

Thus, the changes we observed in the connectivity of the ACC to the rest of the executive

control network, which is comprised predominantly of PFC regions, could have effects on
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tasks that integrate cognition and emotion. Future investigations may find differences in

performance on these ACC-dependent tasks either across the menstrual cycle or in women

using OCs. Of note, both the ACC and left middle frontal gyrus have been associated with

conflict monitoring/error processing, and both regions showed altered resting state dynamics

across the different hormonal groups. These tasks may be of particular interest in future

investigations of menstrual cycle and OC effects on the brain.

In no comparison did luteal women show increased connectivity relative to follicular

women, and in no comparison did OC users show increased connectivity relative to NC

women. Thus, our data suggest that increases in hormone levels, whether due to endogenous

hormone cycling or exogenous synthetic hormone administration, may decrease functional

connectivity in these networks. Luteal women typically have higher estrogen and

progesterone levels than follicular women; in our data we observed a differenced only in

salivary progesterone levels. We also observed significant differences in basal levels of the

hormones we measured between the naturally-cycling and OC women. To the extent that a

mechanistic argument can be made, it appears that progesterone is a more likely candidate

for modulating functional connectivity than 17β-estradiol, since we observed differences in

the connectivity of the two naturally-cycling groups in the absence of a significant

difference in estradiol levels. Further, we observed differences in connectivity between the

two OC groups in the absence of differences in basal hormone levels. Therefore, it appears

that endogenous hormone levels are associated with changes in resting state functional

connectivity across the menstrual cycle, possibly due to changes in progesterone. Further, it

appears that the synthetic hormones in OCs produce changes in resting state functional

connectivity that imperfectly mimic the resting state dynamics seen in the normal menstrual

cycle, producing a unique pattern of resting state functional connectivity.

However, an important limitation of this hypothesis is that no linear relationship could be

found between salivary hormone levels and the time course of either component. This

suggests that functional connectivity changes between these groups cannot be fully

explained by hormones alone, nor by a straightforward linear relationship between hormone

levels and resting state activity. Estrogen and progesterone have important roles as

neuromodulators (of norepinephrine, see Etgen, Ungar and Petitti, 1992; of BDNF, see

Sohrabji and Lewis, 2006; of oxytocin, see de Kloet, et al., 1986; of GABA and glutamate,

see Smith et al., 1987). Further, both hormones have neuroactive metabolites, and

allopregnanolone, a metabolite of progesterone, has been shown to alter activity in brain

regions associated with emotion regulation (Sripada et al., 2013). However, interactions

between sex hormones and other neurotransmitters are beyond the scope of this

investigation, and would be compelling targets of future investigations. It may be the case

that, related to interactions with these other neurotransmitters and neuroactive metabolites,

any relationship between ovarian hormones and resting state characteristics is nonlinear in

nature.

This study has several other important limitations that constrain the interpretation of these

findings. First, although the evidence suggests that OCs and the menstrual cycle may affect

cognition, we do not provide evidence of this here. This investigation is limited to blood

flow changes at rest rather than demonstrating any behavioral changes. While we believe
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these findings provide a compelling basis for investigating cognitive changes across the

menstrual cycle, and cognitive changes due to OC use, the data here should not be taken to

represent cognitive or behavioral consequences of these hormonal changes. Second, all

scans were between rather than within subjects. A replication of these effects in a single

group of women, especially with placebo controls for OC use, would provide much stronger

evidence that these effects are observable in the general population. Third, participants were

not given explicit instructions regarding whether they were to keep their eyes open or

closed, a condition that has been shown to alter resting state dynamics (Yan et al., 2009).

This investigation also did not specifically investigate or account for potential differences in

brain structure between groups. Previous investigations have shown that the use of hormonal

contraception may be associated with changes in gray matter volume in frontal and temporal

regions (Pletzer et al., 2010), and that morphology of the hippocampus and basal ganglia

may change over the course of the menstrual cycle (Protopopescu et al., 2008). Thus, it is

possible that the changes in resting state functional connectivity detected in this

investigation may in fact reflect changes in the underlying brain structure in the studied

groups. This possibility represents an important target for future investigations.

Whether the observed changes in functional connectivity translate into disruptions, or

perhaps even enhancements, in cognitive or affective function is an open question. Because

this was an investigation of the brain at rest rather than a comparison of behaviors between

groups, we must remain agnostic as to whether these differences in functional connectivity

may have any effect on behavior. However, we suggest that changes in the baseline state of

the brain may cause differences in behavior or subjective experience. Previous

investigations have shown that regional task-related BOLD signals can be negatively

predicted by that region’s connectivity with the DMN (Mennes et al., 2010), DMN activity

negatively predicts task performance (Weissman et al., 2006; Laird et al., 2009), and the

relationship between DMN activity and task demands is altered in people suffering from

major depression (Grimm et al., 2009; Sheline et al., 2009). Thus, we hope these data will

provide useful guidance to future investigations of the effects of the menstrual cycle and oral

contraceptive pills on cognition, affect, and the relationship between the two.

5.1 CONCLUSIONS

We found significant differences in the resting state networks associated with cognition and

affect in hormonally distinct groups. Both oral contraceptive pills and menstrual cycle phase

are associated with significantly altered resting state dynamics in the anterior portion of the

default mode network and the executive control network. The general pattern appears to be

that both synthetic hormones in oral contraceptive pills and endogenous hormones that

fluctuate across the menstrual cycle are associated with decreased functional connectivity in

the networks we investigated. These findings provide evidence that both endogenous and

synthetic hormones influence the baseline state of the brain, which may in turn influence

cognitive performance and affective experience.
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Figure 1.
The anterior default mode network included the bilateral superior medial gyri, bilateral

cingulate cortex, bilateral angular gyri, bilateral inferior frontal gyri, bilateral temporal

poles, cerebellar vermis, right parahippocampal gyrus, right insula lobe, and right caudate

nucleus.
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Figure 2.
The executive control network included bilateral cingulate cortex, bilateral bilateral

supramarginal gyri, left insula lobe, bilateral middle frontal gyri, and right cuneus.
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Figure 3.
The luteal group’s baseline estradiol levels differed significantly from both OC groups. *p<

0.05, **p<0.01.
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Figure 4.
The luteal group had significantly higher baseline progesterone levels compared to each

other group. The follicular group also had significantly higher baseline progesterone than the

inactive pill users. *p<0.05, **p<0.0011.
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Figure 5.
(a): Follicular women show greater connectivity between the aDMN and the left angular

gyrus compared to both luteal women (peak difference at −45, −66, 48) and active pill users

(peak difference at −48, −63, 48). The follicular versus luteal comparison is shown in blue,

and follicular versus active OC comparison in red. Purple indicates areas of overlap, i.e.,

voxels in which altered functional connectivity was found in both comparisons. 5(b):

Follicular women show greater connectivity between the aDMN and the right caudate

nucleus compared to inactive pill users (peak difference at 21, −6, 21).
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Figure 6.
Follicular women showed greater connectivity than luteal women between the right anterior

cingulate cortex (peak difference at 3, 33, 21) and the ECN, shown in blue (column 1 slices

selected to optimally show this contrast). Active pill users had reduced connectivity between

the left middle frontal gyrus (peak difference at −33, 48, 12) and the ECN compared to

inactive pill users, shown in yellow (column 2 slices selected to optimally show this

contrast). OC users taking active pills also had reduced connectivity compared to follicular

women in the left anterior cingulate cortex (peak difference at −3, 27, 12), shown in red
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(column 3 slices selected to optimally show this contrast), and in the left middle frontal

gyrus (peak difference at −36, 54, 15), also shown in red (column 4 slices selected to

optimally show this contrast). Purple indicates areas of overlap between the follicular/luteal

contrast and follicular/active OC contrast. Orange indicates areas of overlap between the

follicular/active OC contrast and the inactive OC/active OC contrast.
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Figure 7.
The average z-score of the left middle frontal gyrus cluster in the ECN component was

significantly lower in the active OC users compared to either the inactive OC users or

follicular women, *p<0.05, cluster-level FWE-corrected.
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