
RUNNING HEAD:   MTL volume across human menstrual cycle 

 
 
 

Progesterone shapes medial temporal lobe volume across the 
human menstrual cycle 

 

Caitlin M. Taylor1, Laura Pritschet1, Rosanna Olsen2, Evan Layher1, Tyler Santander1, 
Scott T. Grafton1,3, & Emily G. Jacobs1,4 

 

 

 
1Department of Psychological and Brain Sciences, University of California, Santa Barbara 

2Rotman Research Institute, University of Toronto 
3Institute for Collaborative Biotechnologies, University of California, Santa Barbara 

4Neuroscience Research Institute, University of California, Santa Barbara 

 
 

 
 

 
 
 
 

Correspondence:  
Emily G. Jacobs      Caitlin M. Taylor 
Dept. of Psychological & Brain Sciences       Dept. of Psychological & Brain Sciences                                                                
University of California, Santa Barbara  University of California, Santa Barbara 
Santa Barbara, CA 93106            Santa Barbara, CA 93106                                                                 
emily.jacobs@psych.ucsb.edu    caitlin.taylor@psych.ucsb.edu  

 
 
 
 
 
 

  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 2 

Highlights 
 
 

• Sex hormones are powerful regulators of hippocampal plasticity in mammals. 

• The impact of hormone fluctuations on hippocampal morphology in humans is unknown. 

• High resolution imaging of the MTL was conducted across two 30-day periods. 

• Progesterone dynamically shapes MTL volume across the human menstrual cycle. 

• Chronic progesterone suppression abolishes cycle-dependent changes. 
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Abstract 
 

The rhythmic production of sex steroid hormones is a central feature of the mammalian 

endocrine system. In rodents and nonhuman primates, sex hormones are powerful regulators of 

hippocampal subfield morphology. However, it remains unknown whether intrinsic fluctuations 

in sex hormones alter hippocampal morphology in the human brain. In a series of dense-

sampling studies, we used high-resolution imaging of the medial temporal lobe (MTL) to 

determine whether endogenous fluctuations (Study 1) and exogenous manipulation (Study 2) of 

sex hormones alter MTL volume over time. Across the menstrual cycle, intrinsic fluctuations in 

progesterone were associated with volumetric changes in CA2/3, entorhinal, perirhinal, and 

parahippocampal cortex. Chronic progesterone suppression abolished these cycle-dependent 

effects and led to pronounced volumetric changes in entorhinal cortex and CA2/3 relative to 

freely cycling conditions. No associations with estradiol were observed. These results establish 

progesterone’s ability to rapidly and dynamically shape MTL morphology across the human 

menstrual cycle.  

 
 
Key Words: hippocampus | sex hormones | hormone suppression | entorhinal | dense-sampling 
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RUNNING HEAD:   MTL volume across human menstrual cycle 

Neuroscientists have plumbed the depths of the mind and brain to extraordinary lengths, 

but occasionally we forget that the brain is part of a larger, integrated biological system. The 

brain is an endocrine organ whose structure and function is intimately tied to the action of 

neuromodulatory hormones (1–4). Sex steroid hormone receptors are expressed throughout the 

brain, with high expression in the hippocampus and surrounding medial temporal lobe (MTL) 

(5–7). Rodent (1, 2, 8, 9) and non-human primate (10) studies have established 17β-estradiol and 

progesterone as powerful regulators of hippocampal subfield morphology. For example, 

dendritic spine density in CA1 pyramidal neurons fluctuates by 30% across the rat estrous cycle 

(1, 11). Estradiol enhances synaptic plasticity and spine proliferation in rodent CA1 neurons (3, 

10, 12, 13) and progesterone inhibits this effect (1). Less is known about the influence of sex 

hormones on human MTL subregions. The extent of our understanding comes from observations 

of gross hippocampal volume differences in discrete stages of the menstrual cycle (14, 15) and 

emerging evidence that hippocampal volume declines following spontaneous (16) and surgical 

(17) menopause.  

A central feature of the mammalian endocrine system is that hormone secretion varies 

over time. Circadian, infradian, and circannual rhythms are essential for sustaining many 

physiological processes. During an average human menstrual cycle, spanning 25–32 days, 

women experience a ~12-fold increase in estradiol and an ~800-fold increase in progesterone. 

Despite this striking change in endocrine status, we lack a complete understanding of how MTL 

structures respond to rhythmic changes in sex hormone production over time. The study of 

brain–hormone interactions in human neuroscience relies heavily on cross-sectional designs that, 

by nature, cannot capture dynamic changes in hormone production. However, an emerging trend 

in human neuroimaging is to flip the cross-sectional model by densely sampling individuals over 
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timescales of days, weeks, months, or years to provide greater insight into the dynamic 

properties of the human brain (18–20).  

Although most human MRI studies treat the hippocampus as a homogeneous structure, it 

is comprised of distinct subfields (cornu ammonis 1-4, dentate gyrus, and subiculum) each with a 

unique cytoarchitecture and circuitry. The hippocampus proper is surrounded by highly 

interconnected structures (entorhinal, perirhinal, and parahippocampal cortex) that, together, 

comprise the medial temporal lobe (MTL). Advances in high resolution MRI allow for the in 

vivo measurement of hippocampal subfield volume (21). MTL subregions are differentially 

impacted by chronological aging (22, 23) and harbor distinct patterns of neuropathology in the 

progression to Alzheimer’s disease (24) However, very little is known about sex hormones’ 

impact on unique MTL subregions, since the preclinical animal literature is focused 

predominantly on CA1 (with proliferative effects of estradiol and suppressive effects of 

progesterone on synaptic plasticity) while human studies are limited to estimates of total 

hippocampal volume (with larger volumes generally coinciding with periods of enhanced 

estrogenicity (14, 15). This represents a major gap in our understanding of the spatial and 

temporal pattern with which sex hormones shape MTL morphology. 

In a series of dense-sampling studies, we used high-resolution imaging of the MTL to 

determine whether variation in sex hormone concentrations over time impacts MTL morphology 

with subregion resolution. First, we assessed the relationship between MTL subregion volume 

and endogenous fluctuations in sex hormones across a complete menstrual cycle (Study 1, n = 30 

days). Next, we determined the effects of chronically and selectively suppressing progesterone 

over the same timescale (Study 2, n = 30 days). This longitudinal approach affords direct 

comparisons between freely-cycling and hormonally-suppressed states within the same 
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individual, providing powerful insight into the relationship between sex hormones and MTL 

morphology.  

Methods 
 

Participant 

A healthy, female (author L.P., age 23) participated in two longitudinal, dense-sampling, deep-

phenotyping studies. The participant had no history of neuropsychiatric diagnosis, endocrine 

disorders, or prior head trauma and no history of smoking. She had a history of regular menstrual 

cycles (no missed periods, cycle occurring every 26–28 days) and had abstained from hormone-

based medications for 12 months preceding Study 1. The participant gave written informed 

consent and the study was approved by the University of California, Santa Barbara Human 

Subjects Committee. 

Study design 

To map MTL subregion volume in the human brain across a menstrual cycle, the participant 

underwent daily testing for 30 consecutive days while freely cycling (Study 1), with the first test 

session determined independently of cycle stage for maximal blindness to hormone status. In a 

follow-up study (Study 2) which took place 12 months after Study 1, the participant repeated the 

30-day protocol while on a hormone regimen (0.02 mg ethinyl-estradiol, 0.1 mg levonorgestrel, 

Aubra, Afaxys Pharmaceuticals), which she began 10 months prior to the start of data collection. 

Procedures for Studies 1 and 2 were identical (Fig. S1): the participant underwent a time-locked 

daily blood draw immediately followed by an MRI scan. Endocrine samples were collected, at 

minimum, after two hours of no food or drink consumption (excluding water). The participant 
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refrained from consuming caffeinated beverages before each test session. The MRI session lasted 

one hour and consisted of structural and functional MRI sequences (functional data are reported 

elsewhere). Neuroimaging data will be publicly accessible upon publication. 

Endocrine procedures 

A licensed phlebotomist inserted a saline-lock intravenous line into the hand or forearm daily to 

evaluate hypothalamic-pituitary-gonadal axis hormones, including serum levels of gonadal 

hormones (17β-estradiol and progesterone) and the pituitary gonadotropins luteinizing hormone 

(LH) and follicle stimulating hormone (FSH). One 10 ml blood sample was collected in a 

vacutainer SST (BD Diagnostic Systems) each session. The sample clotted at room temperature 

for 45 minutes until centrifugation (2000 × g for 10 minutes) and were then aliquoted into three 1 

ml microtubes. Serum samples were stored at -20°C until assayed. Sex steroid concentrations 

were determined via liquid chromatography-mass spectrometry (LC-MS) at the Brigham and 

Women’s Hospital Research Assay Core (BRAC). Assay sensitivities, dynamic range, and intra-

assay coefficients of variation were as follows: estradiol: 1.0 pg/ml, 1–500 pg/ml, <5% relative 

standard deviation (RSD); progesterone: 0.05 ng/ml, 0.05–10 ng/ml, 9.33% RSD; testosterone: 

1.0 ng/dL, 1–2000 ng/dL, <4% RSD. The gonadotropins FSH and LH levels were determined 

via chemiluminescent assay (Beckman Coulter) at the BRAC. The assay sensitivity, dynamic 

range, and the intra-assay coefficient of variation were as follows: FSH: 0.2 mIU/ml, 0.2–200 

mIU/ml, 3.1–4.3%; LH: 0.2 mIU/ml, 0.2–250 mIU/ml, 4.3–6.4%.  

MRI Acquisition 

The participant underwent a daily magnetic resonance imaging (MRI) scan on a Siemens 3T 

Prisma scanner equipped with a 64-channel phased-array head/neck coil (of which 50 coils are 
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used for axial brain imaging). High-resolution anatomical scans were acquired using a T1-

weighted magnetization prepared rapid gradient echo (MPRAGE) sequence (TR = 2500 ms, TE 

= 2.31 ms, T1 = 934 ms, flip angle = 7º, 0.8 mm thickness) followed by a gradient echo fieldmap 

(TR = 758 ms; TE1 = 4.92 ms; TE2 = 7.38 ms; flip angle = 60º). A T2-weighted turbo spin echo 

(TSE) scan was also acquired with an oblique coronal orientation positioned orthogonally to the 

main axis of the hippocampus (TR/TE= 8100/50 ms, flip angle = 122°, 0.4 × 0.4 mm2 in-plane 

resolution, 2 mm slice thickness, 31 interleaved slices with no gap, total acquisition time = 4:21 

min). To minimize motion, the head was secured with a custom, 3D-printed foam head case 

(https://caseforge.co/) (days 8–30 of Study 1 and days 1–30 of Study 2), sandbag cushions were 

placed on the participant’s legs, and a strap was placed over the shoulders. Overall motion (mean 

framewise displacement) on a preceding functional scan was negligible, with less than 150 

microns of motion on average each day (Fig. S2). 

Hippocampal Segmentation 

T1- and T2-weighted images (n = 60) were submitted to the automatic segmentation of 

hippocampal subfields package (ASHS) (21) for bilateral parcellation of seven MTL subregions: 

CA1, CA2/3, dentate gyrus (DG), subiculum (SUB), perirhinal cortex (PRC), entorhinal cortex 

(ERC), and parahippocampal cortex (PHC) (Fig. 1B). The ASHS segmentation pipeline 

automatically segmented the hippocampus in the T2-weighted MRI scans using a segmented 

population atlas, the Princeton Young Adult 3T ASHS Atlas template (n = 24, mean age 22.5 

years (25)). A rigid-body transformation aligned each T2 image to the respective T1 scan for each 

day. Using Advanced Normalization Tools (ANTs) deformable registration, the T1 was 

registered to the population atlas. The resulting deformation fields were used to resample the 

data into the space of the left and right template MTL regions of interest (ROI). Within each 
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template ROI, each of the T2-weighted scans of the atlas package was registered to that day’s T2 

scan. The manual atlas segmentations were then mapped into the space of the T2 scan, with 

segmentation of the T2 scan computed using joint label fusion. Finally, the corrective learning 

classifiers contained in the atlas package were applied to the consensus segmentation produced 

by joint label fusion. The output of this step is a corrected segmentation of the T2-weighted scan. 

Further description of the ASHS protocol can be found in (21). 

T2 scans and segmentations were first visually examined using ITK-SNAP (26) for 

quality assurance and then subjected to more fine-grained manual editing in native space using 

ITK-SNAP (v.3.8.0-b). One bilateral segmentation (Study 2, Day 26) was removed as an outlier 

due to significant underestimation of volumes across subregions (>3x the standard deviation 

from the mean). Anterior and posterior hippocampal ROIs, which corresponded to the anterior 

head and tail, were integrated into the label output in keeping with the Olsen-Amaral-Palombo 

(OAP) segmentation protocol (27) to ensure full coverage of the hippocampus when computing 

total hippocampal volume. The anterior extent of the segmented labels was anchored 4 mm (2 

slices) anterior to the appearance of the limen insulae, and the posterior extent was anchored to 

the disappearance of hippocampal gray matter from the trigone of the lateral ventricle. The 

boundary between anterior and posterior parahippocampal gyrus was determined by ASHS and 

not edited. In instances where automatic segmentation did not clearly correspond to the 

underlying neuroanatomy, such as when a certain label was missing a number of gray matter 

voxels, manual retouching allowed for individual voxels to be added or removed (Fig. S3). All 

results are reported using the manually retouched subregion volumes to ensure the most faithful 

representation of the underlying neuroanatomy. Note that the segmenter (C.T.) was blind to the 
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hormone status of the participant. Scans were randomized and segmentation was performed in a 

random order, not by day of experiment.  

Regarding reliability, the ASHS pipeline has reported a cross-validation of 0.779 between 

automatic and manual segmentations (21), though we acknowledge that this may differ between 

atlases and datasets, and the Princeton atlas utilized for these analyses does not report cross-

validation values. To assess intra-rater reliability for the present analyses, five days were 

randomly selected to undergo manual editing a second time. The generalized Dice similarity 

coefficient (28) across subregions was 0.98 and the Intraclass Correlation Coefficient was 0.998, 

suggesting robust reliability in segmentation.  

Gray Matter Volume  

Whole-brain 

Total whole-brain gray matter volume (wbGMV) for each study session was calculated using the 

Segment Longitudinal Data module in the cat12 toolbox in SPM12 (29). Statistical models 

evaluating the relationship between MTL subregion volume and endocrine values are reported 

with and without adjustment for wbGMV, which had little bearing on the overall results.  

Precentral gyrus 

Bilateral precentral gyrus (PreCG) volumes were specified using the automated anatomical 

labelling (AAL) atlas (30) and extracted using the MarsBaR (31) toolbox in SPM12. Bilateral 

PreCG was identified as a control region of interest to evaluate the relationship between 

progesterone and a brain region not known to be strongly influenced by sex steroid hormones. 

Statistical Analysis 
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All analyses were conducted in R (version 3.4.4). To evaluate the relationship between subregion 

volumes and endogenous sex hormones across the menstrual cycle, linear regression was 

conducted between bilateral subregion volumes (average of left and right) and concentrations of 

both 17b-estradiol and progesterone. We had no strong a priori hypothesis that structure–

hormone relationships would differ by hemisphere; thus, volumes are reported averaged across 

hemispheres. For completeness, values by hemisphere are provided in Supplementary Results 

(Table S2). Note that results by hemisphere do not differ substantially from findings reported 

below. Relationships were considered significant only if they met the Bonferroni correction for 

multiple comparisons of p < .007 (p < .05/7 regions). Though volumes were normally distributed 

(Shapiro–Wilk p > .07) across subregions, progesterone values were not, so these relationships 

were further investigated using non-parametric Spearman rank correlation. Results were highly 

consistent between the two approaches.  

Next, wbGMV was added to the hormone–volume linear models to determine whether 

the relationship between progesterone and subregion volume held after accounting for variance 

attributable to wbGMV. Similarly, the number of slices attributed to a subregion can vary by 

scan. Given the shared boundary between anterior (PHC, ERC) and posterior (PHC) subregion 

volumes, shifts in slice number between these regions (e.g. an additional slice attributed to PHC 

might correspond with one fewer slice attributed to PRC and ERC) could contribute to the 

inverse relationships observed between progesterone and anterior and posterior subregion 

volumes. To determine the extent to which these inverse relationships were attributable to 

differences in slice number, statistical models evaluating the relationship between MTL 

subregion volume and endocrine values are provided with adjustment for slice number. Note that 

results did not differ appreciably across models.  
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MTL subregions are highly inter-connected. To help clarify the specificity of 

progesterone’s effects, we examined a region of interest outside the MTL (one not thought to be 

affected by fluctuations in sex hormones), the PreCG. As before, we performed linear 

regressions between bilateral PreCG volume and progesterone.  

Progesterone displayed a bimodal distribution with low concentrations in the follicular 

phase and high concentrations in the luteal phase (Study 1, Fig. 1A), with an 800-fold change 

between lowest to highest values. To further characterize the data, we split the 30-day natural 

cycle into two phases corresponding to the first and second half of the study period: “Phase 1” 

(cycle days 1–15, MP1 0.212 ng/ml, range 0.019–0.97 ng/ml) and “Phase 2” (cycle days 16–30, 

MP2 10.074 ng/ml, range 2.13–15.5 ng/ml). Two-sample t-tests were conducted to compare 

subregion volumes during Phases 1 and 2. 

In the follow-up study (Study 2; preregistered under (32), the participant was placed on a 

hormonal regimen that selectively suppressed circulating progesterone (Fig 1C,D). We tested the 

hypothesis that holding progesterone concentrations chronically low (comparable to levels 

observed in the early follicular phase of the natural cycle) would abolish the progesterone-

mediated effects observed in Study 1. Two-factor ANOVAs were conducted to compare the 

main effects of hormone status (naturally cycling vs. hormonally suppressed), progesterone 

phase (Phase 1 vs. Phase 2) and their interaction on MTL subregion volume. Post-hoc 

comparisons were conducted using Tukey’s HSD tests. 

 
Results 

 

Endocrine assessments 
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Analysis of daily sex hormone (by LC-MS) and gonadotropin (by chemiluminescent 

immunoassay) concentrations across the menstrual cycle (Study 1) confirmed the expected 

rhythmic changes of a typical cycle (33), with a total cycle length of 27 days. Serum levels of 

estradiol were lowest during menses (days 1–4) and peaked in the late follicular phase (day 13). 

Progesterone concentrations showed the expected dramatic rise during the mid-luteal phase (Fig. 

1A; Table S1) and surpassed 5 ng/ml, signaling an ovulatory cycle (34).  

In Study 2, the participant was placed on a daily low-dose regimen of 0.02 mg ethinyl-

estradiol, 0.1 mg levonorgestrel, which selectively suppressed circulating progesterone. The 

concentration and dynamic range of 17b-estradiol was similar during progesterone suppression 

(M = 66.2 pg/ml, range: 5–246 pg/ml) compared to naturally cycling (M = 82.8 pg/ml, range 

22–264 pg/ml; t(57) = 0.18, p = .24). In contrast, progesterone concentrations were suppressed 

by ~97% on average (Study 1: M = 5.14 ng/ml, range = 5–15.5 ng/ml; Study 2: M = 0.15 ng/ml, 

range = 0.04–0.40; t(57) = 4.58, p < .0001) (Fig. 1C; Table S1). Note that LC-MS assessments 

of exogenous hormone concentrations (attributable to the hormone regimen itself) showed that 

serum concentrations of ethinyl estradiol were very low (M = 0.01 ng/ml; range 0.001–0.016 

ng/ml) and below 1.5 ng/ml for levonorgestrel (M = 0.91 ng/ml; range = 0.03–1.43 ng/ml). 

 

Intrinsic fluctuations in sex hormones and MTL subregion volume across a menstrual cycle  

To begin, we tested the hypothesis that MTL subregion volume is associated with 

intrinsic fluctuations in estradiol and progesterone across a complete menstrual cycle (n = 30 

days). Results reported below met a Bonferroni corrected threshold of significance of p = .007. 

We observed no significant relationship between 17b-estradiol and volume (all p > .14). 

Progesterone, by contrast, showed significant associations with subregions throughout the MTL. 
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Figure 1. Pituitary and gonadal hormones by experiment and subregion parcellations. A. 
Pituitary gonadotropins (LH, FSH) and gonadal hormones (estradiol, progesterone) across 30 
days of a complete menstrual cycle. Estradiol exhibits a 12-fold increase prior to ovulation. 
Progesterone concentrations increase 800-fold during the luteal phase of the natural cycle. B. 
Sample slice with Automatic Segmentation of Hippocampal Subfields (ASHS)-segmented 
hippocampal subfields and MTL cortex labels. C. Hormone concentrations across the 30-day 
hormone suppression study. Estradiol concentrations were unmodified, while progesterone was 
suppressed by 97% on average. D. Progesterone concentrations during the hormone 
suppression study plotted on a 1 ng/ml scale to illustrate some preserved modulation of 
progesterone, with a 10-fold rise across days 16–23. Note that ‘Day 1’ indicates first day of 
menstruation, not first day of experiment. Experiment day 1 corresponded to cycle day 21 in 
Study 1 and cycle day 18 in Study 2. Abbreviations: P, progesterone; LH, luteinizing hormone; 
FSH, follicle-stimulating hormone; CA, cornu ammonis; DG, dentate gyrus; SUB, subiculum; 
ERC, entorhinal cortex; PRC, perirhinal cortex; PHC, parahippocampal cortex.  
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Progesterone was positively associated with GMV in CA2/3 (F(1,28)15.37, p < .001, R2adjusted = 

.33) and parahippocampal cortex (F(1,28)19.06, p < .001, R2adj = .38) (Fig. 2A, Table 1); it was 

negatively associated with GMV in perirhinal cortex (F(1,28)16.33, p < .001, R2adj = .35) and 

entorhinal cortex (F(1,28)18.82, p < .001, R2adj = .38) (Fig. 3A, Table 1, Supplementary Fig. 5). 

This pattern of results was robust and did not change when computing non-parametric Spearman 

rank-coefficient correlations (all p ≤ .005). Next, multiple regression confirmed that these 

relationships remained significant after accounting for wbGMV (CA2/3: ß = .54, p = .003; PHC: 

ß = .64, p < .001; PRC: ß = -.61, p < .001; ERC: ß = -.60, p < .001); and after accounting for 

slice number (CA2/3: ß = .64, p < .001; PHC: ß = .51, p < .001; ERC: ß = -.33, p = .02) with the 

exception of PRC volume (ß = -.03) which was no longer significantly predicted by 

progesterone. Results did not differ when both wbGMV and slice number were included in the 

same model. Dividing the menstrual cycle into Phase 1 (days 1–15, low progesterone) and Phase 

2 (days 16–30, high progesterone) further confirmed differences in subregion volume as a 

function of progesterone (CA2/3: t(28) = -3.85, p < 0.001; PHC: t(28) = -2.95, p < 0.01; PRC: 

t(28) = 2.90, p < 0.01; ERC: t(28) = 2.34, p < 0.03) (Fig. 2B, 3B). We did not observe a 

relationship between whole hippocampal volume (sum of subfield as well as anterior and 

posterior volumes) and estradiol or progesterone, nor did we observe a significant relationship 

between bilateral PreCG volume and progesterone (p = .44). 

Impact of hormone suppression on MTL subregion volume  

Next, to determine whether the changes in MTL subregion volumes observed in Study 1 were 

dependent on dynamic fluctuations in progesterone, we repeated the experiment with 

progesterone concentrations chronically and selectively suppressed. Estradiol concentrations 

varied as before (Fig. 1C); however, progesterone concentrations were suppressed by ~97% on 
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average. Under hormone suppression, progesterone concentrations were comparable to values 

observed in the early follicular phase of the natural cycle, effectively reducing the 800-fold rise 

in progesterone that typically occurs in the luteal phase (Fig. 1A) to a 10-fold change (Fig. 

1C,D). The 30-day experimental period was divided into “Phase 1” and “Phase 2”, as before, to 

capture the small degree of progesterone modulation that remained (Fig. 1D). As above, 

significance was held to a Bonferroni corrected threshold of p < .007. 

When progesterone concentrations were chronically suppressed, the previously observed 

relationships between progesterone and subregion volumes were abolished or markedly reduced 

(Fig. 2C,D; Fig. 3C,D). Regions that showed strong progesterone-dependent volumetric changes 

during the menstrual cycle (CA2/3, PHC and PRC) displayed no such relationship under 

progesterone suppression (all p > 0.25). The single exception was area ERC, which continued to 

show a negative relationship with progesterone (F(1,27)8.39, p = .007, R2adj = .21). 

Two-way ANOVAs were conducted to directly compare subregion volumes across 

studies as a function of progesterone phase (low, high) and hormone condition (naturally cycling, 

hormonally suppressed). In CA2/3 there were significant main effects of progesterone phase 

(F(1,55)7.47; p = .008; effect size, η2 =.054) and hormone condition (F(1,55)65.0; p < .0001; effect 

size, η2 =.473), as well as a significant interaction (F(1,55)9.93; p = .003; effect size, η2 =.072). 

Post-hoc tests established that CA2/3 volumes were significantly different between high 

progesterone (M = 210.1 mm3) and low progesterone (M = 193.1 mm3) conditions in Study 1 (p 

< .001), but not in Study 2 (M high P = 180.0 mm3, M low P = 177.6 mm3; p = .99). Finally, CA2/3 

volumes were smaller overall under hormone suppression conditions (M = 178.7 mm3) relative 

to naturally cycling conditions (M = 201.4 mm3, p < .0001) (Table 2). 
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Figure 2. Relationship between progesterone concentrations and MTL subregion volume across 
the menstrual cycle and during hormone suppression. A. In CA2/3 and parahippocampal cortex, 
GMV was positively correlated with progesterone and B. significantly different between Phase 1 (low 
progesterone) and Phase 2 (high progesterone) across the cycle. C-D. This modulation was abolished 
during chronic hormone suppression (Study 2). Comparisons between the two studies (B, D) reveal 
that GMV in CA2/3 was reduced following hormone suppression relative to freely cycling (p <.0001; 
effect size, η2 =.47). Individual data points are color-coded to indicate cycle day, from day 1 (light 
circles) to day 30 (dark circles).  **p < .01, ***p < .001; GMV, gray matter volume. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 18 

 

Figure 3. Relationship between progesterone concentrations and MTL subregion volume 
across the menstrual cycle and during hormone suppression A. In perirhinal and entorhinal cortex, 
GMV was negatively associated with progesterone and B. significantly different between Phase 1 
(low progesterone) and Phase 2 (high progesterone) across the cycle. This modulation was not 
observed under chronic hormone suppression (C, D). Comparisons across the two studies (B, D) 
reveal that GMV in entorhinal cortex was larger during hormone suppression relative to freely 
cycling (p <.0001; effect size, η2 =.70). Individual data points are color-coded to indicate cycle day, 
from day 1 (light circles) to day 30 (dark circles).  *p < .05, **p < .01; GMV, gray matter volume. 
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In PHC, we observed a significant main effect of progesterone level, (F(1,55)4.92; p = .03; 

effect size, η2 = .070) and an interaction between progesterone level and hormone condition 

(F(1,55)8.46; p = .005 effect size, η2 = .119). The main effect of hormone condition was not 

significant, indicating no overall difference in PHC volume between Studies 1 and 2. Post-hoc 

tests established that PHC volumes were impacted by variation in progesterone in Study 1 (M high 

P = 2736.2 mm3, M low P = 2588.2 mm3, p < .005)— an effect that was abolished in Study 2 (M 

high P = 2602.5 mm3, M low P = 2633.2 mm3, p = .96).  

In PRC, only the interaction between progesterone level and hormone status was 

significant (F(1,55)9.36; p = .003; effect size, η2 =.139). Post-hoc tests again showed that this 

interaction was driven by progesterone exerting its effect on PRC volume in Study 1 (M high P = 

1280.7 mm3, M low P = 1414.0 mm3, p < .01) but not in Study 2 (M high P = 1377.2 mm3, M low P = 

1324.0 mm3, p =.74). 

Finally, in ERC, main effects of progesterone level (F(1,55)8.60; p = .005; effect size, η2 

=.040) and hormone status (F(1,55)152.26; p < .0001; effect size, η2 =.702) were significant, with 

no interaction. There was a significant inhibitory effect of progesterone on ERC volumes in 
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Study 1 (M high P = 682.1 mm3, M low P = 710.9 mm3, p = .023), but not Study 2 (M high P = 774.4 

mm3, M low P = 788.2 mm3, p = .46), though the direction of the effects were similar. ERC 

volumes were significantly larger under hormone suppression conditions (M = 781.6 mm3) 

compared to naturally cycling (M = 696.5 mm3, p < .0001) (Table 2).  

 

Discussion 

In a series of dense-sampling, deep-phenotyping studies, we tested the hypothesis that intrinsic 

fluctuations in sex hormones impact MTL subregion volume across the human menstrual cycle, 

and that chronic hormone suppression abolishes this effect. In Study 1, a naturally-cycling 

female underwent high resolution imaging of the MTL and venipuncture for 30 consecutive 

days, capturing the dynamic endocrine changes that unfold over a complete menstrual cycle. 

Endogenous fluctuations in progesterone impacted gray matter volume in several subregions of 

the medial temporal lobe, including CA2/3, parahippocampal, entorhinal and perirhinal cortex. 

In Study 2, the experiment was repeated while the participant was on a hormone regimen that 

chronically and selectively suppressed circulating progesterone. The progesterone-mediated 

effects observed in Study 1 were no longer evident, and volumetric changes in CA2/3 and 

entorhinal cortex were observed during chronic progesterone suppression relative to freely 

cycling conditions. Together, these results reveal progesterone’s ability to dynamically shape 

medial temporal lobe morphology across the menstrual cycle.  

Sex hormones influence hippocampal morphology across species 

Three decades of rodent and nonhuman primate studies offer unambiguous evidence that sex 

steroid hormones influence the synaptic organization of the hippocampus (1, 3, 35–38). At the 
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epigenetic level, sex hormones induce chromatin modifications that promote hippocampal 

plasticity (39). At the synaptic level, sex hormones regulate spine proliferation in the 

hippocampus (3). In a series of seminal findings, Woolley and colleagues (11, 12) discovered 

that dendritic spine density in CA1 neurons varies by ~30% over the 4–5-day rodent estrous 

cycle. Similarly, hormone deprivation (via gonadectomy) in the rat (1, 40) and African green 

monkey (41) leads to a pronounced loss of spines on CA1 neurons, which is reversed by 

hormone replacement. Finally, at the macroscopic level, total hippocampal volume is regulated 

by sex hormones in the meadow vole (42) and fluctuates across the estrous cycle in the mouse 

(43). In-vivo MRI in mice demonstrates that hormone-mediated hippocampal changes can occur 

rapidly, with differences detectable within a 24-hour period (43). Together, these findings 

provide converging evidence that sex hormones can induce structural changes in the 

hippocampus on a rapid timescale.  

Human studies offer further evidence that ovarian status impacts hippocampal 

morphology. The abrupt hormonal changes associated with early surgical menopause lead to 

structural changes in the medial temporal lobe, including thinning of the 

parahippocampus/entorhinal cortex (17), while hormone supplementation in postmenopausal 

women increases hippocampal volume (44). In pregnancy, the rise in sex hormone production 

across the gestational period impacts hippocampal plasticity in rodents (45–47) and likely 

mediates the decline in hippocampal volume that occurs during pregnancy in humans (48). Our 

data extend this literature by establishing volumetric changes in the medial temporal lobe across 

the ~28-day menstrual cycle.  

Sex hormones regulate hippocampal morphology across the human menstrual cycle 
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A handful of cross-sectional and sparse-sampling studies have probed hippocampal volume at 

discrete stages of the menstrual cycle (14, 15, 49).  Protopopescu et al. (14) reported greater right 

anterior hippocampal volume in women during the follicular versus luteal phase. Similarly, 

Pletzer et al. (49) observed greater gray matter volume in the parahippocampal gyrus during the 

early follicular versus mid-luteal phase. One study of naturally cycling women captured four 

discrete stages of the menstrual cycle, reporting a positive correlation between estrogen and 

parahippocampal gyrus volume (15). By distilling the menstrual cycle into a few timepoints, 

these approaches, though valuable, may not capture the full impact of sex hormones over time. 

Cross-sectional and sparse-sampling approaches obscure the rhythmic production of sex 

hormones over a complete cycle. A formative study by Barth and colleagues (50) densely 

sampled a woman every few days across the menstrual cycle, observing a relationship between 

estradiol and gray matter changes in the left hippocampus using voxel-based morphometry 

estimates. Here, we used high resolution MTL imaging to show that medial temporal lobe 

structures respond uniquely to dynamic changes in sex hormone production.  

Based on the existing literature, our a priori hypotheses anticipated a positive 

relationship between estradiol and CA1 volume across the menstrual cycle; however, this was 

not borne out in the data. No relationship with estradiol was significant. We also predicted a 

suppressive effect of progesterone on volume, which was observed in ERC and PRC. More 

surprisingly, progesterone fluctuations across the cycle were positively related to CA2/3 and 

PHC volume. Note that no relationship was observed between progesterone and precentral gyrus 

volume, a control region outside of the MTL not expected to show strong hormone-dependent 

effects. To our knowledge, this is the first longitudinal study of subfield volume changes across 

the menstrual cycle and in response to chronic progesterone suppression. Future studies should 
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build on these findings using high-field imaging to interrogate subfield volume changes triggered 

by hormone suppression and subsequent hormone add-back protocols. Doing so will help clarify 

mixed findings and deepen our understanding of sex hormone action at the subfield level. 

Potential neurobiological mechanisms of progesterone’s influence in MTL 

Woolley and McEwen (1) discovered that progesterone has a biphasic effect on spine density in 

the hippocampus, eliciting an initial increase (within 2–6 hours) followed by a sharp and 

sustained decrease. Progesterone administration triggers the regression of dendritic spines in 

rodent CA1 neurons, an effect that is blocked by progesterone receptor antagonists. The changes 

we observed in MTL volume in the human brain may partially reflect hormone-driven changes in 

dendritic spines or synapse density. However, given the difference in scale, it seems unlikely that 

changes at the synaptic level could fully account for volumetric changes at the subregion level, 

and may be why we did not observe changes in CA1. To our knowledge, no animal study has 

directly linked observations made at the mesoscopic scale of regional volume to the microscopic 

scale of synapse/spine morphology. Further, sex hormones’ ability to regulate hippocampal 

structural plasticity has been carefully studied in rodent CA1 and dentate gyrus, while much less 

is known about other MTL regions. Future rodent and nonhuman primate studies are warranted 

to resolve these outstanding questions. 

In the present study, progesterone’s impact on MTL volume was subregion-specific, with 

proliferative effects in CA2/3 and parahippocampal cortex and regressive effects on entorhinal 

and perirhinal cortex. Evidence for subregion-specific effects of progesterone comes from the 

study of neurotrophins. Progesterone blocks estrogen’s ability to upregulate growth factors 

(including nerve growth factor, brain derived neurotrophic factor and neurotrophin 3) in 

entorhinal cortex but not in hippocampal subfields (35). In our study, increased progesterone 
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across the cycle was associated with decreased ERC volume. When progesterone levels were 

chronically blunted in Study 2, ERC volume rebounded, perhaps because progesterone’s 

inhibitory action in this region had been expunged. Subregion-specific morphological changes 

could also stem from progesterone’s ability to modulate neural progenitor cell proliferation. For 

example, progesterone blocks estradiol’s enhancement of cell proliferation in the dentate gyrus 

(51). Thus, progesterone’s effects within the MTL may be mediated by the receptor expression 

profile and proliferative capacities of different subregions. Differences in receptor expression 

could produce a heightened sensitivity to progesterone (or its metabolites) in unique MTL 

regions. Although the presence of classical nuclear progesterone receptors in the mammalian 

hippocampus is well-established (52), in vivo animal studies and ex-vivo human studies are 

needed to determine distinct receptor expression profiles at the subregion level and to quantify 

the relative concentration of progesterone and progesterone metabolites throughout the MTL. 

Finally, de novo production of neurosteroids in the hippocampus are important drivers of 

synaptic plasticity. Although speculative, a sustained decrease in ovarian-derived steroid 

hormones could trigger a compensatory upregulation of brain-derived neurosteroids in a 

subfield-specific manner, contributing to blood hormone/brain volume relationships that are 

unique across MTL regions. 

In addition to its neuronal effects, progesterone also impacts non-neuronal cell 

populations. Progesterone increases the number of oligodendrocytes expressing myelin-specific 

proteins (53) and promotes myelination in Schwann cells (54) on the order of days (55) and 

weeks (54). While this has been observed during development and in response to injury 

(reviewed in (56, 57), the effects of progesterone on myelination across the menstrual cycle are 

not yet known. In a diffusion tensor imaging study, Barth and colleagues (50) observed changes 
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in fractional anisotropy (a purported measure of white matter structural integrity) in the 

hippocampus across the menstrual cycle, although no associations with progesterone were found.  

The progesterone-dependent effects we observed could also be mediated indirectly by 

progesterone metabolites. In rodents, one mechanism for dendritic spine formation is through 

estradiol decreasing GABAergic inhibition in the hippocampus, which in turn increases the 

excitatory drive on pyramidal cells. The progesterone metabolite 3α,5α-tetrahydroprogesterone 

(allopregnanolone) blocks this estradiol-induced increase in spine density by altering 

hippocampal GABAergic activity (58). Allopregnanolone increases tonic inhibition by altering 

expression of GABA receptor subunits (59–61). Finally, observed effects could stem in part from 

extra-neuronal factors (62), such as changes in angiogenesis or water content in the brain. In an 

aerobic exercise intervention study (63) and a recent study of older adults (64), increased 

hippocampal volume was observed in tandem with increased hippocampal perfusion. Additional 

studies are needed to determine the extent to which hippocampal volume change is coincident 

with versus the result of increases in perfusion. 

Clinical implications of the effects of hormone suppression on MTL morphology 

Chronic progesterone suppression resulted in robust changes in entorhinal cortex and CA2/3 

volume. In response to hormone suppression, CA2/3 volume decreased and entorhinal cortex 

volume increased relative to naturally cycling conditions, demonstrating hormonal regulation of 

key structures in the MTL. By far the most pronounced effects of chronic hormone suppression 

were seen in entorhinal cortex, the first region of the brain to develop neuropathology in the 

progression of Alzheimer’s Disease (AD) (65). Progesterone acts as an endogenous regulator of 

β-amyloid metabolism, blocking the beneficial effect of estradiol on β-amyloid accumulation 

(52). Progesterone also blocks estrogen’s ability to upregulate neurotrophic factors in entorhinal 
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cortex (35). Women are disproportionately affected by AD, a disease in which two-thirds of the 

patient population are female, and the precipitous decline in sex hormone production during 

menopause may be a sex-specific AD risk factor (66, 67). Surgical menopause is associated 

entorhinal cortex thinning (17), and earlier age at menopause (surgical or spontaneous) is 

associated with an increased risk of cognitive decline and dementia (68–70). Our findings 

demonstrate strong regulatory effects of progesterone on entorhinal cortex volume, underscoring 

the need for preclinical and clinical studies to investigate the neuroendocrine basis of cognitive 

decline and dementia-risk. In a recent study of community-dwelling older adults, high resolution 

MTL imaging revealed a strong and select correlation between anterolateral ERC volume and 

performance on the Montreal Cognitive Assessment in individuals at risk for dementia. Few 

studies of the aging brain consider the midlife period and even fewer consider the neuronal 

effects of reproductive aging (71). Moving forward, cognitive aging studies should target midlife 

women to investigate whether changes in progesterone production across the menopausal 

transition contributes to AD risk, particularly in individuals with genetic susceptibility.  

Further considerations and future studies 

The current investigation deeply sampled a single individual across a complete menstrual cycle 

characterized by canonical fluctuations in sex hormones, and again during chronic progesterone 

suppression. Though we contend that these results likely reflect general mechanisms of hormonal 

fluctuations on MTL subregions, future work must enroll a larger sample of women to assess 

whether individual differences in hormone dynamics influence the relationships observed here. 

Next, the present study used peripheral hormone measures to infer a relationship between 

central hormone levels and brain structure. The hormone regimen (0.02 mg ethinyl-estradiol 

(EE) and 0.1 mg levonorgestrel (LNG)) used in Study 2 had strong suppressive effects on 
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progesterone, with serum concentrations reduced by ~97%. Evidence from animal studies 

indicate that progesterone concentrations in the hippocampus were likely to be blunted as well. 

In rodents, peripheral steroid hormone levels are correlated with levels in cerebral cortex and 

hippocampus (72), and a 4-week regimen of the same compound (EE and LNG) suppressed 

hippocampal concentrations of progesterone (by 65%) and allopregnanolone (by 55%) (73). 

Exogenous hormone concentrations (conferred by the hormone regimen itself) were also low, 

with mean EE at 0.01 ng/ml and LNG at 0.91 ng/ml. Despite the overall suppressive effects of 

the hormone regimen used in Study 2, some degree of progesterone modulation remained, with a 

10-fold increase in progesterone between the first and second half of the follow-up study. This 

residual hormone fluctuation likely underlies the fact that ERC volume retained some degree of 

modulation in Study 2 (albeit greatly diminished relative to the ERC changes in Study 1).  

A long history of clinical evidence implicates hypothalamic-pituitary-gonadal (HPG) axis 

dysregulation in the development of mood and cognitive disorders (74). Throughout the lifespan, 

changes in women’s reproductive status have been associated with increased risk for mood 

disturbance and major depressive disorder (74–80). Given the strong progesterone–MTL volume 

relationships we report here, it is compelling to speculate about potential consequences on mood 

and cognition.  Though the present analyses were not focused on mood/cognitive changes, the 

data reported here were collected as part of a larger “28andMe” dataset that included daily 

assessments of mood/affect and recognition memory (for a detailed description see (81). For 

completeness, we briefly summarize this data here. Across the cycle, increases in progesterone 

were associated with increases in negative mood (based on a composite index of the Profile of 

Mood States; r = .37, p = .04), with the strongest relationship between progesterone and 

depression sub-scores across the cycle (r = .55, p = .001; Figure S6). No associations between 
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sex hormones or MTL volume and cognition were observed, but a cautious interpretation of 

these findings is warranted given that this was not an a priori consideration of the study design 

(for more, see Supplementary Results). Future work should directly investigate whether 

progesterone-mediated structural changes to the MTL confer changes in mood or cognition. For 

example, the hippocampus and entorhinal cortex are key regions within the brain’s navigational 

circuitry, and rodent studies provide powerful evidence that sex hormones play a critical role in 

spatial navigation ability (82–84). One open question is whether hormone-mediated changes in 

MTL volume we observed here shapes navigation strategies.  

Finally, though the results reported here indicate variability in MTL structure due to 

hormonal fluctuations across the menstrual cycle, it would be premature to draw the conclusion 

that variability in MTL structure is greater in females. Data derived from a parallel dense-

sampling study in a male (n = 30 days) (85) demonstrate that intra-subject variability in MTL 

subregion volume does not differ between the sexes. Overall variability was highly similar for 

both datasets (comparisons were made using unedited data, see Supplementary Results and Fig. 

S7). Further, cross-sectional data from a large population cohort (n=1114; Human Connectome 

Project Young Adult, S1200 Data Release) show that inter-subject variability in hippocampal 

volume is similar for males and females (Fig. S8).  Together, these findings reveal that the 

variability reported here is on par with the intrinsic variability observed in males. Although we 

identified a source of variability in subregion volume across the female menstrual cycle 

(progesterone), this is not an added source of variability in females. 

While the menstrual cycle is a central facet of the human condition, the female lifespan is 

punctuated by other periods of hormonal transition (e.g., adolescence, pregnancy, menopause) 

(71) that also merit deeper interrogation. Applying a dense-sampling, deep-phenotyping lens to 
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these periods in a woman’s life will increase our understanding of brain–hormone interactions 

significantly. 

Conclusion 

Intrinsic fluctuations in progesterone across the menstrual cycle were strongly correlated with 

CA2/3, entorhinal, perirhinal, and parahippocampal subregion volumes of the human medial 

temporal lobe. Progesterone suppression abolished these effects. The dynamic endocrine changes 

that unfold over the menstrual cycle are a natural feature of half the world’s population. 

Neuroimaging studies that densely sample the individual illuminate the dynamic properties of 

brain organization. Understanding how endogenous and exogenous changes in sex hormones 

impact medial temporal lobe morphology is imperative for our basic understanding of the human 

brain and for women’s health.  

  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 31 

End Notes  
 

Acknowledgements. This work was supported by the Harvey L. Karp Discovery Award (CMT), 

the Brain and Behavior Research Foundation (EGJ), the California Nanosystems Institute (EGJ), 

the Hellman Family Fund (EGJ) and the Rutherford B. Fett Fund (STG). Thanks to Mario 

Mendoza for phlebotomy and MRI assistance. We would also like to thank Shuying Yu, 

Courtney Kenyon, Maggie Hayes, and Morgan Fitzgerald for assistance with data collection.  

 

Author contributions. The overall study was conceived by C.M.T., L.P., S.G. and E.G.J.; 

C.M.T., L.P., T.S., E.L., and E.G.J. performed the experiments; data analysis was conducted by 

C.M.T., and R.O.; C.M.T. and E.G.J. wrote the manuscript; L.P., R.O., E.L., T.S., and S.T.G. 

edited the manuscript.  

 

Data/code availability. MRI data and code will be publicly accessible upon publication.  

 

Conflict of interest. The authors declare no competing financial interests.  

  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 32 

References 
 

1.  C. S. Woolley, B. S. McEwen, Roles of estradiol and progesterone in regulation of 
hippocampal dendritic spine density during the estrous cycle in the rat. Journal of 
Comparative Neurology 336, 293–306 (1993). 

2.  K. M. Frick, J. Kim, J. J. Tuscher, A. M. Fortress, Sex steroid hormones matter for learning 
and memory: estrogenic regulation of hippocampal function in male and female rodents. 
Learn Mem 22, 472–493 (2015). 

3.  Y. Hara, E. M. Waters, B. S. McEwen, J. H. Morrison, Estrogen Effects on Cognitive and 
Synaptic Health Over the Lifecourse. Physiological Reviews 95, 785–807 (2015). 

4.  L. A. M. Galea, K. M. Frick, E. Hampson, F. Sohrabji, E. Choleris, Why estrogens matter 
for behavior and brain health. Neurosci Biobehav Rev 76, 363–379 (2017). 

5.  R. Loy, J. L. Gerlach, B. S. McEwen, Autoradiographic localization of estradiol-binding 
neurons in the rat hippocampal formation and entorhinal cortex. Developmental Brain 
Research 39, 245–251 (1988). 

6.  M. González, et al., Distribution patterns of estrogen receptor α and β in the human cortex 
and hippocampus during development and adulthood. Journal of Comparative Neurology 
503, 790–802 (2007). 

7.  D. Meffre, et al., Distribution of membrane progesterone receptor alpha in the male mouse 
and rat brain and its regulation after traumatic brain injury. Neuroscience 231, 111–124 
(2013). 

8.  R. Mahmoud, S. R. Wainwright, L. A. M. Galea, Sex hormones and adult hippocampal 
neurogenesis: Regulation, implications, and potential mechanisms. Frontiers in 
Neuroendocrinology 41, 129–152 (2016). 

9.  K. M. Frick, J. Kim, Mechanisms underlying the rapid effects of estradiol and progesterone 
on hippocampal memory consolidation in female rodents. Horm Behav 104, 100–110 
(2018). 

10.  J. Hao, et al., Estrogen increases the number of spinophilin-immunoreactive spines in the 
hippocampus of young and aged female rhesus monkeys. Journal of Comparative 
Neurology 465, 540–550 (2003). 

11.  C. S. Woolley, E. Gould, M. Frankfurt, B. S. McEwen, Naturally occurring fluctuation in 
dendritic spine density on adult hippocampal pyramidal neurons. J. Neurosci. 10, 4035–
4039 (1990). 

12.  C. S. Woolley, B. S. McEwen, Estradiol mediates fluctuation in hippocampal synapse 
density during the estrous cycle in the adult rat [published erratum appears in J Neurosci 
1992 Oct;12(10):following table of contents]. J. Neurosci. 12, 2549–2554 (1992). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 33 

13.  R. D. Brinton, Estrogen-induced plasticity from cells to circuits: predictions for cognitive 
function. Trends in Pharmacological Sciences 30, 212–222 (2009). 

14.  X. Protopopescu, et al., Hippocampal structural changes across the menstrual cycle. 
Hippocampus 18, 985–988 (2008). 

15.  N. Lisofsky, et al., Hippocampal volume and functional connectivity changes during the 
female menstrual cycle. NeuroImage 118, 154–162 (2015). 

16.  L. Mosconi, et al., Increased Alzheimer’s risk during the menopause transition: A 3-year 
longitudinal brain imaging study. PLOS ONE 13, e0207885 (2018). 

17.  B. Zeydan, et al., Association of Bilateral Salpingo-Oophorectomy Before Menopause 
Onset With Medial Temporal Lobe Neurodegeneration. JAMA Neurol 76, 95–100 (2019). 

18.  R. A. Poldrack, et al., Long-term neural and physiological phenotyping of a single human. 
Nature Communications 6, 8885 (2015). 

19.  E. M. Gordon, et al., Precision Functional Mapping of Individual Human Brains. Neuron 
95, 791-807.e7 (2017). 

20.  C. Gratton, et al., Functional Brain Networks Are Dominated by Stable Group and 
Individual Factors, Not Cognitive or Daily Variation. Neuron 98, 439-452.e5 (2018). 

21.  P. A. Yushkevich, et al., Automated volumetry and regional thickness analysis of 
hippocampal subfields and medial temporal cortical structures in mild cognitive 
impairment: Automatic Morphometry of MTL Subfields in MCI. Human Brain Mapping 
36, 258–287 (2015). 

22.  N. V. Malykhin, Y. Huang, S. Hrybouski, F. Olsen, Differential vulnerability of 
hippocampal subfields and anteroposterior hippocampal subregions in healthy cognitive 
aging. Neurobiology of Aging 59, 121–134 (2017). 

23.  R. K. Olsen, et al., Human anterolateral entorhinal cortex volumes are associated with 
cognitive decline in aging prior to clinical diagnosis. Neurobiology of Aging 57, 195–205 
(2017). 

24.  T. Gómez-Isla, et al., Profound Loss of Layer II Entorhinal Cortex Neurons Occurs in Very 
Mild Alzheimer’s Disease. J Neurosci 16, 4491–4500 (1996). 

25.  M. Aly, N. B. Turk-Browne, Attention Stabilizes Representations in the Human 
Hippocampus. Cereb Cortex 26, 783–796 (2016). 

26.  P. A. Yushkevich, et al., User-guided 3D active contour segmentation of anatomical 
structures: Significantly improved efficiency and reliability. NeuroImage 31, 1116–1128 
(2006). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 34 

27.  D. J. Palombo, et al., KIBRA Polymorphism Is Associated with Individual Differences in 
Hippocampal Subregions: Evidence from Anatomical Segmentation using High-Resolution 
MRI. J. Neurosci. 33, 13088–13093 (2013). 

28.  W. R. Crum, O. Camara, D. L. G. Hill, Generalized overlap measures for evaluation and 
validation in medical image analysis. IEEE Trans Med Imaging 25, 1451–1461 (2006). 

29.  C. Gaser, R. Dahnke, CAT - A Computational Anatomy Toolbox for the Analysis of 
Structural MRI Data. HBM 2016 (2016). 

30.  N. Tzourio-Mazoyer, et al., Automated Anatomical Labeling of Activations in SPM Using 
a Macroscopic Anatomical Parcellation of the MNI MRI Single-Subject Brain. NeuroImage 
15, 273–289 (2002). 

31.  M. Brett, J.-L. Anton, R. Valabregue, J.-B. Poline, Region of interest analysis using an 
SPM toolbox [abstract] (2002). 

32.  L. Pritschet, et al., 28andOC. Open Science Framework eqjgz (2019). 

33.  R. Stricker, et al., Establishment of detailed reference values for luteinizing hormone, 
follicle stimulating hormone, estradiol, and progesterone during different phases of the 
menstrual cycle on the Abbott ARCHITECT® analyzer. Clinical Chemistry and 
Laboratory Medicine (CCLM) 44 (2006). 

34.  R. Leiva, T. Bouchard, H. Boehringer, S. Abulla, R. Ecochard, Random serum progesterone 
threshold to confirm ovulation. Steroids 101, 125–129 (2015). 

35.  H. A. Bimonte-Nelson, M. E. Nelson, A.-C. E. Granholm, Progesterone counteracts 
estrogen-induced increases in neurotrophins in the aged female rat brain: NeuroReport 15, 
2659–2663 (2004). 

36.  Y. Hara, et al., Synaptic correlates of memory and menopause in the hippocampal dentate 
gyrus in rhesus monkeys. Neurobiology of Aging 33, 421.e17-421.e28 (2012). 

37.  Y. Hara, et al., Estrogen Restores Multisynaptic Boutons in the Dorsolateral Prefrontal 
Cortex while Promoting Working Memory in Aged Rhesus Monkeys. J. Neurosci. 36, 901–
910 (2016). 

38.  J. H. Morrison, M. G. Baxter, The ageing cortical synapse: hallmarks and implications for 
cognitive decline. Nat Rev Neurosci 13, 240–250 (2012). 

39.  A. M. Fortress, K. M. Frick, Epigenetic regulation of estrogen-dependent memory. 
Frontiers in Neuroendocrinology 35, 530–549 (2014). 

40.  E. Gould, C. Woolley, M. Frankfurt, B. McEwen, Gonadal steroids regulate dendritic spine 
density in hippocampal pyramidal cells in adulthood. The Journal of Neuroscience 10, 
1286–1291 (1990). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 35 

41.  C. Leranth, M. Shanabrough, D. E. Redmond, Gonadal hormones are responsible for 
maintaining the integrity of spine synapses in the CA1 hippocampal subfield of female 
nonhuman primates. Journal of Comparative Neurology 447, 34–42 (2002). 

42.  L. A. M. Galea, T. S. Perrot-Sinal, M. Kavaliers, K.-P. Ossenkopp, Relations of 
hippocampal volume and dentate gyrus width to gonadal hormone levels in male and 
female meadow voles. Brain Research 821, 383–391 (1999). 

43.  L. R. Qiu, et al., Hippocampal volumes differ across the mouse estrous cycle, can change 
within 24hours, and associate with cognitive strategies. NeuroImage 83, 593–598 (2013). 

44.  K. Albert, et al., Estrogen enhances hippocampal gray-matter volume in young and older 
postmenopausal women: a prospective dose-response study. Neurobiol. Aging 56, 1–6 
(2017). 

45.  L. a. M. Galea, B. Leuner, D. A. Slattery, Hippocampal Plasticity during the Peripartum 
Period: Influence of Sex Steroids, Stress and Ageing. Journal of Neuroendocrinology 26, 
641–648 (2014). 

46.  C. H. Kinsley, K. G. Lambert, Reproduction-Induced Neuroplasticity: Natural Behavioural 
and Neuronal Alterations Associated with the Production and Care of Offspring. Journal of 
Neuroendocrinology 20, 515–525 (2008). 

47.  J. L. Workman, C. K. Barha, L. A. M. Galea, Endocrine substrates of cognitive and 
affective changes during pregnancy and postpartum. Behavioral Neuroscience 126, 54–72 
(2012). 

48.  E. Hoekzema, et al., Pregnancy leads to long-lasting changes in human brain structure. 
Nature Neuroscience 20, 287–296 (2017). 

49.  B. Pletzer, et al., Menstrual cycle and hormonal contraceptive use modulate human brain 
structure. Brain Research 1348, 55–62 (2010). 

50.  C. Barth, et al., In-vivo Dynamics of the Human Hippocampus across the Menstrual Cycle. 
Scientific Reports 6, 32833 (2016). 

51.  P. Tanapat, N. B. Hastings, E. Gould, Ovarian steroids influence cell proliferation in the 
dentate gyrus of the adult female rat in a dose- and time-dependent manner. Journal of 
Comparative Neurology 481, 252–265 (2005). 

52.  R. D. Brinton, et al., Progesterone receptors: Form and function in brain. Frontiers in 
Neuroendocrinology 29, 313–339 (2008). 

53.  I. Jung-Testas, M. Schumacher, P. Robel, E. E. Baulieu, Actions of steroid hormones and 
growth factors on glial cells of the central and peripheral nervous system. The Journal of 
Steroid Biochemistry and Molecular Biology 48, 145–154 (1994). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 36 

54.  H. L. Koenig, et al., Progesterone synthesis and myelin formation by Schwann cells. 
Science 268, 1500–1503 (1995). 

55.  R. Hussain, et al., Progesterone and Nestorone Facilitate Axon Remyelination: A Role for 
Progesterone Receptors. Endocrinology 152, 3820–3831 (2011). 

56.  M. Schumacher, et al., Progesterone Synthesis in the Nervous System: Implications for 
Myelination and Myelin Repair. Front. Neurosci. 6 (2012). 

57.  M. Schumacher, et al., Revisiting the roles of progesterone and allopregnanolone in the 
nervous system: Resurgence of the progesterone receptors. Progress in Neurobiology 113, 
6–39 (2014). 

58.  D. D. Murphy, M. Segal, Progesterone Prevents Estradiol-Induced Dendritic Spine 
Formation in Cultured Hippocampal Neurons. NEN 72, 133–143 (2000). 

59.  M. Sassoè-Pognetto, et al., Fluctuations in brain concentrations of neurosteroids are not 
associated to changes in gephyrin levels. Brain Research 1169, 1–8 (2007). 

60.  I. Sundström Poromaa, S. Smith, M. Gulinello, GABA receptors, progesterone and 
premenstrual dysphoric disorder. Arch Womens Ment Health 6, 23–41 (2003). 

61.  N. G. Weiland, M. Orchinik, Specific subunit mRNAs of the GABAA receptor are 
regulated by progesterone in subfields of the hippocampus. Molecular Brain Research 32, 
271–278 (1995). 

62.  R. J. Zatorre, R. D. Fields, H. Johansen-Berg, Plasticity in gray and white: neuroimaging 
changes in brain structure during learning | Nature Neuroscience. Nature Neuroscience 15, 
528–536 (2012). 

63.  A. Maass, et al., Vascular hippocampal plasticity after aerobic exercise in older adults. 
Molecular Psychiatry 20, 585–593 (2015). 

64.  V. Perosa, et al., Hippocampal vascular reserve associated with cognitive performance and 
hippocampal volume. Brain https:/doi.org/10.1093/brain/awz383 (February 4, 2020). 

65.  M. Bobinski, et al., MRI of entorhinal cortex in mild Alzheimer’s disease. The Lancet 353, 
38–40 (1999). 

66.  M. M. Mielke, M. T. Ferretti, M. F. Iulita, K. Hayden, A. S. Khachaturian, Sex and gender 
in Alzheimer’s disease – Does it matter? Alzheimer’s & Dementia 14, 1101–1103 (2018). 

67.  R. A. Nebel, et al., Understanding the impact of sex and gender in Alzheimer’s disease: A 
call to action. Alzheimer’s & Dementia 14, 1171–1183 (2018). 

68.  W. A. Rocca, et al., Increased risk of cognitive impairment or dementia in women who 
underwent oophorectomy before menopause. Neurology 69, 1074–1083 (2007). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 37 

69.  T. K. T. Phung, et al., Hysterectomy, Oophorectomy and Risk of Dementia: A Nationwide 
Historical Cohort Study. Dementia and Geriatric Cognitive Disorders 30, 43–50 (2010). 

70.  R. Bove, et al., Age at surgical menopause influences cognitive decline and Alzheimer 
pathology in older women. Neurology 82, 222–229 (2014). 

71.  C. M. Taylor, L. Pritschet, S. Yu, E. G. Jacobs, Applying a Women’s Health Lens to the 
Study of the Aging Brain. Front. Hum. Neurosci. 13 (2019). 

72.  D. Caruso, et al., Comparison of plasma and cerebrospinal fluid levels of neuroactive 
steroids with their brain, spinal cord and peripheral nerve levels in male and female rats. 
Psychoneuroendocrinology 38, 2278–2290 (2013). 

73.  P. Porcu, et al., Long-term administration with levonorgestrel decreases allopregnanolone 
levels and alters GABAA receptor subunit expression and anxiety-like behavior. 
Pharmacology Biochemistry and Behavior 102, 366–372 (2012). 

74.  D. R. Rubinow, P. J. Schmidt, Gonadal steroid regulation of mood: The lessons of 
premenstrual syndrome. Frontiers in Neuroendocrinology 27, 210–216 (2006). 

75.  W. Baischer, G. Koinig, B. Hartmann, J. Huber, G. Langer, Hypothalamic-pituitary-
gonadal axis in depressed premenopausal women: Elevated blood testosterone 
concentrations compared to normal controls. Psychoneuroendocrinology 20, 553–559 
(1995). 

76.  B. L. Harlow, L. A. Wise, M. W. Otto, C. N. Soares, L. S. Cohen, Depression and Its 
Influence on Reproductive Endocrine and Menstrual Cycle Markers Associated With 
Perimenopause: The Harvard Study of Moods and Cycles. Arch Gen Psychiatry 60, 29–36 
(2003). 

77.  J. L. Payne, The role of estrogen in mood disorders in women. International Review of 
Psychiatry 15, 280–290 (2003). 

78.  C. A. Roca, et al., Differential Menstrual Cycle Regulation of Hypothalamic-Pituitary-
Adrenal Axis in Women with Premenstrual Syndrome and Controls. J Clin Endocrinol 
Metab 88, 3057–3063 (2003). 

79.  M. G. Spinelli, Neuroendocrine Effects on Mood. Reviews in Endocrine and Metabolic 
Disorders 6, 109–115 (2005). 

80.  E. W. Freeman, M. D. Sammel, D. W. Boorman, R. Zhang, Longitudinal Pattern of 
Depressive Symptoms Around Natural Menopause. JAMA Psychiatry 71, 36–43 (2014). 

81.  L. Pritschet, et al., Functional reorganization of brain networks across the human menstrual 
cycle. bioRxiv, 866913 (2019). 

82.  D. L. Korol, L. L. Kolo, Estrogen-induced changes in place and response learning in young 
adult female rats. Behavioral Neuroscience 116, 411–420 (2002). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 38 

83.  L. Zurkovsky, S. Brown, D. Korol, Estrogen modulates place learning through estrogen 
receptors in the hippocampus. Neurobiology of Learning and Memory 86, 336–343 (2006). 

84.  W. G. Brake, J. M. Lacasse, Sex differences in spatial navigation: the role of gonadal 
hormones. Current Opinion in Behavioral Sciences 23, 176–182 (2018). 

85.  E. Filevich, et al., Day2day: investigating daily variability of magnetic resonance imaging 
measures over half a year. BMC Neurosci 18, 65 (2017). 

 

  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 39 

 

 

 

 

Supplementary Information 
 

 

Progesterone shapes medial temporal lobe volume across human menstrual cycle  
 

Caitlin M. Taylor, Laura Pritschet, Rosanna Olsen, Evan Layher, Tyler Santander, 
Scott T. Grafton, & Emily G. Jacobs 

 

 

 

 

 

 

 

 

 

 

 

  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2020. ; https://doi.org/10.1101/2020.02.04.934141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.04.934141
http://creativecommons.org/licenses/by-nd/4.0/


 40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Supplementary Figure 1. Timeline of data collection for all 60 experimental sessions. Within 
each study, endocrine and MRI assessments were collected at the same time each day to minimize 
time-of-day effects. Note that between studies, scan start time was offset by ≤60 minutes due to 
scheduling constraints. Data collection procedures were identical across the 60 sessions. 
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Supplementary Figure 2. Head motion across the two 30-day experiments. Data reflect motion 
parameters from a functional scan acquired prior to the hippocampal T2 scan. A. During the natural 
cycle study, motion on days 1–8 was limited using ample head and neck padding. On days 9–30 
motion was limited using a molded headcase custom fit to the participant’s head. B. Motion 
parameters (framewise displacement, FWD) during the hormone suppression study. In both studies, 
movement parameters did not exceed 150 microns. 
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Supplementary Figure 3. Manual retouching of missing voxels. A. Example of original ASHS 
segmentation with missing/unlabeled voxels within the subiculum. B. Segmentation of subiculum 
after manual retouching. 
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Supplementary Figure 4. Sample anterior and posterior segmentations. Example of raw images 
and their segmentations from cycle days 7 and 13 (Phase 1 - low progesterone) and cycle day 20 
(Phase 2 - high progesterone). 
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Supplementary Figure 5. Progesterone and subregion volumes across a menstrual cycle. Time 
series for standardized progesterone values plotted versus standardized volumes within A. positively 
associated subregions, CA2/3 (R2adj = .33, p < .001) and parahippocampal cortex (R2adj = .38, p < 
.001), and standardized volumes within B. negatively associated subregions, entorhinal (R2adj = .38, 
p < .001) and perirhinal cortex (R2adj = .35, p < .001). PHC, parahippocampal cortex; ERC, 
entorhinal cortex; PRC, perirhinal cortex. 
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Behavior across Studies 1 and 2: 
Supplementary analysis of mood and affect 

 

Data acquisition for Studies 1 and 2 included daily assessments of mood, affect, and recognition 

memory (for a detailed description see (81). Here we present scores from Study 1 (Supp. Fig 

6A) and Study 2 (Supp. Fig 6B) in relation with progesterone levels. Across the natural cycle, 

increases in progesterone were associated with increases in negative mood (based on a composite 

index of the Profile of Mood States; r = .37, p = .04), with the strongest relationship between 

progesterone and depression sub-scores (r = .55, p = .001). No associations between sex 

hormones or MTL volume and recognition memory were observed. 

Supplementary Figure 6. Relationships between progesterone and mood/cognition. Bar plots 
display daily progesterone and behavioral assessments across both dense-sampling studies. Note 
that, in Study 1, recognition memory scores were acquired every other day. A. Progesterone 
fluctuations over the cycle were correlated with measures of anxiety (r=.36, p = .05), tension (r = 
.45, p = .013), depression (r =.55, p=.001), and confusion (r = .52, p = .003). B. Hormone-mood 
associations were not observed within the hormone suppression study, however daily depression 
scores were marginally lower during chronic hormone suppression compared to freely cycling (p = 
.044) while self-reported stress scores were higher (p = .008). * denotes p ≤ .05 
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Comparison of MTL variability by sex: 
Supplementary analysis of dense-sampling data in a male 

 

Background 

In 2011, Beery and Zucker (1) established the striking sex bias in biomedical research. Across 

most biomedical scientific disciplines, neuroscience chief among them, females are 

disproportionately excluded from preclinical research. One foundational argument for this 

exclusion is that the estrous cycle renders females too variable to include in research. This 

assumption failed empirical testing. Prendergast et al. (2) issued a report in mice showing that 

across 9,932 trait measurements taken from 293 independent articles, unstaged females were no 

more variable than males in any trait, and males showed higher overall trait variability. 

Though males and females are largely recruited in equal numbers in human brain 

imaging studies, the assumption of greater variability in females is still being used as 

justification for excluding females from certain investigations. To address this point head-on, we 

capitalized on existing data from two sources: a dense-sampling study in a male for which high 

resolution MTL imaging was available over a similar time-course (n = 30 days); and a large-

scale dataset assessing total hippocampal volume in men and women. 

Data from the densely-sampled male were used to determine the magnitude of total intra-

subject variability in MTL volume in the male relative to our densely-sampled female. Data from 

the population-based study were used to assess inter-subject variability by sex. Comparisons of 

variance confirmed few differences in overall intra-subject variability between sexes and greater 

inter-subject variability in males. Details of the companion datasets and supplementary analyses 

are provided below. 
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Determining Intra-Subject Variability by Sex 

To determine whether variability in MTL subregion volume across the menstrual cycle reflected 

intra-subject variability unique to females, we compared the variability of MTL subregion 

volumes reported here to that of a densely-sampled male. 

Male “Day2Day” Dataset 

Data from a male subject were acquired through the publicly available Day2Day dataset (3). For 

this dataset, eight participants (2 male, mean age 29 years, SD = 2.58, range 24–32) underwent 

MRI scanning on multiple (40-50) occasions over the course of 6-8 months. For this analysis, 

data from study subject 07 (male) was selected, since the participant had been scanned at least 30 

times (n = 43 scans). In order to match the session size with the female data reported in the main 

text, data from the first 30 scans were used. 

MRI Acquisition 

Scanning parameters are described in (3), and were similar to those reported here. 

Hippocampal Segmentation 

T1- and T2-weighted scans were submitted to the automatic segmentation of hippocampal 

subfields package (ASHS) as described in the main text. T2 scans and segmentations were 

visually examined using ITK-SNAP for quality assurance. No manual editing was conducted on 

the male segmentation data. 

Statistical Analysis 

All analyses were conducted in R (version 3.4.4). As no manual editing was conducted on the 

male data, statistical comparisons were conducted with unedited volumes from our dataset. To 

compare MTL subregion variance between our female and male data, we conducted F-tests on 

volumes within each MTL subregion. There was no significant difference in variance observed 
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in CA1 (F(1,29) = 0.828, p = .62), DG (F(1,29) = .485, p = .06), Sub (F(1,29) = 1.59, p = .22), PRC 

(F(1,29) = 1.95, p = .08) or PHC (F(1,29) = .524, p = .09). There were significant differences 

observed in CA2/3 (F(1,29) = 0.450, p = .04; M > F) and ERC (F(1,29) = 2.84, p < .01; F > M). For 

visualization of these comparisons, subregion volumes were mean-centered and plotted in R. 

(Supp. Fig. 7). 

 

 

 

 

 

 

 

 

 

 

 

 

Determining Inter-Subject Variability by Sex 

To determine whether variability in hippocampal volume differs significantly between males and 

females, we compared variance in total hippocampal volume using a large, population-based 

sample. 

Supplementary Figure 7. Intra-subject variability in MTL subregions volume by sex. Data 
depict female and male mean-centered MTL subregion volumes. Data derived from a dense-
sampling study in a male exhibit similar intra-subject variability in MTL volume compared to our 
densely-sampled female. Variance was highly similar for 5 of the 7 subregions. Greater variance in 
female subregion volume was observed in ERC, and greater variance in males was observed in PHC. 
*p < .05, **p < .01 
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Human Connectome Project Data 

Data were acquired through the publicly available Human Connectome Project (4) Young Adult 

dataset (S1200 Data Release, n = 508 males, 606 females with imaging data; aged 22–35). For 

this analysis, preprocessed structural data were used (5), specifically whole hippocampal 

volumes (6).  

Statistical Analysis 

All analyses were conducted in R (version 3.4.4). To account for differences in brain size 

between males and females, participants’ hippocampal volumes (average of left and right) were 

divided by total brain volume (sum of total gray and white matter volumes). An F-test was 

performed to compare variance in TBV-corrected hippocampal volumes between males and 

females. There was no difference in inter-subject variability in hippocampal volume between 

males and females (F(1,605) = 1.04, p = .65). For visualization of this comparison, TBV-corrected 

hippocampal volumes were mean-centered and plotted in R. (Supp. Fig. 8). 

  

Supplementary Figure 8. Inter-subject 
variability in hippocampal volume by 
sex. Cross-sectional data from a large 
population cohort (n=1114; Human 
Connectome Project Young Adult, S1200 
Data Release) show that inter-subject 
variability in hippocampal volume 
(adjusted for total brain volume) is not 
different between males and females. 
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Conclusions 

In summary, overall intrasubject variability in MTL subregion volume is largely similar between 

sexes. Further, data derived from a large population cohort (n = 1113) indicate that intersubject 

variability in hippocampal volume may be larger in males than females. Together, these findings 

indicate that fluctuations in progesterone shape MTL volume over time, however this variability 

is on par with the variability observed in males. 
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