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Previous neuroimaging research has demonstrated that female gonadal hormones can alter the structure and
function of adult women's brains. So far, we do not know how hormonal contraceptives affect female brain struc-
ture, in part because within-person longitudinal observations are lacking. Here, we compared 28 young women
before and after three months of regular contraceptive intake with 28 naturally cycling women of comparable
age. The goal was to explore within-person neural change in women using contraceptives. Neuroimaging, hor-
monal, cognitive, and affect data were collected at two time points for each participant. A voxel-wise whole-
brain comparison of both groups revealed decreased gray matter volume in the left amygdala/anterior
parahippocampal gyrus in women using contraceptives as compared to the control group. Resting-state func-
tional connectivity of this region with the dorsolateral prefrontal cortex changed from positive to negative con-
nectivity following contraceptive intake whereas the opposite held for the control group. An exploratory analysis
revealed that gray matter volume in the left amygdala/anterior parahippocampal gyrus was associated with pos-
itive affect at the second time point. There were no systematic differences in cognitive performance change be-
tween the groups. These findings provide initial insights into effects of hormonal contraceptives on the human
brain and expand previous findings on hormone-related amygdala/hippocampal complex plasticity. The affected
brain regions may be related to psychological wellbeing, underlining the importance of future studies on

contraceptive-induced brain changes.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Hormonal contraceptives are the most common contraceptive
method in the Western world (Johnson et al., 2013; United Nations,
2015). To give one example, about one third of adult women in
Germany use hormonal contraceptive pills (hereafter also “the pill”),
with higher proportions found at younger ages (Federal Centre for
Health Education (BZgA), 2011; in a sample in the US, 17% of women
aged 15-44 years used the pill, with higher proportions at younger
ages: Jones et al.,, 2012). During the natural menstrual cycle, female go-
nadal hormones (estrogen and progesterone) change in a regular tem-
poral pattern enabling fertility. Hormonal contraceptives suppress
ovulation by modifying the natural fluctuation of gonadal hormones.
Given that a growing body of literature indicates that female gonadal
hormones have the potential to alter the human adult brain (Comasco
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et al., 2014; De Bondt et al., 2013; Lisofsky et al., 2015a; Toffoletto
et al,, 2014), the question arises whether hormonal contraceptives
might also change the brain.

Despite a growing literature on effects of hormones on brain plastic-
ity, we know surprisingly little about the ways in which hormonal con-
traceptives affect their users' brain structure. To our knowledge, there
are no longitudinal studies investigating structural brain changes in
women following intake of the pill. Some cross-sectional studies com-
pared gray matter volume of women using hormonal contraceptives
with that of non-users, yielding inconsistent results (De Bondt et al.,
2013; Petersen et al., 2015; Pletzer et al., 2010; Pletzer et al., 2015). In
light of potential pre-existing differences between contraceptive-users
and non-users, it is not known whether findings obtained in studies
with a between-person design will parallel observations based on
within-person changes following use of hormonal contraceptives
(Oinonen et al., 2008; Raz et al., 2005). Moreover, the studies that
have been conducted so far reported effects of contraceptives after rel-
atively long and habitual exposure to contraceptives (mostly over
years). Data on more immediate within-person neural changes are
lacking.

To the best of our knowledge, only two neuroimaging studies have
assessed women before and after exposure to hormonal contraceptives,
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albeit with a focus on functional rather than on structural brain alter-
ations. Both studies used a randomized placebo-controlled design to
test differences in brain activity before and after 21 days of hormonal
contraceptive intake (Gingnell et al,, 2013, 2015). One of the studies ap-
plied a cognitive control paradigm and revealed that contraceptive in-
take had only little effect on brain reactivity during response
inhibition (Gingnell et al., 2015). The other study used an emotional
face matching task and observed reduced activity in insular and frontal
regions in the contraceptive group and reduced activity in the amygdala
in the placebo group following treatment (Gingnell et al., 2013). The lat-
ter study only included women who had reported previous negative
mood effects following hormonal contraceptive use, which limits the
generalizability of the results. Nevertheless, the findings add to research
showing altered amygdala responses in naturally cycling women after a
single progesterone dose (Van Wingen et al., 2008). Altered amygdala
reactivity potentially underlies mood changes that have been discussed
as relatively common side-effects of hormonal contraception leading to
its discontinuation (Rosenberg and Waugh, 1998).

Longitudinal and cross-sectional studies assessing contraception-
related mood changes have yielded inconsistent results. The use of hor-
monal contraceptives was found to be associated with increases, de-
creases or no overall change in negative affect (Gingnell et al., 2013;
Jarva and Oinonen, 2007; O'Connell et al., 2007; Oinonen and
Mazmanian, 2002; Ott et al., 2008; Rosenberg and Waugh, 1998;
Shahnazi et al., 2014; Svendal et al.,, 2012). It is unclear whether the in-
consistency of findings reflects actual differences between women in
their mood-related responses to hormonal contraceptives, or whether
they are due to differences in study design or pill types (Pletzer and
Kerschbaum, 2014). Potential associations of mood changes and brain
structural changes induced by hormonal contraceptives have not yet
been investigated.

We conducted a longitudinal magnetic resonance imaging (MRI)
study including an age-matched control group with the aim to investi-
gate (1) structural brain alterations following three months of hormonal
contraceptive intake in healthy young women, (2) brain function
(ie., resting-state functional connectivity) of regions showing structural
alterations in women using hormonal contraceptives, (3) affective
changes in women starting to use contraceptives and potential associa-
tions with structural brain changes, and (4) the impact of hormonal
contraception on cognitive performance. This study part followed up
on previous inconsistent findings regarding cognitive functioning in re-
lation to hormonal contraception (Gogos et al., 2014; Warren et al.,
2014).

This study focused on the group-by-time interaction in gray matter
volume in a whole brain analysis. In previous work, amygdala function
was found to be especially sensitive to endogenous as well as exogenous
hormonal variation in women (Lisofsky et al., 2015b; Petersen and
Cahill, 2015; Van Wingen et al., 2008). Also, altered amygdala activity
and amygdala volume were found to correlate in clinical populations
(e.g., Kalmar et al., 2009; Siegle et al., 2003). Hence, we hypothesized
that amygdala volume and potentially functional connectivity would
perhaps also be altered in women using hormonal contraceptives.
Based on previous indications of affective changes in women taking
contraceptives (e.g., Gingnell et al., 2013), we speculated that three
months of contraceptive use might also have an impact on positive
and/or negative affect.

2. Materials and methods
2.1. Participants

Women planning to start hormonal contraceptive (the pill) use
were recruited via flyers in local gynecologists' practices. Healthy
women aged 16 to 35 were included in the study. Exclusion criteria
were: The use of hormonal contraceptives within a period of six months
prior to the study phase, previous pregnancy beyond 8 weeks of

gestation, hormonal disorders, MR incompatibility, or a history of psy-
chiatric or neurological illness (based on self-report). For participants
under the age of 18, written informed consent was obtained from
their parents. The study was conducted according to the Declaration
of Helsinki, with approval from the Ethics Committee of the German So-
ciety for Psychology. Thirty-one women were included in the “pill
group.” Three participants dropped out before the second measurement
time point (one women could not be recontacted and two women did
not have time to take part again). Therefore, the final sample consisted
of 28 participants in the pill group (mean age 21.25 years, range
16-33 years. Twenty-eight young women of similar age who were not
taking hormonal contraceptives were enrolled as a control group
(mean age 21.5 years, range 16-28 years). The same exclusion criteria
applied to the participants in the control group. Sample characteristics
for both groups are shown in Table 1.

2.2. Overview of design and procedure

The study design is depicted in Fig. 1. All women participated in two
measurement occasions: time point 1 (T1) and time point 2 (T2). The
timing of test sessions in relation to the participants' menstrual cycle
is described in detail below. For participants in the pill group, T1 took
place before they started use of hormonal contraceptives. T2 was sched-
uled in the pill-free week of the third pill cycle (each pill cycle consisted
of three weeks continuous daily pill use and one pill-free week, lasting
about one month). The rationale for scheduling the second measure-
ment occasion in the pill-free week was to ensure that potential differ-
ences in brain structure are not solely driven by acute effects of the last
pill intake. For participants in the control group, T2 was scheduled ap-
proximately three months after T1. At each time point, cognitive, psy-
chological, and neuroimaging data were acquired in two test sessions.
In the cognitive test session, participants carried out a number of
computer-based cognitive tasks (see below) and completed the Positive
and Negative Affect Schedule (PANAS; Watson et al.,, 1988). Throughout
the cognitive test session, three saliva samples were provided by the
participants. Measurement sessions took place in the morning (starting
before noon between 8:00 and 12:00 am), unless this was impossible to
schedule for the participants. In the MRI session, participants were mea-
sured in the scanner and completed the PANAS again. For most partici-
pants (38 of 56 participants), the cognitive and MRI sessions were
scheduled on two separate days (median number of days between the
two measurement sessions: 1, interquartile range: 2, in four occasions
the two sessions had to take place in different cycles, keeping cycle
phase constant). If two separate measurement sessions were not possi-
ble due to a participant's time constraints, the cognitive and MRI ses-
sions were scheduled one after another on the same day, keeping
their order constant across participants.

2.3. Sample description and timing of measurement waves

For all naturally cycling women (participants in the pill group at T1
as well as participants in the control group at T1 and T2), measurements
were scheduled in the early follicular phase (day 1-10 after begin of
menses, mean cycle day: 5.6 (43.3)). For women in the pill group

Table 1
Sample characteristics.

Variable Pill group Control group
Age (in years) 21.25 (£4.02) 21.5(£2.82)
Years of education 14.31 (£3.2) 14.68 (£2.46)
Participants who ever used 15 20

HC
Previous HC use (in 43.79 (£55.8, median = 43.95 (432.9, median =
months) 29) 39)

HC = hormonal contraceptives; “Previous HC use” for women who had ever used hor-
monal contraceptives.
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Study Design

oo™

Pill Group Control Group
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T1
b 2 Sessions
NC?® NC (MR &
Cognition)
start to use HC ;
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a Early follicular phase (N=13, d 5.2) or late luteal phase (N=14, d 24.5)
b Early follicular phase (d 5.5)
c Pill-free interval (d 4.5)

d Early follicular phase (d 5.9)

Fig. 1. Overview of study design and procedure. d = mean cycle day (day 1 = first day of
menses or first pill-free day).

who wanted to start using the pill in the following cycle, T1 was sched-
uled to take place in the late luteal phase (at the end of the cycle). Thir-
teen women in the pill group were measured in the early follicular
phase of their menstrual cycle for at least one T1 measurement session
(mean cycle day 5.2 (£3.4)). Fourteen women in the pill group were
measured in the late luteal phase at T1 (mean cycle day: 24.5 (+3.4)).
For one participant in the pill group, it was not possible to determine
her cycle phase at T1 due to an irregular cycle. Since the late luteal
and early follicular cycle phases follow one another and are relatively
similar with regard to hormonal levels, they should result in relatively
similar states of brain structure with regard to monthly alterations.
This assumption was supported by our data: Participants in the pill
group who were measured in the follicular or luteal phase at T1 did
not differ with regard to our variables of interest, namely, positive and
negative affect scores and gray matter volume in the cluster derived
from the VBM analysis (two-sample t-tests all t <1, p > 0.1). At T2,
women in the pill group were measured in the pill-free interval
(mean day: 4.46 (£ 2.03), with day 1 being defined as the first pill-
free day). Women in the control group were measured in the early fol-
licular phase at both time points (mean cycle day T1: 5.5 (£3.1), mean
cycle day T2: 5.9 (£+3.3)).

The mean interval between T1 and T2 in the pill group and the con-
trol group was about three months (interval in days for pill group: 97.3
(£14.8), for control group: 97.7 (425.1)). For one woman in the pill
group, T2 took place after two rather than three months of regular pill
use, and another was tested after four rather than three months. One
woman used a continuous pill (that did not contain pill-free intervals)
and was therefore tested during pill use at T2. The MR scan at T2 had
to be delayed by 3 months for one woman in the control group, leading
to a prolonged interval between the first and second MR scan. Excluding
these participants from the VBM analysis did not influence the main
outcome. The use of parametric tests was justified by tests of normality
and variance homogeneity as well as visual inspection of data

distribution and standardized residual distribution for the linear
models. Where these assumptions were not met, non-parametric tests
were used.

All participants in the pill group used combined oral contraceptive
pills during the study phase, except for two women using a
progesterone-only pill. The distribution of pill types and progestin com-
ponents was as follows: 14 participants used 2nd generation pills (Levo-
norgestrel: n = 12; Desogestrel: n = 2) and 14 participants used 4th
generation pills (Dienogest: n = 10; Chlormadinonacetat: n = 2;
Drosperinon: n = 2).

2.4. Hormonal assessment

Saliva samples were collected using SaliCap collection devices (IBL
International, Hamburg, Germany), which are validated for the sam-
pling of steroid hormones. To account for the pulsative secretion of es-
trogen, we collected three samples spread over the respective session
and pooled them afterwards, to minimize the effect of short-term fluc-
tuations of hormone concentrations. Immediately after collection, the
saliva samples were frozen and stored at — 25 °C. The estrogen concen-
trations were determined by a commercial company (IBL International,
using a salivaimmunoassay 173-Estradiol ELISA kit). The hormonal data
at T1 for one participant in the control group were missing (estrogen
and progesterone levels), and estrogen levels at T2 could not be deter-
mined for another participant in the pill group. Hormonal levels were
log-transformed to correct for non-normal distributions, but due to var-
iance inhomogeneity between the groups at T2 in estrogen levels, estro-
gen levels were analyzed by means of non-parametric tests. Paired t-
tests (Wilcoxon signed-rank tests) were used to assess change in estro-
gen and progesterone across the two measurement time points for each
group. Interaction effects were tested by direct comparison of two
mixed-linear models (with and without the time-by-group interaction
term) in R using the anova function. The influence of cycle phase was
assessed by conducting a two-sample t-test (Wilcoxon rank-sum test)
comparing hormonal levels of women in the pill group at T1 who
were measured during the early phase of their cycle with those assessed
in the late phase of their cycle.

2.5. Affect data

The PANAS (Watson et al., 1988) includes 20 positive and 20 nega-
tive mood adjectives. For each item, participants indicated to what de-
gree they were momentarily feeling that way on an eight point Likert-
scale (ranging from 1 “does not fit at all” to 8 “fits very well”). The ques-
tionnaire was administered at T1 and T2 during both the cognitive and
the MRI sessions. Positive affect (PA) was determined as the mean value
for the positive items and negative affect (NA) for negative items re-
spectively. The scale had very good internal consistency (Cronbachs o
PA at T1 (T2) = 0.94 (0.95), NA at T1 (T2) = 0.94 (0.95)). If possible,
mean scores were calculated from the two questionnaires at each time
point, thus yielding measures of participants' average (habitual) affect
across the respective testing situations. Visual inspection of the distribu-
tion of NA values indicated that individuals tended to be clustered at the
low end of the scale, resulting in a restriction of range at both time
points (skewness at T1 = 1.59, at T2 = 1.75, median at T1 = 1.40, at
T2 = 1.55). Therefore, non-parametric tests were used for NA in all
analyses. Paired t-tests (Wilcoxon signed-rank tests) were used to as-
sess change in PA and NA across T1 and T2 for each group. Interaction
effects were tested by directly comparing two mixed-linear models
(with and without the time-by-group interaction term) in R using the
anova function. The results of this analysis should be interpreted with
caution for NA, because the standardized residuals of the model devi-
ated from normality. The influence of cycle phase was assessed by
conducting two-sample t-tests (Wilcoxon rank-sum tests) between T1
scores of women in the pill group measured during early or late cycle
phases.
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2.6. Cognitive tasks

To assess whether hormonal contraceptive intake is accompanied by
cognitive alterations, we included a number of cognitive tasks at both
measurement time points. We used three tasks assessing episodic ver-
bal memory: word-list recall (Schmiedek et al., 2010), word-non-
word cued recall (Martensson and Lovdén, 2011), and face-name
cued recall (Martensson and Lovdén, 2011); one task assessing working
memory: dual-2-back (Jaeggi et al., 2010); and one task measuring ob-
ject location memory (Schmiedek et al., 2010). In addition, tasks mea-
suring spatial abilities were applied, assessing mental rotation
(Vandenberg and Kuse, 1978), navigation (Gramann et al., 2005), spa-
tial orientation (Guilford and Zimmerman, 1948), and perspective tak-
ing (Hegarty, 2004). Executive functioning was assessed with a task-
switching paradigm (King et al., 2007). All tasks except for the
Guilford-Zimmerman spatial orientation task were computer-based.
Details on the tasks can be found in the corresponding reference articles.
Group-by-time interactions in task performance were analyzed in a lin-
ear mixed-effects model including age as a covariate of no interest. A p-
value of p < 0.005 was determined by Bonferroni correction to control
for multiple testing.

2.7. MRI data acquisition

MRIs were acquired using a 3T Magnetom Tim Trio MRI scanner sys-
tem (Siemens Medical Systems, Erlangen, Germany) using a 12-channel
radiofrequency head coil. High-resolution anatomical images were col-
lected using a T1-weighted 3D MPRAGE sequence (TR = 2500 ms, TE =
4.77 ms, TI = 1100 ms, acquisition matrix = 256 x 256 x 192, sagittal
FOV = 256 mm, flip angle = 7°, voxel size = 1.0 x 1.0 x 1.0 mm?>).
Whole-brain functional images were acquired using a T2*-weighted
echo-planar imaging (EPI) sequence sensitive to blood-oxygenation-
level dependent (BOLD) contrast (TR = 2000 ms, TE = 30 ms, image
matrix = 72 x 72, FOV = 216 mm, flip angle = 80°, slice thickness =
2.0 mm, distance factor = 20%, voxel size 3.0 x 3.0 x 3.0 mm?, 36
axial slices). 150 image volumes aligned to AC-PC were acquired. Partic-
ipants were instructed to keep their eyes closed and relax during this
resting state measurement.

2.8. MRI data analysis

2.8.1. Analysis of structural data

Anatomical data were processed by means of the VBMS8 toolbox
(http://dbm.neuro.uni-jena.de/vbm.html) with default parameters by
Gaser and the SPM8 software package (http://www.fil.ion.ucl.ac.uk/
spm). The VBMS8 preprocessing involves bias correction, tissue classifi-
cation, and registration. The “nonlinear only” modulation was applied
in order to preserve the volume of a particular tissue within a voxel by
multiplying voxel values in the segmented images by the Jacobian de-
terminants derived from the spatial normalization step. In effect, the
analysis of modulated data tests for regional differences in the absolute
amount (volume) of gray matter. Images were smoothed with a full-
width half-maximum kernel of 8 mm. Statistical analysis was carried
out by means of a whole-brain group-by-time interaction using the flex-
ible factorial model implemented in SPM8. Age, total intracranial vol-
ume, estrogen, and progesterone levels (the latter two log-
transformed) were entered as covariates of no interest. For two single
observations, no estrogen and/or progesterone levels were available.
These data points were replaced by the mean of the respective group
and time point. The resulting maps were thresholded using p < 0.001,
and a cluster extent threshold was combined with a non-stationary
smoothness correction (Hayasaka and Nichols, 2004). The cluster extent
threshold was determined by Monte Carlo simulation using the pro-
gram AlphaSim (Ward, 2000). The cluster size (>198 voxels) was cho-
sen such that the overall probability (combining statistical extent and
cluster size threshold) of the type-I error was below 0.01. After

computing the whole-brain analysis, the gray matter volumes in the
statistically significant regions were extracted by means of rex
(https://www.nitrc.org/projects/rex/) for each participant.

2.8.2. Analysis of functional resting state data

The first ten EPI volumes were discarded to allow the magnetization
to approach a dynamic equilibrium. The data pre-processing, including
slice timing, head motion correction (with a least squares approach
and a 6-parameter spatial transformation), and spatial normalization
to the Montreal Neurological Institute (MNI) template (resampling
voxel size of 3 x 3 x 3 mm?), were conducted using the SPM8 and
Data Processing Assistant for Resting-State fMRI (DPARSF; Chao-Gan
and Yu-Feng, 2010). A spatial filter of 4 mm FWHM was used. Partici-
pants with head motion above 2 mm of maximal translation (in any di-
rection of x, y, or z) and 2.0° of maximal rotation throughout the course
of scanning were excluded (one participant). After pre-processing, lin-
ear trends were removed. The fMRI data were then temporally band-
pass filtered (0.01-0.08 Hz) to reduce low-frequency drift and high-
frequency respiratory and cardiac noise (Biswal et al., 1995). To reduce
the effect of physiological artifacts, we removed effects of the following
nuisance covariates: global mean signal, the six motion parameters, sig-
nal from cerebrospinal fluid and white matter (Fox et al., 2005; Kelly
etal., 2008). A whole-brain group-by-time interaction analysis was per-
formed by means of the flexible factorial model implemented in SPMS.
Age was entered as a covariate of no interest. The resulting maps were
thresholded using p < 0.005, and a cluster extent threshold was com-
bined with a non-stationary smoothness correction (Hayasaka and
Nichols, 2004). The cluster extent threshold was again determined by
Monte Carlo simulation using the program AlphaSim (Ward, 2000).
The cluster size (>15 voxels) was chosen such that the overall probabil-
ity (combining statistical extent and cluster size threshold) of the type-I
error was below 0.01.

3. Results
3.1. Hormonal data

Means and standard deviations for hormonal data of each group and
time point are reported in Table 2. Estrogen levels did not differ be-
tween the two time points, neither for the pill group nor for the control
group, and no interaction between group and time was observed (all
p > 0.1). Estrogen levels did not differ between women in the pill
group who were measured during the late compared to those measured
during the early cycle phase (p > 0.05). Progesterone levels in the pill
group, but not in the control group, decreased significantly from T1 to
T2 (pill group t(27) = 2.41, p = 0.02, control group p > 0.1; group-by-
time interaction ¥*(1, N = 55) = 4.58, p = 0.032). Also, progesterone
levels in the pill group were significantly higher at T1 than levels in
the control group at T1 (£(52) = 2.23, p = 0.03). We attribute the raised
progesterone levels in the pill group at T1 to the fact that some women
in this group had to be measured at the end of the luteal phase, where
progesterone levels are falling but may not yet have reached their low-
est levels. Indeed, a two-sample t-test revealed significantly higher

Table 2
Salivary hormonal levels (pg/mL) for both groups and time points.
Time point 1 Time point 2

Estrogen
Pill group 15.88 (+£14.6) 17.48 (+£15.9)
Control group 13.03 (+£14.0) 9.65 (+10.9)
Progesterone
Pill group 99.18 (£91.8) 61.68 (£41.8)
Control group 58.37 (£38.7) 70.51 (£53.2)

Values represent means (4 standard deviations).


http://dbm.neuro.uni-jena.de/vbm.html
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
https://www.nitrc.org/projects/rex/

N. Lisofsky et al. / Neurolmage 134 (2016) 597-606 601

progesterone levels in the participants in the pill group who were mea-
sured during the late luteal compared to those measured in the early fol-
licular cycle phase (t(26) = 2.14, p = 0.04).

3.2. Affect data

PA and NA scores for both groups are reported in Table 3. The PA and
NA scores of participants in the pill group who were measured in the
follicular phase at T1 did not differ from those of participants measured
in the luteal phase (both p > 0.1). PA significantly decreased from T1 to
T2 in the pill group (t(27) = 2.38, p = 0.025), but not in the control
group (t(27) < 1; p > 0.1; group-by-time interaction ¥*(1, N = 56) =
3.02, p = 0.082). The individual changes in PA scores are shown in
Fig. 2. The plot highlights that not all women in the pill group experi-
enced a decrease in PA (some also showed an increase) and that the ex-
tent of PA decrease is quite variable across individuals in the pill group.
To examine possible factors explaining these differences within the pill
group, we correlated the change scores with age and pill progestin con-
centration (in mg) using the Pearson product-moment correlation and
compared change with regard to previous pill use (yes/no) and genera-
tion of progestin pill (2nd/4th) by means of two-sample t-tests. A signif-
icant correlation between change in PA and age was observed (1(26) =
042, p = 0.028, Fig. 3; see Supplementary material for results of a mul-
tiple regression analysis including all variables). The younger the
women in the pill group were, the stronger their PA decreased from be-
fore to after onset of hormonal contraception. Previous pill use, genera-
tion of progestin pill, and progestin concentration were not associated
with change in PA.

With regard to NA, both groups did not change significantly from T1
to T2 (all p > 0.1). Change in NA in the pill group correlated with age
(Spearman's rho(26) = —0.43 p = 0.023). That is, younger women in
the pill group showed greater reductions in PA and increases in NA
from T1 to T2.

3.3. Cognitive data

No significant main effect of group or group-by-time interaction was
observed in performance of any of the cognitive tasks (all p > 0.005).

3.4. MR data

3.4.1. Structural MR data

The whole-brain group-by-time interaction analysis in VBM re-
vealed a single cluster in the left amygdala/anterior parahippocampal
gyrus (PHG) (—12,-6,-26, size: 539 voxels, p < 0.001, k > 189 voxels,
mean t-value for voxels in the significant cluster = 3.50; see Fig. 4).
The interaction was driven by a volume decrease in the pill group
whereas the mean level of the control group did not change. This is
shown in Fig. 5 where the individual gray matter volume change scores
of that region are plotted. Participants in the pill group who were mea-
sured in the follicular cycle phase at T1 did not differ from participants
measured in the luteal phase with regard to extracted gray matter vol-
umes (t <1, p>0.1). Change in extracted gray matter in the pill group

Table 3
Positive and negative affect scores for both groups and time points.
Time point 1 Time point 2

Positive affect
Pill group 491 (1.0) 439 (1.2)
Control group 5.07 (0.9) 5.00 (0.8)
Negative affect
Pill group 1.81 (0.8) 1.98 (0.9)
Control group 1.63 (0.8) 1.61(0.7)

Means (standard deviations) for positive and negative scores (range 1-8).

2

Change in positive affect (T2 -T1)

Pill group Control group

Fig. 2. Individual change scores for positive affect. Negative values represent a decrease
and positive values an increase in positive affect.

was not associated with previous pill use, generation of progestin, or
progestin concentration of the pill used (Pearson product-moment cor-
relations and two sample t-tests, all p > 0.1; see Supplementary material
for results of a multiple regression analysis including all variables). The
cluster was still significant when the analysis was repeated without the
two women taking progestin-only pills.

3.4.2. Resting state functional connectivity data

Functional connectivity maps with a seed region (mean BOLD in
seed) in the left amygdala/anterior PHG cluster resulting from the
VBM interaction analysis were used to conduct an interaction analysis
testing for a group-by-time interaction in functional connectivity of
the structural region of interest (p < 0.005, k> 15 voxels). Due to the rel-
atively liberal p-threshold, the result should be interpreted with cau-
tion. A significant interaction was observed between the left
amygdala/anterior PHG cluster and a cluster in the right dorsolateral
prefrontal cortex (DLPFC, MNI coordinates 48,21,21; see Fig. 6). The
cluster was still significant when estrogen and progesterone levels
were included in the analysis as covariates of no interest. Mean func-
tional connectivity (FC) between the two regions changed from positive

Change in positive affect (T2-T1)

-2+ .
3k .
-4+ .
_5 1 1 1 1 1 1 1 1 i J
14 16 18 20 22 24 26 28 30 32 34
Age in years

Fig. 3. Age correlates positively with change in positive affect in women in the pill group
(r(26) = 042, p = 0.028).
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Fig. 4. The left amygdala/anterior parahippocampal gyrus emerged as the only significant
cluster in a whole-brain group-by-time interaction analysis (p < 0.001, k > 200 voxels,
corrected for non-stationary smoothness, significant cluster is surrounded by white
circle). Within this region, gray matter volume decreased in the pill group and did not
show mean level change in the control group. Coordinates refer to MNI space.

to negative connectivity in the pill group (mean (standard deviation) FC
atT1 = 0.003 (0.15),at T2 = —0.089 (0.15), whereas the opposite held
for the control group (FC at T1 = —0.076 (0.13), at T2 = 0.043 (0.13).

3.5. Brain-affect associations

We further inspected potential associations of PA (decreasing from
T1 to T2 in the pill group) and gray matter volume in the left amyg-
dala/anterior PHG (decreasing in parallel in the pill group). We corre-
lated the PA change scores with gray matter volume change scores
within participants in the pill group and performed a multiple regres-
sion to predict PA by gray matter volume in the entire sample at T2,
while controlling for the group differences. Change in PA and gray mat-
ter volume was not significantly correlated in women in the pill group
(p>.05). A linear multiple regression was used to investigate whether
gray matter volumes predicted PA at T2 beyond the effect of group
membership. Age and group were included as covariates and the
model with and without gray matter volume as a predictor were com-
pared using the anova function in R. Gray matter volume in the amyg-
dala/anterior PHG significantly increased the predictive value of the
model (F(1,52) = 5.71, p = 0.021, estimate: 7.05). Greater gray matter
volume was associated with more PA at T2 in the entire sample.

4. Discussion

The present longitudinal study investigates brain structural alter-
ations after three months of oral contraceptive intake. We found that
the left amygdala/anterior PHG volume decreased in women using hor-
monal contraceptives as compared to a control group of women who
did not take contraceptives. We also observed a significant group-by-
time interaction in functional connectivity of this region with the right
DLPFC. This is the first indication that hormonal contraceptive use is ac-
companied by decreases in gray matter volume in a group of healthy
young women within a time span of only a few months. The localization
of the gray matter reductions in the amygdala matches previous litera-
ture on hormone-related brain plasticity and suggests links to mood al-
terations in women using hormonal contraceptives. Indeed, PA
decreased in the pill group on average, and PA was positively related
to gray matter volume in the amygdala/anterior PHG at T2 across both
groups.

The groups did not differ systematically in cognitive performance
changes. This observation adds to the research field studying female
cognitive performance variations in relation to hormonal status. Two re-
cent reviews emphasize the inconsistency of findings on the effects of
hormonal contraception on cognition (Gogos et al., 2014; Warren
etal.,, 2014). Together with our findings, this suggests that any potential
effects are weak, restricted to very specific cognitive processes, or are
highly variable between individuals. However, our study design was
not able to detect effects of long-term hormonal contraception on cog-
nitive performance. Hence, effects of prolonged endogenous hormone
exposure on cognitive performance cannot be excluded.

None of the previous cross-sectional MR studies observed differ-
ences in amygdala/anterior PHG volume between hormonal contracep-
tive users and non-users (De Bondt et al., 2013; Petersen et al., 2015;
Pletzer et al., 2010; Pletzer and Kerschbaum, 2014). A comparison of
the present findings with the previous literature on gray matter varia-
tion is difficult because we took a longitudinal approach rather than ap-
plying the previously used cross-sectional study design. The differences
in design also led to variations in durations of contraceptive use: long-
term users taking contraceptives for several years were usually included
in cross-sectional analyses, whereas we focused on effects of contracep-
tives over the course of a few months. The inconsistent results could in-
dicate several distinct neural change processes that differ depending on
the duration of contraception intake. The amygdala might be very sen-
sitive to the hormonal change processes occurring soon after the onset
of hormonal contraception. A potential renormalization of the structural
changes under continuous hormonal contraceptive use could explain
why cross-sectional studies have not observed differences between
(long-term) contraceptive users and non-users. Our experimental

GM change (T2-T1)

L

Pill group Control group

Fig. 5. Individual change scores for gray matter (GM) volume in the amygdala/anterior
parahippocampal gyrus.
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Fig. 6. Altered functional connectivity of amygdala and dorsolateral prefrontal cortex. The significant cluster in the dorsolateral prefrontal cortex is marked by a white circle. Result of the
whole-brain group-by-time interaction analysis on resting-state functional connectivity of the left amygdala/anterior parahippocampal gyrus (seed region) (p < 0.005, k > 21 voxels).

Coordinates refer to MNI space.

design did not allow extrapolation of the functional form of the ob-
served brain structure changes, such as long-term mean trends, rever-
sals, or oscillations. Other study characteristics (e.g., region-of-interest
vs. whole-brain analyses) and especially characteristics of the samples
(e.g., age, cultural background, pill types used) could contribute to the
inconsistency of findings as well. This emphasizes the need for future,
more fine-grained investigation of gray matter changes under hormonal
contraception.

Our findings are in line with studies showing a special sensitivity of
the amygdala to female gonadal hormones (Van Wingen et al., 2011; for
an overview on functional studies, see Lisofsky et al., 2015b). Previous
cross-sectional and longitudinal studies observed altered amygdala re-
activity in hormonal contraceptive users as compared to naturally cy-
cling women (Gingnell et al., 2013; Petersen and Cahill, 2015). Altered
amygdala reactivity and functional connectivity with the medial pre-
frontal cortex (PFC) was also observed in naturally cycling women
after a single dose of progesterone (Van Wingen et al., 2007, 2008). To
date, longitudinal evidence on structural changes following contracep-
tive intake was lacking. Our results are based on a hypothesis-free
whole-brain analysis and strongly suggest that hormonal contracep-
tives affect not only amygdala function, but also amygdala morphology.
The observed gray matter volume decreases were consistent across in-
dividuals and their magnitude was not associated with age, previous
hormonal contraceptive use, progestin concentration, or type of proges-
tin component in the pill.

The whole-brain gray-matter analysis revealed a lateralized finding
relating to amygdala/anterior PHG volume change. The left amygdala/
anterior PHG decreased within the first months of pill use, whereas
there was no interaction in right amygdala volume at the same statisti-
cal threshold (a bilateral effect only appeared if the threshold was
lowered to p < 0.005, k > 50). This could indicate a lateralization differ-
ence in the effect of hormonal contraceptives on brain structure. With
regard to brain function, lateralization of the amygdala/hippocampal
complex has been observed in relation to the natural fluctuation of fe-
male gonadal hormones (Lisofsky et al., 2015b). In the concordance
analysis of previous task-based fMRI studies, stronger left-lateralized
activity was observed during the luteal phase (high estrogen and pro-
gesterone) compared to the follicular phase (low estrogen and proges-
terone) of the natural menstrual cycle. It is difficult to relate these two
findings, because the former is based on brain function in naturally cy-
cling women, whereas the present finding relates to the effect of hor-
monal contraceptives on brain structure. Nonetheless, both findings

indicate some lateralized neural effects of estrogen and progesterone,
requiring further investigation.

Following up on the structural results, we investigated whether we
would also see indications of plasticity at the functional level. For this
purpose we focused on the functional connectivity of the amygdala/an-
terior PHG. We observed a significant group-by-time interaction in
functional connectivity between the seed region and the right DLPFC.
Note, however, that this should be interpreted with caution because
the cluster in the DLPFC was comparatively small. Nevertheless, the ob-
servation is in line with the hypothesis of hormone-related changes in
the brain's emotion regulation system during contraceptive use. In con-
junction with the amygdala, the DLPFC facilitates emotion regulation
(Ochsner et al., 2012). At the same time DLPFC activity has also been
shown to be hormone-sensitive. Amin et al. (2006) reported that
DLPFC activity in response to emotional stimuli correlated with estro-
gen levels in naturally cycling women. The observed differences in func-
tional connectivity between amygdala and DLPFC could therefore also
be due to more subtle, short-term differences in hormonal states be-
tween the measurement phases. The direction of the interaction effect
indicates a switch from positive to negative connectivity in women
who started using hormonal contraceptives whereas the opposite held
for women in the control group. Both positive and negative connectivity
have been described between amygdala and frontal cortices (Gee et al.,
2013; Hariri et al., 2003; Kim et al., 2011b; Kim et al., 2011a), but the
neurobiological basis for positive in contrast to negative connectivity
(e.g., whether one indicates inhibitory processes) remains unclear. In a
previous study by Kim et al. (2011b), negative resting-state functional
connectivity between the amygdala and the medial PFC was related to
high self-reported anxiety, whereas participants with low anxiety
showed positive functional connectivity between these regions (Kim
et al.,, 2011b). The potential link between amygdala connectivity in-
duced by hormonal contraception and behavioral outcomes, such as
anxiety, should be investigated in future studies.

Besides the neuroimaging findings, we also observed change in cur-
rent mood within the pill group. On average, PA decreased, with a large
range of variability at the individual level. However, the potential causes
of this mood perturbation remain ambiguous: They could be viewed as
indicative of actual mood changes induced by hormonal contraceptives,
but placebo effects and expectations about side-effects could also play a
role. Why mean changes in mood were restricted to PA is an open ques-
tion. The restriction of range in NA might have hindered the detection of
changes across time. Given this limitation, we cannot determine
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whether mood changes following hormonal contraceptive intake are re-
stricted to PA, as suggested by previous experimental work (Jarva and
Oinonen, 2007). In line with previous results, changes in PA and NA in
the pill group correlated negatively with age. Women below the age
of 20 might be especially susceptible to negative mood effects following
hormonal contraceptive intake, while women above the age of 30 may
rather experience positive mood effects (Oinonen and Mazmanian,
2002). The underlying factors causing this age difference have not
been investigated. Possible explanations could be age differences in
the expectations regarding side-effects of the pill, age differences in cop-
ing with mood swings, age differences in overall affect variability, or a
selection effect in the sense that women who experience negative
side-effects of pill use, including decreases in PA, are more likely to
switch to other contraceptives than women who do not experience
such side-effects. These potential explanations could be a fruitful topic
for future studies.

The variability in affective change is very likely not only attributable
to age differences or effects mediated by age. We can only speculate
about other factors causing the differences in affective change: Follow-
ing up on the findings reported by Gingnell et al. (2013), previous (neg-
ative) experience with mood changes during hormonal contraception
might be related to mood swings in later phases of contraception.
Starting to use hormonal contraception might also accompany other
change processes (e.g., physiological changes such as weight gain, or so-
cial changes such as a new partnership), which can in turn impact indi-
vidual affect. Short-term affective fluctuations and diverse re-test
effects may also need to be considered in this context (and would
apply to change in affect in the control group as well). The present
study shows that even in the presence of similar neural alterations
(i.e., decreases in gray matter volume), psychological outcomes
(i.e,, mood) do not change equally across individuals.

Beyond parallel changes in brain structure and mood, we found ev-
idence that affect correlated with the brain region in which
contraception-induced morphological changes were observed. Greater
gray matter volume in the amygdala/anterior PHG was associated
with more PA in the entire sample after the intervention. At T2, the
groups differed significantly in PA (but not in NA). Gray matter volume
significantly enhanced the predictive power of the model beyond this
effect of group. Thus, some variance of the inter-individual differences
in PA was explained by inter-individual differences in gray matter vol-
ume in the region showing decreases in the pill group. Greater amyg-
dala volume was associated with more PA in the entire sample. These
exploratory findings need to be replicated and should be interpreted
with caution until then. The finding indicates an association between
amygdala structure and affect, in line with previously reported associa-
tions between smaller amygdala volumes and mood disorders
(Hamilton et al., 2008). The amygdala is involved in up- and down-
regulation of positive as well as negative emotions (e.g., Kim and
Hamann, 2007; Ochsner et al., 2004), and some investigations have re-
vealed stronger amygdala reactivity for positive compared to negative
affect regulation (Kim and Hamann, 2007). We did not observe a signif-
icant correlation between the magnitude of gray matter volume
changes and affective change in the pill group. While the gray matter
volume decreases were very consistent across participants in the pill
group, affective change varied substantially between participants.
Thus, further factors that moderate and mediate the effects of structural
amygdala alterations on affect need to be considered.

We can only speculate about the neurobiological mechanisms that
may have caused the observed amygdala volume reductions. The
whole-brain interaction analysis was corrected for saliva estrogen and
progesterone levels at the measurement phase. Therefore, the effects
are unlikely to reflect the momentary hormonal environment, but
rather represent the influence of chronically altered hormone levels in
the pill group. The amygdala is characterized by a high density of estro-
gen receptors (Osterlund and Hurd, 2001; Osterlund et al., 2000). Pro-
gesterone metabolites can also modulate T-aminobutyric acid (GABA)

receptors and influence the amygdala via this route (Akwa et al.,
1999; Majewska et al., 1986; Van Wingen et al., 2008). Thus, external es-
trogen and progesterone administered via contraceptive pills may act
on the steroid-sensitive receptors in the amygdala and change cell mor-
phology and function. At the same time, endogenous estrogen, proges-
terone, and testosterone levels are lowered during use of hormonal
contraceptives (Hietala et al., 2007; Sahlberg et al., 1987; Wiegratz
et al., 2003). Animal studies have shown that estrogen, progesterone,
and combined estrogen and progesterone treatment all lead to in-
creases in neuronal and somatic volume in the posterodorsal medial
amygdala in ovariectomized female rats (De Castilhos et al.,, 2010).
Hormone-induced changes in cell survival and proliferation, increases
in dendritic spine density, dendrite length, and dendritic branching
have been proposed as neurobiological causes for these volume changes
(Cooke and Woolley, 2005). Whether morphological changes are also
mediated by functional changes that have been caused by hormonal al-
terations (e.g., hyperreactivity) remains to be investigated. For instance,
functional neuroimaging studies in humans have documented that pro-
gesterone administration (without additional estrogen) induces in-
creased amygdala reactivity (Van Wingen et al., 2008). Together with
data from animal studies, this suggests that the effect of progesterone
alone would sulffice to initiate functional changes, potentially followed
by structural changes in the amygdala. In line with this notion, the
two women using progestin-only pills in our sample showed similar
gray matter volume decreases as those women using combined contra-
ceptive pills (albeit only single cases).

Morphological changes in the amygdala following contraceptive use
could also be related to altered fear extinction learning in relation to go-
nadal hormones: Fear extinction learning seems to be modified in
women using hormonal contraceptives as well as estrogen-treated
rats (Graham and Milad, 2013; Merz et al., 2012b; Zsido, 2014). Hor-
monal effects on amygdala functioning have been proposed as the neu-
ral underpinning for these observations, since fear extinction learning
relates to amygdala function (Merz et al., 2012a; Zsido, 2014). However,
hormone-induced structural changes in the amygdala have not been
connected to fear extinction learning and the association of structural
and functional amygdala change via hormonal contraception has not
been investigated in that context. A better understanding of hormone-
induced structural brain changes and their potential impact on fear ex-
tinction learning would be clinically relevant, because impaired fear ex-
tinction learning has been associated with the development of anxiety
disorders such as post-traumatic stress disorder (PTSD, Milad et al.,
2008; Milad et al., 2006). Thus, hormonal contraceptive use might be a
risk factor for PTSD and could influence the efficacy of PTSD therapies,
as has been suggested previously (Lebron-Milad et al., 2012).

The present study has some limitations that should be overcome in
future studies. First, we did not randomly assign participants to the
two groups; therefore, pre-existing differences between groups cannot
be ruled out as potential reasons for our observations. However, to the
extent that our results are based on within-person changes, this limita-
tion primarily affects generalizability, rather than validity. Second, the
study did not use a blinded, placebo-controlled design, which may
have biased the affective outcome variables. Third, the findings regard-
ing mood changes are based on a questionnaire assessing negative and
positive affect in general, rather than focusing on specific facets of affec-
tive experience. Future studies should include additional mood-related
variables as well as more experience samples for each mood indicator to
increase reliability. Functional imaging paradigms (e.g., emotion regula-
tion) should be applied to test associations between structural and func-
tional task-based alterations in the amygdala following hormonal
contraception. Fourth, a number of confounding variables and specific
aspects of the study design complicated data analysis (e.g., variables
that only applied to one time point or one group, such as cycle phase
atT1 or pill type). We tried to control for, or at least describe, the effects
of these potential confounding variables on our results by applying dif-
ferent analysis approaches such as multivariate analyses including
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covariates of no interest or comparisons of subgroups. Future studies
should try to test effects of hormonal contraceptives in more homoge-
nous participant groups (especially with regard to cycle phase at the
first measurement time point), which would make post-hoc analyses
of confounding factors unnecessary. Relatedly, larger sample sizes
with sufficient power to detect differences between sub-groups (such
as different pill types or previous hormonal contraceptive use) should
be enrolled. Finally, testing women at several intervals during hormonal
contraceptive intake would help to investigate the time course of affec-
tive and neural changes following hormonal shifts.

5. Conclusion

Taken together, this study demonstrates that the amygdala is altered
structurally and functionally in young adult women within the first
months of hormonal contraceptive use. The present findings are of gen-
eral importance for imaging research on women. We also report prelim-
inary evidence suggesting that gray matter in the region showing
structural alterations is associated with positive affect across individuals
and may therefore be relevant for the psychological wellbeing of hor-
monal contraceptive users. Further investigations need to clarify the as-
sociation between neural changes and mood changes in the context of
hormonal contraception.
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