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Hippocampal volume has been shown to be sensitive to variations in estrogen and progesterone levels across
rodents' estrous cycle. However, little is known about the covariation of hormone levels and brain structure in
the course of the human menstrual cycle. Here, we examine this covariation with a multi-method approach
that includes several brain imaging methods and hormonal assessments. We acquired structural and functional
scans from 21 naturally cycling women on four time points during their cycles (early follicular phase, late follic-
ular phase, ovulation and luteal phase). Hormone blood concentrations and cognitive performance in different
domains were assessed on each of the measurement occasions. Structural MRI images were processed by
means of whole-brain voxel-based morphometry and FreeSurfer. With either method, bilateral increases in hip-
pocampal volume were found in the late follicular phase relative to the early follicular phase. The gray matter
probability in regions of hippocampal volume increase was associated with lower mean diffusivity in the same
region. In addition, we observed higher functional connectivity between the hippocampi and the bilateral supe-
rior parietal lobe in the late follicular phase. We did not find any reliable cycle-related performance variations on
the cognitive tasks. The present results show that hormonal fluctuations covary with hippocampal structure and
function in the course of the human menstrual cycle.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The variations of female sex hormones over the menstrual cycle
in mammals are connected to neural changes, including structural
as well as functional transformations in different brain regions
(e.g., Czoty et al., 2009; Desmond and Levy, 1997; Olmos et al., 1989;
Qiu et al., 2013; Woolley, 1998; Woolley and McEwen, 1993). Estrogen
and progesterone, the two main ovarian steroids, have received most
attention in this research field. A multitude of animal studies has re-
vealed detailed insights into hormone-related structural brain alter-
ations. However, only a few studies investigated this topic in humans,
and many of the previous studies lack adequate hormonal assessments
or hypothesis-free whole-brain neuroimaging methods.

Basic knowledge about the association between the estrous cycle of
female rats and neuroplasticity comes from a number of studies con-
ducted by Woolley and colleagues. Naturally occurring variations in
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estrogen and progesterone have been shown to covary with spine
density in the cornu ammonis 1 (CA1) hippocampal pyramidal cells
(Woolley and McEwen, 1990). Increasing estrogen levels were accom-
panied by increasing spine density. In further experiments it was docu-
mented that not only spine density in the hippocampus increases
following rise of estrogen, but that new synapses are built and the sen-
sitivity of the synapses (to NMDA receptor-mediated input) is increased
(Woolley et al., 1996, 1997). Estrogen effects on the brain are altered by
progesterone and might vary between species (Pawluski et al., 2009;
Woolley and McEwen, 1993). Following up on these seminal studies,
researchers explored estrogen-dependent variations in cognitive
function. Because the hippocampus has been demonstrated to be one
of the main hormone-sensitive targets in the brain, hippocampus
dependent cognitive functions, such as spatial-memory tasks, were
investigated. Results are mixed, showing differences in associations to
endogenous and exogenous hormonal variation, dose-and duration-
specific reactions, and interactions between different gonadal hor-
mones on cognitive functions (e.g., Bimonte and Denenberg, 1999;
Chesler and Juraska, 2000; Gibbs, 2000; Korol and Kolo, 2002; O'Neal
et al., 1996; Stackman et al., 1997). Some studies find evidence for
decreased spatial abilities (i.e., spatial learning and spatial recognition
memory) in high-estrogen phases during the cycle (e.g., Galea and
Kavaliers, 1995; Lacreuse et al., 2001). Other studies revealed that
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estrogen administration in ovariectomized rats results in better spatial
performance (i.e., spatial working memory; Fader et al., 1998; O'Neal
et al., 1996). Lastly, some researchers report stable spatial-memory
performance across the estrous cycle (Stackman et al., 1997). Results
are more convergent for spatial strategies used to solve navigation
tasks: rats prefer allocentric (hippocampal-based) strategies when
exposed to high estrogen levels and egocentric (striatal-based) strate-
gies when exposed to low levels (Hussain et al., 2014; Korol et al.,
2004; Qiu et al., 2013). The different degrees to which spatial memory
tasks rely on these learning strategiesmake comparisons between stud-
ies difficult.

More recently, hormone-related variations in cognition and neural
plasticity in human females have come under empirical investigation.
Compared to the five-day estrous cycle in rats, the human menstrual
cycle takes about 28 days, and can be subdivided into four phases:
first, the early follicular phase (EFP) during menses, where the steroid
concentrations are low; second, the late follicular phase (LFP), where
estrogen is at its highest levels and progesterone, luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) are low; third, the ovula-
tion, with LH and FSH at their peaks; fourth, the luteal phase, in which
estrogen and progesterone are both at high levels. Most studies so far
compared the luteal with the early follicular phase to arrive at a high
estrogen/progesterone vs low estrogen/progesterone contrast. Looking
at cognitive performance, a number of studies have reported lower spa-
tial (e.g., mental rotation) performance during cycle phases with high
estrogen/progesterone levels (e.g., Hampson, 1990; Hausmann et al.,
2000; Silverman and Phillips, 1993). In contrast, other studies show
no overall influence of varying estrogen/progesterone levels on those
abilities (e.g., Epting and Overman, 1998; Rosenberg and Park, 2002).
In opposition to spatial abilities, verbal memory performance was
shown to improve with high estrogen levels (Rosenberg and Park,
2002), but again, not all studies have found effects of menstrual cycle
phases in this domain (Mihalj et al., 2014). The difficulty to separate
memory and spatial skills in cognitive tasks hampers the comparison
of results across studies.

Only few studies so far have looked at hormone-related structural
plasticity in the female brain. Hagemann et al. (2011) investigated
short-term whole-brain volume changes in total gray matter (GM)
across the menstrual cycle. They found a GM volume peak along with
a reduction of cerebrospinal fluid at time of ovulation. Individual
differences in themagnitude of these volume changes were not reliably
related to changes in estrogen or progesterone hormone levels between
the respective phases. Ossewaarde et al. (2011) restricted their analysis
to changes in the amygdala.Measuring the participants on two different
time points during the cycle (follicular and luteal phase), they found an
increase in the dorsal part of the left amygdala in the luteal phase. In a
recent voxel-based morphometry (VBM) study, De Bondt et al. (2013)
found structural changes in a number of frontal and temporal regions
when comparing the follicular and luteal phase of 15 young, naturally
cycling women. Larger GM volumes during the follicular phase were
found inter alia in the anterior cingulate cortex (ACC) and fusiform
gyrus. In addition, a negative correlation between estrogen and GM
volume in the ACC was found during the luteal phase. The authors dis-
cuss these neural changes in relation emotional processing in women
across the menstrual cycle. The results of two other studies applying
VBM (Pletzer et al., 2010; Protopopescu et al., 2008) are in line with
findings from the animal literature. Both studies show evidence for
structural changes in the hippocampal formation during the menstrual
cycle. Pletzer et al. (2010) found an increase in a right fusiform/
parahippocampal gyrus region of interest (ROI) during the early follicu-
lar (low hormonal) phase, compared to themid-luteal (high hormonal)
phase. In contrast Protopopescu et al. (2008) found a right hippocampal
GM increase during the peak estrogen late follicular phase, compared to
the late luteal (low hormonal) phase. Furthermore, Protopopescu et al.
(2008) found that verbal memory was increased during the peak-
estrogen phase, pointing to a connection between cognitive and brain
structural changes. In both studies, participants were measured at two
time points during their cycle, but the exact cycle phases measured dif-
fer between the studies, rendering direct comparisons difficult. In addi-
tion, neither of the two studies assessed hormonal levels, which further
weakens the conclusions that can be drawn from these studies. It
remains unclear, whether the knowledge about cycle-related hippo-
campal plasticity can be transferred from animal studies to humans.
The animal pattern predicts that the hippocampal volume follows the
estrogen increase from early to late follicular phase and stays high
until the luteal phase, where it starts decreases again due to elevated
progesterone levels. This pattern would suggest more strongly that
the same mechanisms underlying hormone-related hippocampal plas-
ticity in animals come in consideration in humans.

To summarize, the human structural magnetic resonance imaging
(MRI) literature provides some initial evidence that structural changes
over the menstrual cycle are present in women. Almost all of the avail-
able studies are restricted to two time points only, and hence give a very
impoverished picture of the hormonal changes during the menstrual
cycle and their potential relations to the structure and function of the
brain. In addition, actual hormone levels are often notmeasured. Finally,
differences in the timing of measurements in relation to the menstrual
cycle additionally hinder comparisons across studies. Reliable within-
subject differences in brain structure and function of women during
themenstrual cycle would have important implications for neuroimag-
ing research. A proportion of observed between-subject variance might
be explained by within-person fluctuations and this cycle-related vari-
ability could distort cross-sectional and longitudinal neuroimaging
findings.

With the present study we aimed at investigating structural and
functional brain changes over the female menstrual cycle by measuring
young women at four different occasions according to the four cycle
phases. Following up on the studies by Pletzer et al. (2010) and
Protopopescu et al. (2008), we expected that the hippocampus is espe-
cially sensitive to hormonal variation. To test this assumptionmost con-
servatively, we applied whole-brain voxel based comparisons that are
uninfluenced by our a priori hypotheses. Based on animal results
(Woolley, 1998), we hypothesized hippocampal structure and connec-
tivity to increase from low to high estrogen phases.Wemainly expected
hippocampal differences when contrasting early and late follicular
phase. This contrast compares a high and low estrogen phase, while
being relatively unaffected by progesterone levels. In the luteal phase,
effects of progesterone might attenuate the effects of estrogen. Based
on this main phase contrast, we wanted to investigate the pattern of
hippocampal variation across the whole menstrual cycle. Correspond-
ing to estrogen levels, we expected to find increased volume in late fol-
licular, ovulatory and luteal phase, but volume at ovulation and luteal
phase might be lower compared to late follicular phase, indicating
oppositional effects rising progesterone levels. We also included cogni-
tive variables to explore whether cognitive performance would vary
across cycle phases, and covary with changes in estrogen levels.
2. Methods

2.1. Participants

Twenty-five right-handed, healthy womenwere included in the ini-
tial study sample after written informed consent. The study was con-
ducted according to the Declaration of Helsinki, with approval of the
German Psychological Society ethics committee. All women reported
regular menstrual cycles (mean 28 days, range 26–30 days). We
recruited women who did not use hormonal contraceptives during the
three months preceding the study. All participants reported no history
of neurological or psychiatric conditions or of drug/alcohol abuse. Four
women participated in only two of the four measurement occasions
and were excluded from the analyses, because information on the
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course of their cycle was missing. The final sample consisted of 21
women (mean age: 26.8 ± 2.45 (SD), range 22–31).

2.2. Design and procedure

Thewomenwere asked tomonitor theirmenstrual cycle at least one
cycle before themeasurement phase started. During this time the onset
of the menses, time of estimated ovulation (based on urinary LH-tests)
and the length of the cyclewere noted down. This informationwas used
to schedule the measurement times individually for each woman.

The women were tested four times across the cycle (Table 1). One
measurement took place during the early follicular phase (EFP), that
is, between the first and the third day after onset of menses. Another
measurement was scheduled during the late follicular phase (LFP),
two to three days before expected ovulation. A third measurement
was taken around the time of ovulation (OVP) as verified by means of
peak urine LH tests, in the middle of the cycle at day 13 to 17 after
onset of menses. The women measured their urine LH concentration
every morning during mid-cycle and informed the experimenters
about detected increases so that a corresponding measurement occa-
sion could be scheduled. Resulting from different cycle-lengths,
women started to assess the LH concentration between days 9 and 13
of their cycle. A fourth measurement was taken during the mid-luteal
phase (MLP), that is, at day 20 to 24 after onset of menses.

To avoid systematic training effects in the cognitive tasks, the cycle
phase at which women were scanned first was randomly assigned to
the participants. The measurement occasions following the first occa-
sion were scheduled following the cycle, so that a women starting in
the OVP, for instance, would have her second, third, and fourth mea-
surement occasions during MLP, EFP, and LFP, respectively. Due to this
randomization procedure, some women were measured in parts of
two consecutive cycles. Each testing session took place between 8 am
and 1 pm. The four sessions of each individual participant were sched-
uled within a window of 2 h on each of the four days, to hold diurnal
effects on hormone concentration constant at the individual level. The
scanning procedure lasted for about an hour. Afterwards a blood sample
was taken, and the women completed the cognitive test battery.

2.3. Behavior

A selection of computerized tests from the Cogito study (Schmiedek
et al., 2010) was administered to assess a broad range of cognitive abil-
ities. On each of the fourmeasurement occasions, we applied a different
version of the tasks, containing different items.We included the follow-
ing tasks: Two tasks assessing perceptual speed (numerical and figural
comparison), in which participants had to compare two five-number-
strings or two three-dimensional figures presented on the left and
right part of the screen. Two tasks assessingworkingmemory (memory
updating, 2-back spatial). In the memory updating task, participants
had to apply an order of eight mathematical operations, each simulta-
neously on four memorized digits presented initially on the screen. In
the spatial n-back tasks, participants had to follow a dot appearing at
different positions in a 4 by 4 grid and indicate whenever the dot ap-
peared at the same position as the item two steps earlier. Three tasks
assessing episodicmemory (word-list recall, number-noun pairs, object
position memory), in which participants had to memorize a list of 26
Table 1
Measurement occasions and expected hormonal levels.

Phase Time E P LH FSH

Early follicular phase (EFP) Days 1–3 after onset of menses L L L H
Late follicular phase (LFP) Days 10–13 after onset of menses H L L L
Ovulation (OVP) Days 13–17 after onset of menses H L H H
Mid-luteal phase (MLP) Days 20–24 after onset of menses H H L L

E = estrogen; P = progesterone, LH = luteinizing hormone; FSH = follicle stimulating
hormone; L = low; H = high.
words, a combination of a two-digit number and a noun (the noun
was presented and the number had to be recalled) and the position of
presented objects on a grid. With exception for the object-location
task, correct responses (or number of recalled words/nouns) were
used as the main outcomemeasure for each task. In the object location
task, the distance of the placed object to the correct object on the grid
was used as the outcome measure. Additionally, the Guilford–
Zimmerman spatial orientation test (Guilford and Zimmerman, 1948),
a paper–pencil measure of the ability to process spatial relations, was
administered at each measurement occasion. The long version of that
task was divided into four parts, each containing 15 items, for which
the participants were given 4 min of time. Performance was analyzed
in a multilevel models predicting the cognitive outcome measure by
cycle phase and including a regressor for the order of test sessions to
control for retest effects. A P-value of P N 0.006 was determined by
Bonferroni correction to control for multiple testing.

2.4. Hormonal assessment

To verify ovulation, thewomen assessed their LH urine concentration
with a commercially available ovulation predictor kit (One Step LHUrine
Ovulation Test (Strip), manufactured by: AIDE DiagnosticaCOo. Ltd.).
Blood samples were taken on each of the measurement occasions. All
of the blood was collected into commercial available 10 mL EDTA-
tubes. Plasma was obtained by centrifugation of blood samples by
2000 g at 8 °C. The hormonal levels were assessed by simultaneously
measuring analytes using magnetic bead technology and CCD imaging.
Sample preparation and assays were performed according to the
manufacturer's protocol (Millipore, Switzerland). Estrogen and proges-
terone were quantitatively determined using theMilliplex MAP Steroid
Hormone Magnetic Bead Panel (Millipore, Switzerland). Extracted
(using Waters manifold system with the Oasis HLB 96-well plate,
60 mg sorbent per well, 60 μm particle size; Waters AG, Switzerland)
plasma samples were diluted 1:5 to be within the dynamic range of
the assay. Regarding progesterone concentrations N 1 ng/mL, a final
sample dilution of 1:20 and reanalysis for just that particular analyte
(progesterone at MLP) was required. LH and FSH (undiluted plasma
samples) were quantified using Milliplex MAP Human Pituitary Mag-
netic Bead Panel 1 (Millipore, Switzerland). Samples (25 μL) were mea-
sured in the Luminex Multiplexing Instrument MAGPIX System from
Millipore, Switzerland. Serum BDNF levels were assessed with an
enzyme-linked immunoabsorbent assay (ELISA) kit (Promega BDNF
Emax®, Madison, Wis.). Detection of total soluble BDNF was carried
out following the manufacturers' protocol (serum samples were
diluted 1:100). The hormonal levels were compared by paired t-test
applying an alpha level of .05. Statistical outliers were excluded before
analysis (outliers were defined as values exceeding or falling below
the 75th/25th percentile by more than 1.5 times the interquartile
range).

2.5. MRI data acquisition

Magnetic resonance images were acquired using a 3 T Magnetom
Tim Trio MRI scanner system (Siemens Medical Systems, Erlangen,
Germany) and a 12-channel radiofrequency head coil. High-resolution
anatomical images were collected using a T1-weighted 3D MPRAGE
sequence (TR = 2500 ms, TE = 4.77 ms, TI = 1100 ms, acquisition
matrix = 256 × 256 × 192, sagittal FOV = 256 mm, flip angle = 7°,
voxel size = 1.0 × 1.0 × 1.0 mm3). Whole-brain functional images
were acquired using a T2*-weighted echo-planar-imaging (EPI)
sequence sensitive to BOLD contrast (TR = 2000 ms, TE = 30 ms,
image matrix = 72 × 72, FOV = 216 mm, flip angle = 80°, slice
thickness = 2.0 mm, distance factor = 20%, voxel size 3.0 ×
3.0 × 3.0 mm3, 36 axial slices). 150 image volumes aligned to AC–PC
were acquired. During this resting state measurement subjects were
instructed to keep their eyes closed and relax. Diffusion-weighted images
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were attainedwith a single-shot diffusion-weighted spin-echo-refocused
echoplanar imaging sequence (TR = 8000 ms ; TE = 93 ms; 128 × 128
matrix interpolated to 256 × 256; FOV 224 mm × 224 mm; slice thick-
ness 2 mm; b-value 1000 s/mm2; 62 slices). Additionally, the water
content of the tissue was assessed, using a quantitative T2* sequence
(TR = 1000 ms, TE = 4 ms, readout bandwidth = 592 Hz/pixel, image
matrix = 256 × 256, FOV = 200 × 200 mm2, flip angle = 90°, slice
thickness = 2.0 mm, 64 points measured on the T2*relaxation curve
with an equidistant spacing of 15 ms; Neeb et al., 2008; Tonkova et al.,
2012). In order to get precise T1-, total water content- and myelin
water content maps, the protocol included 2 multi-echo gre-sequences
followed by three short EPI sequences. The first gre-sequence was used
to generate the uncorrected signal intensity extrapolated to zero echo-
time that was than corrected for imperfection in the receiver coil, B1
field inhomogeneity and signal saturation effects due to T1 differences.
Additionally the signal was scaled due to temperature differences be-
tween reference probe and body. All correction terms are averaged over
all voxels to obtain a quantitative water content map. Water content
within the hippocampus was determined and compared for differences
between the cycle phases using an alpha level of .05. More detailed infor-
mation on the sequence and the analysis procedure can be found in the
paper by Neeb et al. (2008).

2.6. MRI data analysis

2.6.1. Structural data analysis
The MPRAGE structural brain data were first normalized using the

open source software Advanced Neuroimaging Tools (ANTs, http://
www.picsl.upenn.edu/ANTS/). In a first step, we created a template
of all images of the participants in this study by means of the
buildtemplateparrallel script (Avants et al., 2010). The algorithm
builds an average shaped brain within the diffeomorphic space (see
Klein et al., 2010). Afterwards, all images were normalized to this
template, using the antsIntroduction script (Avants et al., 2011). For
both steps, cross-correlational similarity metric was used and a
diffeomorphic image registration using Greedy SyNwas applied. Differ-
ent evaluation studies suggest that ANTS-based normalization is the
most stable and reliable registration method currently available
(Avants et al., 2008; Klein et al., 2010). The anatomical images were
preprocessed afterwards by means of the VBM8 toolbox (http://dbm.
neuro.uni-jena.de/vbm/) with default parameters.

The VBM8 default longitudinal preprocessing involves intra-subject
realignment, intra-subject bias correction, tissue classification and nor-
malization. The baseline (or mean) of the realigned images of one sub-
ject is used as a reference for realignment and signal-inhomogeneity
correction. The normalization parameters of the baseline image are
applied to the segmented, bias-corrected images, which are then again
realigned. Afterwards, images were smoothed with a full-width half-
maximum (FWHM) kernel of 4 mm. Statistical analysis was carried
out by means of a flexible factorial design, comparing GM volume
between two cycle phases for all subjects. All analyses were based
on whole-brain comparisons. The contrasts were thresholded with
P b 0.0005 and combined with a non-stationary smoothness correction
and an additional cluster size threshold of k N 25 voxels (Hayasaka and
Nichols, 2004). Themain interest was the LFP N EFP contrast. Significant
clusters in that contrast in or near the hippocampuswere followed up in
further analyses to investigate potential underlying effects driving volu-
metric change (DTI, water content, GM volume across all four phases).
Secondly, we were also interested whether hippocampal differences
can be found in whole-brain analyses in any other than the proposed
contrast. However, other brain regions showing significant differences
in the other contrasts were not the main focus of the present investiga-
tion and are reported as supplementary material. GM values for each
participant in the statistically significant regions within or nearby the
hippocampus were extracted by means of MarsBaR region of interest
toolbox for SPM (http://marsbar.sourceforge.net/) and correlated with
the diffusion-weighted data within the respective cycle phases. As a
secondary exploratory analysis, a within-subject whole-brain regres-
sion was performed in VBM8, using the estrogen values from the
blood samples across the four measurement occasions. The resulting
spm-con-maps were included in a second-level one-sample t-test to
assess trends in the correlations between subjects.

We additional inspectedhippocampal volumeacross the four phases
with a different measure to see whether the expected pattern emerges.
The hippocampal volumes of all participants at each occasion were
measured using the fully-automated FreeSurfer hippocampus segmen-
tation, a method to obtain hippocampus volumes automatically, which
has been shown to comparewell with the gold standard ofmanual trac-
ing (Morey et al., 2009). The raw images were preprocessed using the
FreeSurfer longitudinal stream and a P b 0.05 threshold was applied to
the paired t-test of hippocampal volume segmentations between LFP
and EFP.

2.6.2. DTI data analysis
Thediffusionweighted imageswere analyzed using the FSL software

package (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Mean diffusivity (MD)
images were created by fitting a tensor model to the raw diffusion
weighted images using FDT. Brain extraction was done using BET
(Smith, 2002) before alignment into common space using FNIRT
(Andersson et al., 2007a,b). From the resulting normalized MD image,
the MD-values for each participant in the hippocampal ROI resulting
from the SPM contrast LFP N EFP were extracted using FSLUTILS.

2.6.3. Functional data analysis
The first five EPI volumeswere discarded to allow themagnetization

to approach a dynamic equilibrium. Part of the data pre-processing, in-
cluding slice timing, head motion correction (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 × 3 × 3 mm3), 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 showing head motion above 3 mm of maximal translation (in
any direction of x, y or z) and 1.0° of maximal rotation throughout the
course of scanning would have been excluded. None of the participants
showed head movements exceeding these boundaries. After pre-
processing, linear trends were removed. Then the fMRI data were
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, signal from cerebrospinal fluid andwhitematter (Fox et al.,
2005; Kelly et al., 2008). We conducted an exploratory analysis by
means of DPARSF computing functional connectivity maps with a seed
region consisting of bilateral hippocampus in MNI space taken from
the AAL atlas (Tzourio-Mazoyer et al., 2002).

The resulting whole-brain functional connectivity maps were
compared between EFP and LFP with a significance threshold of
P b 0.001 and a cluster-size correction by means of Monte Carlo sim-
ulation. Significant effects were reported when the volume of the
cluster was greater than the Monte Carlo simulation determined
minimum cluster size on the whole brain volume (N25 voxels),
above which the probability of type I error was below 0.05 (AlphaSim,
Ward, 2000).

3. Results

3.1. Hormonal and behavioral data

The mean hormonal and BDNF values and their standard errors in
each cycle phase are shown in Fig. 1. For visual display of the error
bars, between-subject variance was removed before plotting following
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Fig. 1. Estrogen, progesterone, LH, FSH and BDNF levels on the four measurement
occasions. Error bars represent standard error of the mean (SEM) at each time point
after removing between-person variability (Morey, 2008).

158 N. Lisofsky et al. / NeuroImage 118 (2015) 154–162
Morey (2008). Estrogen levelswere significantly higher during LFP, OVP
and MLP than during EFP, and did not significantly differ between each
of the three phases (LFP N EFP T(df = 16)= 2.14, P=0.049; OVP N EFP
T(df = 15)= 3.60, P b 0.001;MLP N EFP T(df = 15)= 2.54, P=0.023).
Progesterone was significantly higher during the MLP than during all
three other phases and did not differ between each of the three non-
luteal phases (MLP N EFP T(df = 17) = 7.72; MLP N LFP T(df =
18) = 7.57; MLP N OVP T(df = 17) = 7.63, all P b 0.001). The mean
FSH and LH values followed the expected pattern, with peak LH levels
at ovulation and elevated FSH levels duringmenses (EFP) and ovulation
(LH: OVP N EFP T(df = 16) = 3.44 P = 0.003; OVP N LFP T(df = 15) =
3.49 P = 0.003; OVP N MLP T(df = 16) = 4.19 P = b 0.001; FSH:
OVP N LFP T(df = 13) = 2.28 P = 0.04; OVP N MLP T(df = 14) = 4.22
P b 0.001; EFP NMLP T(df= 19)= 4.49 P b 0.001). The hormonal levels
and the expected ranges (based on Stricker et al., 2006) within each
cycle phase are shown in Table 2. The hormonal variation across the
cycle corresponds to the expected range. Only two of the sixteen values
fall outside the expected ranges in the respective cycle phases described
by Stricker and colleagues (namely FSH at EFP and LH at OVP).We attri-
bute these deviances to the different sampling protocol thatwas used in
the study by Stricker, in which LHwas assessed on a daily basis, making
it possible to exactly determine the day of ovulation. Our ovulatory
measurements were scheduled within a range of a few days surround-
ing ovulation, which explains the lower LH levels we observed during
that phase.

Detailed descriptive results for the cognitive tasks in each cycle
phase can be found in the Supplementary Table 1. Performance did
not differ reliably as a function of menstrual cycle phase for any of the
cognitive tasks (P N 0.006, Bonferroni corrected). Furthermore, no
significant correlation between estrogen and progesterone concentra-
tion and any cognitive test performance across the four time points
was observed (P N 0.006).
3.2. Structural MRI

A whole-brain VBM comparison revealed three clusters showing
higher GM in the LFP compared to EFP (P b 0.0005 uncorrected, cluster
size non-stationary smoothness correctedwith k N 25 voxels) Two clus-
ters were located within the posterior hippocampi, the cluster on the
right hemisphere included also thalamic regions (MNI peak coordinate
left hippocampus: −27, −38, 6; right hippocampus extending into
thalamus: 14, −24, 3; Fig. 2; extracted GM probability across the four
measurement occasions is shown in Fig. 3). The third cluster was
located within the thalamus (MNI −3, −3, 2). GM probability for
each participant in the posterior hippocampi correlated negatively
with the MD values (extracted from the DTI data) of the same region
at both measurement occasions (EFP: R = −53; LFP: R = −54; both
P b 0.05; one subject was excluded because of outlier values on MD
and GM scores). No regions were found to have higher GM volume in
the EFP compared to the LFP. The left hippocampus/parahippocampal
gyrus (MNI: −36, −29, −14) showed increased volume in the LFP
compared to the MLP. None of the other phase contrasts revealed clus-
ters within or nearby the hippocampus. The clusters emerging in the
other contrasts can be found in Supplementary Table 2.

The VBM whole-brain one-sample t-test of within-subject correla-
tions between estrogen values andGMdensity across the four occasions
revealed higher GM volume in the left parahippocampal gyrus associat-
ed with higher estrogen levels (MNI:−26,−42,−3; P b 0.001, cluster
size k N 5, corrected for non-stationary smoothness). Two other regions
were found to correlate positively with estrogen, located within left
middle frontal gyrus (MNI: −47, 9, 32) and right cerebellum (MNI:
29,−69,−24). No regionwas found to correlate negativelywith estro-
gen values across the four occasions.

To verify the VBM results we also extracted FreeSurfer hippocampus
segmentations, which showed a significant increase in the hippocampal
volume (right hippocampus + left hippocampus / 2) from EFP to LFP
(T(df = 20) = 2.22, P = 0.038, Fig. 4). At LFP, hippocampal volumes
correlated positively with BDNF concentrations derived from the
blood assays (R = 0.43; P = 0.049).

The water content measure in the hippocampal regions showing
significant GM changes between EFP and LFP revealed no differences
in water content between the respective phases.



Table 2
Hormonal assays and expected levels (Stricker et al., 2006).

Estrogen (pmol/L) Progesterone (nmol/L) LH (IU/L) FSH (IU/L)

EFP 211.201 (±88.70) 0.965 (±0.49) 3.782 (±1.94) 8.858 (±4.83)
Expected range [77.99–266.08] [0.32–1.91] [2.01–7.80] [3.91–8.76]

LFP 395.990 (±326.53) 1.038 (±0.59) 4.386 (±2.56) 5.923 (±2.59)
Expected range [195.43–1146.91] [0.32–1.59] [3.24–14.68] [2.97–6.99]

OVP 575.850 (±432.16) 1.394 (±0.77) 8.807 (±6.26) 7.039 (±2.45)
Expected range [482.00–1425.39] [1.24–4.13] [21.16–73.63] [5.30–15.07]

MLP 415.386 (±323.34) 36.287 (±19.96) 3.527 (2.85) 4.232 (1.84)
Expected range [275.95–761.67] [21.21–54.82] [1.05–9.73] [1.48–5.31]

Values represent mean (±standard deviation), expected levels are written in squared brackets and refer to 5–95% percentiles on corresponding cycle phases reported by Stricker et al.
(2006); EFP = early follicular phase, LFP = late follicular phase, OVP = ovulatory phase, MLP = mid-luteal phase.
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3.3. Functional MRI

To investigate cycle-dependent changes in brain regions that are
functionally associated with both hippocampi we computed functional
connectivity of a hippocampal ROI taken from the automatic anatomical
labeling (AAL) atlas. The resulting connectivity maps were contrasted
across cycle phases with a P-value of b0.001 (Monte-Carlo corrected).
We found higher functional connectivity of the left and right hippocam-
pus and the bilateral superior parietal lobe (MNI: 42, −54, 54; −42,
−51, 60; Fig. 5) during LFP compared to EFP. Similar regions of higher
connectivity were found when comparing LFP to MLP (MNI: −42,
−48, 57; 36, −60, 54). Post-hoc analyses within the parietal clusters
showed that functional connectivity reached a peak during LFP.
4. Discussion

In the present study, we found that the graymatter (GM) volume of
both hippocampi increases from the early to the late follicular phase of
the human menstrual cycle. Higher GM volumes were associated with
lower mean diffusivity (MD) in the same region. Furthermore no
water content changes were detected in the hippocampus. The func-
tional connectivity of left and right hippocampuswith bilateral superior
parietal lobulewas increased during the late follicular phase aswell. The
observed hippocampal variation across all cycle phases is in line with
magnifying estrogen effects, which are most pronounced when not
accompanied by high progesterone levels. These results offer a number
of interesting new insights into cycle-related rapid human brain
plasticity.

By including ameasurement occasion during the late follicular phase
of the cycle, in which estrogen is increased whereas all other gonadal
hormones are relatively low, we could specifically compare a high
with a low estrogen phase. We were able to validate the assessment
Fig. 2. Increase in graymatter hippocampal volume from the early follicular phase (EFP) to
the late follicular phase (LFP). Results show greater gray matter volume in the posterior
part of both hippocampi during LFP relative to EFP. P b 0.0005, k N 25 voxels, corrected
for nonstationary smoothness.
of cycle phases by hormonal assays based on blood samples. The differ-
ences between high and low estrogen follicular phases revealed struc-
tural changes in the hippocampus that are in line with previous
findings (Protopopescu et al., 2008). In addition to whole-brain VBM
results, we also observed cycle-dependent hippocampal volume
changes when using a volumetric subcortical measure derived from
FreeSurfer. The main finding from a VBM whole-brain comparison
was strengthened by evidence from the other measures and imaging
modalities. We recommend replicating these additional analyses (as the
DTI and fMRI results) in future studies specifically addressing each
modality in order to control for alpha bias cumulation. The only other
region showing GM volume increase from early to late follicular phase
was the thalamus. Thalamic volume and glucose metabolism change
across the human menstrual cycle were also reported by previous neu-
roimaging studies (Protopopescu et al., 2008; Reiman et al., 1996; Tu
et al., 2013), and might be negatively related to menstrual pain (Tu
et al., 2013).

Research on hippocampal brain changes during the menstrual cycle
needs to address two important questions: First, how do hormonal
variations during different cycle phases influence hippocampal volume,
and second, which underlying neural changes contribute to the
reported volume increases?Most previous studiesmeasured brain struc-
ture or function at only two points in time during the menstrual cycle,
one generally located during the early or middle follicular phase, and
the other during the early,middle, or late luteal phase. To getmore infor-
mation about the hippocampal volume changes over the full menstrual
cycle, we scanned the women on four points in time of their menstrual
cycle, namely, the early follicular phase (EFP), the late follicular phase
(LFP), ovulation (OVP), and the luteal phase (MLP). Significant left and
right hippocampal differences were only observed in the LFP versus
EFP contrast, by means of whole-brain comparison. If this volume
Fig. 3.GMprobability in the posterior hippocampus (ROI data extracted fromVBMLFP N EFP
contrast) across the four measurement occasions. Error bars represent standard error of the
mean (SEM) at each time point after removing between-person variability (Morey, 2008).



Fig. 4. FreeSurfer volume of the mean right and left hippocampi across the four measure-
ment occasions. Error bars represent standard error of themean (SEM) at each time point
after removing between-person variability (Morey, 2008).
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increase is related to the estrogen increase between the phases, the
volume should remain constantly high during the high estrogen ovu-
latory and luteal phase and have its minimum during the early follic-
ular phase. This assumption was confirmed in the VBM as well as in
FreeSurfer volumetric measures. Nevertheless, the LFP was the only
phase showing significant hippocampal GM increases in comparison
to the EFP. This indicates that the effects of elevated estrogen might
be influenced by other gonadal hormones, such as high progesterone
levels. This would be in line with results from animal studies showing
that interaction effects between estrogen and progesterone can lead
to an attenuation and even inversion of estrogen-induced structural
brain changes (Woolley and McEwen, 1993). Elevated progesterone
levels cause a decrease in hippocampal spine density in animals
and are responsible for the volume decline from proestrus to estrus
(Woolley andMcEwen, 1993). Our results resemble thesemechanisms.
The left hippocampus/parahippocampal gyrus showed significantly
higher volume in the LFP compared to MLP. While estrogen levels
were comparable between the two phases, high progesterone levels
during MLP could explain the smaller volume. Taken together, the
present results strengthen the hypothesis that estrogen influences hip-
pocampal volumes in humans in comparableways as it does in animals.
Therefore, the results confirmed that the high estrogen LFP (and to a
lesser extent the MLP) are good contrasts to the low estrogen EFP
when assessing hippocampal plasticity. The more extensive design in
the present study controlled, that hippocampal change follows the
pattern that was assumed in previous studies.

The question of the underlying neuronal mechanisms through
which hormones influence brain structure in humans still remains to
Fig. 5. Increase in functional connectivity of the left and right hippocampus with the
bilateral superior parietal lobe from the early follicular phase (EFP) to the late follicular
phase (LFP). P b 0.001, Monte Carlo corrected.
be answered. Our results provide first evidence about possible mecha-
nisms. Across subjects, gray matter density in the posterior hippocam-
pus correlated strongly with the MD values at the early and late
follicular phase. Lower MD values in GM indicate that water molecules
are hindered more in their natural diffusion in these GM regions,
which may point to tighter density of GM (Mackey et al., 2012), for
example caused by changes in glia cells (Zatorre et al., 2012). By includ-
ing a water contentmeasure, wewere able to ascertain that the volume
increase within the hippocampus was not based on water content
changes. In conjunction, the present pattern of results suggests that
the volume increase in the hippocampus during the LFP is due to struc-
tural changes at the micro-cellular level and not only a side-effect of
hormone-related water-shifts in brain (Zuckerman et al., 1950). Possi-
ble mechanisms for these micro-cellular changes include synaptogene-
sis, angiogenesis and hypertrophy (Hagemann et al., 2011; Zatorre et al.,
2012). Estrogen is known to affect cell proliferation as well as cell sur-
vival in the hippocampus in adult female animals (Galea et al., 2006;
Pawluski et al., 2009). Hippocampal estrogen receptors have been pro-
posed as one pathway of estrogen effects on neural plasticity (Spencer
et al., 2008). These receptors are also present in the human hippocampi
(Österlund and Hurd, 2001; Tohgi et al., 1995).

In linewith cycle-dependent structural alterations, we also observed
differences in functional connectivity when the hippocampus was used
as a seed region. Estrogen effects on functional brain organization have
been previously demonstrated in studies on interhemispheric inhibition
(Weis et al., 2008, 2011). In the present study, the connectivity between
the hippocampus and the superior parietal lobe was significantly
strengthened during the LFP. Previous fMRI studies showed functional
connectivity between these brain regions during spatial tasks, for in-
stance, during flexible retrieval of spatial information in navigation
(Zhang and Ekstrom, 2012). The superior parietal lobe itself also
seems to be sensitive to hormonal variation across the cycle. Schöning
et al. (2007) found a correlation between the activation of the superior
parietal lobe during a mental rotation task and the serum estradiol
concentration (Schöning et al., 2007). Interpreting the hippocampal–
parietal connectivity in connection to spatial processing seems plausible
given that the hippocampus itself, especially the posterior part, is also
involved in spatial processing (Kühn and Gallinat, 2014). Therefore,
our finding of higher connectivity between the regions during high-
estrogen phases of the menstrual cycle is in line with previous be-
havioral results documenting cycle-dependent differences in perfor-
mance on spatial tasks (McCormick and Teillon, 2001; Schöning et al.,
2007; Silverman and Phillips, 1993). Future studies need to clarify
why high estrogen phases of the humanmenstrual cycle are associated
with an increase in the functional connectivity of the hippocampus, and
a decrease in performance on spatial tasks, such as mental rotation
(Silverman and Phillips, 1993). Referring to animal data, different
authors suggested reasons why increased hippocampal neurogenesis
or spine density could be related to decreased cognitive performance.
Worse hippocampal signal to noise ratio due to more highly excitable
new neurons is one example (Pawluski et al., 2009; Woolley, 1998).

Contrary to our expectations, we did not observe any reliable cycle-
related variations in cognitive performance. As a consequence, we were
not able to observe any reliable cycle-related covariation between cog-
nitive performance and hippocampal volume. We attribute this lack of
findings to two limitations of our study. First, the sample size of the
present study was rather small, and may have lacked the statistical
power to detect cycle-related within-person fluctuations in perfor-
mance. Second, we only assessed a limited number of cognitive tasks
from a broad range of cognitive abilities, such as working and episodic
memory, perceptual speed and spatial cognition. We selected tasks
from a battery that has been shown to be applicable in a multiple-
measurements design (Schmiedek et al., 2010). These tasks did not in-
clude tests for specific spatial abilities, such as mental rotation, which
previously have been associated with menstrual cycle-related perfor-
mance differences. For some of the tasks, retest and ceiling effects
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might have further limited the potential to find differences across cycle
phases.

It is worth noting that the results of previous studiesmeasuring cog-
nition during different cycle phases are not consistent. Some studies ob-
served performance differences over the menstrual cycle in tasks
measuring spatial and verbal abilities as well as memory (Hampson,
1990; Hausmann et al., 2000; Maki et al., 2002; Rosenberg and Park,
2002), domains that are known to be related to hippocampal function
(Kühn and Gallinat, 2014). However, some studies report no cycle-
related variations in performance on verbal and visuospatial tests
(e.g., Epting and Overman, 1998; Gordon and Lee, 1993). In a recent
study, Mihalj et al. (2014) did not find any reliable cycle-phase-
related differences on a number of cognitive tasks in a controlled sample
of youngmedicine students, similar to the present sample. In this study,
no specific tasks testing navigational skills were implemented as well.
Given the inconsistent evidence in the literature so far, we strongly sug-
gest that future studies should assess cycle-related effects on a range of
different spatial abilities with highly reliable and change-sensitive tasks
and samples of adequate size.

As a last point we would like to discuss a general methodological
issue that is of importance when targeting the structural plasticity of
the brain. Our data strongly suggest that the menstrual cycle should
be considered when planning longitudinally as well as cross-sectional
MR-studies with women. Training studies are one prominent example
of experimental designs, whose results could be substantially biased
by the particular cycle phase of the participating women. When
conducting those studies, researchers should pay careful attention to
the cycle phases of their female subjects, in order to not confound the
results with hormone related plasticity.

In summary, the present study indicates that volume and functional
connectivity of the human female hippocampus vary as a function of the
menstrual cycle. It is likely that these variations are connected to cyclic
variations in hormonal levels, especially estrogen, as estrogen was
selectively elevated during the late follicular phase. The pattern of hip-
pocampal plasticity across the full cycle parallels findings from animal
studies and suggests comparable hormone–brain interactions. The
present findings have important implications for neuroscience research
with young adult women. In particular, they suggest that a reliable
portion of observed structural and functional between-person variabil-
ity, especially in young, age-homogenous samples, may reflect cycle-
related within-person fluctuations instead of stable between-person
differences. The magnitude and consequences of this confound merit
further study. On a more general level, the present results contribute
to the growing knowledge about short-term structural brain plasticity
in the human brain (Lövdén et al., 2013).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2015.06.012.
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