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Abstract

There is substantial evidence that the ovarian sex hormones, estrogen and progesterone, which 

vary considerably over the course of the human female lifetime, contribute to changes in brain 

structure and function. This structured, quantitative literature reviews aims to summarize 

neuroimaging literature addressing physiological variation in brain macro- and microstructure 

across an array of hormonal transitions including the menstrual cycle, use of hormonal 

contraceptives, pregnancy, and menopause. Twenty-five studies reporting structural neuroimaging 

of women, addressing variation across hormonal states, were identified from a structured search of 

PUBMED and were systematically reviewed. Although the studies are heterogenous with regard to 

methodology, overall the results point to overlapping areas of hormone related effects on brain 

structure particularly affecting the structures of the limbic system. These findings are in keeping 

with functional data that point to a role for estrogen and progesterone in mediating emotional 

processing.
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Introduction

Across the lifespan, women transition sequentially through states modulated by relative 

levels of the ovarian sex hormones, estrogen and progesterone. These include the pre-

pubertal years, menarche, menstruation, pregnancy, lactation, and menopause. Additionally, 
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exogenous sex hormones, including hormonal contraceptives and hormone replacement 

therapy (HRT), may further modify normal hormonal states. Time courses of hormone level 

fluctuation include higher frequency effects such as the menstrual cycle or oral contraceptive 

pill (OCP) use, as well as lower frequency effects that span many years, such as menopause 

or long-lasting hormonal birth control methods such as progesterone implants (e.g. 

Nexplanon) (Fig. 1).

It is important to characterize and account for natural physiological variation to distinguish it 

from pathology. The impact of cyclical variation of endogenous or exogenous hormones on 

brain structure and function may also introduce bias to studies comparing men and women 

or different groups of women. This effect may be direct, such as hormone-mediated 

modulation of gene transcription in central nervous system (CNS) cells, or indirect, through 

the enhancement or mitigation of systemic processes that affect brain structure and function, 

such as inflammation. The impact of ovarian sex hormones on the female brain is an 

important area of ongoing investigation.

Functional neuroimaging has been employed to assess the impact of ovarian sex hormones 

on cortical function in healthy female animals (Chen et al. 2009), healthy women (Dreher et 

al. 2007; Schoning et al. 2007), and in human disease states such as premenstrual dysphoric 

disorder (PMDD) (Poromaa 2014; Protopopescu et al. 2008b). Functional, but not structural, 

imaging studies of women across hormonal transitions have recently been extensively 

reviewed (Peper et al. 2011; Sacher et al. 2013; Toffoletto et al. 2014), and will therefore 

provide context, but not be the focus of this review. Brain areas exhibiting hormone-related 

functional effects are diverse, but tend to show a concentration of putatively hormone-

mediated functional changes in areas related to emotional processing, memory, and 

cognition.

Given the short time course over which ovarian sex hormones fluctuate, it might seem that 

the changes detectable by neuroimaging would be purely functional in nature. Since brain 

networks underlying behavior depend on structural network connections, functional 

neuroimaging effects related to changes in behavior implicate underlying changes in the 

structural components of brain networks: network nodes (grey matter, GM) and network 

connections (white matter, WM). In other contexts, neuroimaging has demonstrated rapid 

changes in both brain function and structure in response to extrinsic stimuli. For example, 

both brain macro- and microstructure are enhanced following motor training. Novice 

jugglers exhibit increases in GM volume and in WM anisotropy over 3 months of training, 

which regress to baseline after cessation of practice (Draganski et al. 2004; Scholz et al. 

2009).

Multiple studies, in fact, support the notion that structural foundations underlay the 

functional alterations associated with hormonal fluctuations in healthy women. However, 

these studies of structural plasticity have not been comprehensively synthesized or integrated 

with knowledge from functional imaging studies to identify salient insights regarding the 

impact of the ovarian sex hormones on the brain. This structured literature review aims to 

summarize macro- and microstructural changes associated with different hormonal states 

and transitions across the female lifespan.
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Background

Endocrinology of endogenous and exogenous ovarian sex hormones

Estrogen and progesterone are steroid hormones derived from enzymatic modifications of 

cholesterol. In women, production of estrogen and progesterone occurs primarily in the 

ovary, but also in the adrenal gland, and at other locations, such as adipose tissue. The 

gonadotropins, follicle stimulating hormone (FSH) and luteinizing hormone (LH), modulate 

ovarian sex hormone synthesis and secretion. FSH and LH are thus released from the 

pituitary gland under CNS control, mediated predominantly by the hypothalamus, which is 

in turn extensively connected to other CNS areas.

Different stages of the female lifespan may be characterized according to the relative levels 

of the ovarian sex hormones (Fig. 1). Estrogen and progesterone levels are low throughout 

childhood, but increase dramatically at the onset of puberty under the influence of pulsatile 

gonadotropin release from the pituitary (Gillies and McArthur 2010). This process typically 

leads to the onset of regular menstrual cycling, divided into two phases: the follicular phase 

when serum levels of estrogen are high and progesterone low, and the luteal phase, during 

which the progesterone level is high relative to the estrogen level (Abraham et al. 1972). The 

late luteal phase is associated with a spectrum of premenstrual symptoms including 

headaches, abdominal bloating, cramping, breast tenderness, weight changes, irritability, 

decreased concentration, depression, and anxiety (Biggs and Demuth 2011). The two major 

biologically active estrogens in non-pregnant women are estrone and estradiol, while 

pregnant women also produce significant quantities estriol (Torrealday et al. 2000). Estradiol 

circulates at higher concentrations and has greater biological potency than estrone (Blaustein 

2008; Gillies and McArthur 2010).

Combined estrogen/progesterone OCP most commonly create daily spikes in estrogen and 

progesterone levels over a three-week period (active pill phase), followed by a period of low 

estrogen and progesterone levels during a week when no hormones are administered 

(inactive pill phase). This “placebo week” is comparable to the early follicular phase of the 

normal menstrual cycle in terms of serum hormone levels (De Bondt et al. 2013a). The 

predominant form of estrogen comprising OCP is ethinyl estradiol (EE), rather than the 

endogenously produced estradiol (Stanczyk et al. 2013). Combination birth control pills—

those that contain both EE as well as a progestin—may be administered with different 

cyclical patterns, termed monophasic, biphasic, triphasic, or multiphasic, based on the 

degree of variation in the magnitude of the estrogen and progesterone dose across the cycle. 

Other hormonal methods of birth control alternate modes of delivery for a combination of 

estrogen and progesterone (transdermal patch, intravaginal ring), progesterone-only methods 

(pills, injections, intradermal implants) and the hormone eluting intra-uterine device (IUD).

During pregnancy, both estrogen and progesterone increase steadily across the three 

trimesters and then return rapidly to baseline following parturition (Torrealday et al. 2000). 

During the postpartum phase, the estrogen level is relatively low, a fact that has been 

implicated in the pathophysiology of postpartum depression (Skalkidou et al. 2012). The 

typically high prolactin level present during lactation suppresses the release of 

Catenaccio et al. Page 3

Brain Struct Funct. Author manuscript; available in PMC 2017 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gonadotropin-releasing hormone (GnRH), the synthesis of estrogen and progesterone, and 

ovulation (Heinrichs et al. 2001).

During the years preceding menopause, the progesterone level declines more quickly than 

estrogen. Finally, menopause ultimately results in a permanent decline in the levels of both 

estrogen and progesterone. Symptoms of menopause are associated with low levels of 

estrogen. Hence, estrogen supplementation (HRT) has been used to treat symptoms and 

physiological consequences of menopause including vasomotor symptoms (hot flashes) and 

decreased bone mineral density (Soares and Frey 2010).

Neurosteroids

Various types of steroid hormones are synthesized in multiple organs as well as within the 

CNS, either from serum precursors or de novo. Due to their lipophilic properties both 

estrogen and progesterone, cross the blood brain barrier (Banks 2012). They may either exert 

their effects directly or undergo further modifications. Within the CNS, a potent neuroactive 

metabolite of progesterone is 3-alpha, 5-alpha-TH-progesterone, also called 

allopregnanolone (ALLO), which directly modulates gamma-aminobutyric acid type A 

(GABA-A) receptors affecting neuronal and glial excitability (Pluchino et al. 2006). 

Additionally, levels of peripheral ovarian sex hormones are known to affect de novo 

neurosteroidgenesis within the CNS (Pluchino et al. 2013). ALLO concentrations, for 

example, vary with estrus phase in rodents (Palumbo et al. 1995). Synthetic progestins, such 

as those used in hormonal birth control, frequently are not metabolized to ALLO (Herson et 

al. 2009) and may therefore be less neuroactive (Pluchino et al. 2006).

The limbic system

Studies of the effects of ovarian sex hormones on brain structure and function have 

frequently focused on components of the limbic system (Fig. 2). In rodents, limbic structures 

are crucial for sexual behavior. For example, the male rat amygdala mediates sexual arousal 

(Kondo et al. 1997), while the female rat hypothalamus coordinates lordosis (back-arching) 

behavior which indicates sexual receptivity (Cooke and Woolley 2005). In humans, the 

limbic system comprises an extended set of structures including both subcortical regions 

(olfactory bulb, thalamus, hypothalamus, amygdala, mammillary bodies, nucleus 

accumbens, and septum) and cortical regions (hippocampal formation, parahippocampal 

gyrus, insula, orbitofrontal cortex (OFC), medial prefrontal cortex (PFC) and cingulate 

gyrus) (Braun 2011). These areas mediate reproductive function and neuroendocrine 

homeostasis (hypothalamus), as well as a diverse set of additional functions, including 

memory (hippocampal formation) and emotional processing (amygdala, nucleus 

accumbens). The OFC and other prefrontal regions provide top-down modulation of limbic 

system function and are involved in emotional learning and decision-making (Protopopescu 

et al. 2005; Rolls 2000). Many of the symptoms associated with menstrual cycling represent 

impairments of these functions including irritability, impulsivity, decreased concentration, 

anger, and anxiety (Biggs and Demuth 2011).

Several white matter tracts link the diverse structures comprising the limbic system, which 

can be considered as nodes on a “limbic network”. The fornix projects from the 
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hippocampus, to the mammillary bodies, anterior thalamic nuclei, nucleus accumbens, 

septum, and hypothalamus; the uncinate fasciculus projects from the anterior temporal lobe 

to the OFC;1 the cingulum projects from the amgydala and the parahippocampal gyrus to the 

OFC; and the anterior thalamic radiations project from the thalamus to the OFC and anterior 

cingulate cortex (ACC) (Catani et al. 2013). Through these complex connections the limbic 

system components modulate hypothalamic and pituitary function and hormonal state 

(Harris 1970; Herman et al. 2005).

CNS receptors for progesterone

The classic nuclear receptor for progesterone has been localized in the rat brain to the frontal 

cortex, hypothalamus, thalamus, amygdala, hippocampus and cerebellum as well as other 

areas (Brinton et al. 2008; Pluchino et al. 2006). Additionally, a transmembrane G-protein-

coupled receptor (GPCR) for progesterone is widely distributed in the CNS (Brinton et al. 

2008). Progesterone receptor distribution is sexually dimorphic and is responsive to 

variations in estrogen and progesterone levels in female and, to a lesser extent, male rats 

(Guerra-Araiza et al. 2002).

CNS receptors for estrogen

Estrogen receptors (ERs) in the CNS include the classic nuclear ER-alpha and ER-beta 

nuclear receptors as well as a GPCR that inserts into the plasma membrane (Srivastava et al. 

2013). Areas in the rat brain showing the highest concentrations of ER messenger 

ribonucleic acid (mRNA) expression include the amygdala, septum, thalamus, 

hypothalamus, and the dentate nucleus of the cerebellum (Simerly et al. 1990). Studies in 

both animals and humans demonstrate expression of ER-alpha in the ventromedial nucleus 

of the hypothalamus and amygdala, and expression of both ER-alpha and ER–beta at high 

concentrations in the hippocampus, with ER-beta expression dominating in the subiculum 

[for review see (Gillies and McArthur 2010)]. Although there are sex differences in ER 

concentration in the hypothalamus (Kruijver et al. 2002), overall both classic nuclear ERs 

are similarly widely distributed throughout the rest of the brain in adult males and females 

(Gillies and McArthur 2010). Aromatase, the enzyme responsible for aromatizing androgens 

to estrogens in estrogen biosynthesis, is expressed both pre- and post-synaptically in CNS 

neurons suggesting that neuroactive forms of estrogen may act as neuromodulators at the 

synapse (Srivastava et al. 2013).

Given the range of sites at which ovarian sex hormones may be neuroactive, both 

progesterone and estrogen are poised to induce and modulate neuroplasticity, thereby 

influencing neuroendocrine states, emotional processing, learning, and memory, among 

other domains. These effects, described below, lead to modification of CNS structure 

through both classic genomic and non-genomic (membrane-based, synaptic) signaling and 

across a spectrum of time scales ranging from seconds to days.

1Despite the relatively late maturation of the uncinate fasciculus, a review of DTI imaging examining the uncinate fasciculus across 
the lifespan did not identify sex differences in white matter microstructure (Hasan et al. 2009). This is at least suggestive that there 
may not be a robust relationship between myelination of this structure and the sex hormones.
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Mechanisms of ovarian sex hormone modulation of structural neuroplasticity

Changes in brain structure occur through a variety of mechanisms and across a range of 

scales that can affect GM, WM, and/or extra-neuronal tissue. Volumetric changes in GM 

may represent axon sprouting, dendritic branching, synaptogenesis, neurogenesis, 

myelination or changes in neural morphology (Zatorre et al. 2012). The relative 

contributions of these different mechanisms to volumetric changes will vary with 

developmental stage and brain region—e.g. neurogenesis is well characterized in the 

hippocampus (Eriksson et al. 1998), but its contribution in other areas remains uncertain and 

controversial. In WM, changes may occur in axon fiber number, density, diameter, 

branching, and myelination (Zatorre et al. 2012). Uniquely to humans compared to other 

mammals, volume changes in WM may also reflect plasticity of interstitial neuronal cell 

bodies located in cerebral WM that persist beyond the completion of embryonic brain 

development (Meyer et al. 1992). Inferences drawn from pre-clinical or animal models and 

applied to non-invasive imaging techniques in humans may thus be challenging. Changes in 

structures that are composed of a mixture of GM and WM, such as the thalamus and basal 

ganglia, will be driven by both sets of mechanisms. Extra-neuronal tissue changes may 

represent angiogenesis or glial cell proliferation or growth. Each of these mechanisms has 

differential effects on magnetic resonance imaging (MRI) signal intensity—for example, 

myelination affects lipid content and thus relaxation times (Laule et al. 2006) and increases 

fractional anisotropy (FA) by creating barriers to water diffusion perpendicular to the fiber 

orientation.

Historically, the effects of sex steroids on brain development and function were divided into 

permanent organizational/structural effects early in development and transient activational/

functional effects that continued after brain maturation (Arnold and Gorski 1984; Phoenix et 

al. 1959). A wealth of animal studies in the 1960s and 1970s investigated the effects of 

prenatal testosterone and estradiol exposure on adult CNS structure and sexual behaviors 

and characterized the locations, timing, and molecular mechanisms of steroid hormone 

effects (Breedlove and Arnold 1980; Lieberburg and McEwen 1975; McEwen et al. 1975) 

[for review see (Arnold and Gorski 1984; McEwen et al. 2015)]. Eventually, evidence 

accumulated supporting the presence of ongoing organizational/structural effects of sex 

steroid hormones long into adult life.

In mammalian adulthood, the ovarian sex hormones are thought to induce neuroplasticity in 

the CNS primarily by modulating dendritic spine and synapse density in areas such as the 

hippocampus, hypothalamus, nucleus accumbens, and amygdala (Cooke and Woolley 2005; 

Micevych and Christensen 2012). This plasticity may also have important consequences for 

WM volume, such as enhancement of myelination. Over the course of the five-day estrous 

cycle in rats, lower serum levels of estradiol are correlated with lower hippocampal synapse 

density and higher serum estradiol levels with higher hippocampal synapse density (Woolley 

and McEwen 1992). Significant changes in synapse density may occur over as little as a 24-

h period. These fluctuations may correspond to hippocampal volume variation over the 

estrous cycle visualized by MRI (Qiu et al. 2013). In the rat hypothalamus, specifically the 

ventromedial nucleus, estrogen positively modulates dendritic spine density of hypothalamic 

neurons (Madeira et al. 2001). In the ventrolateral subdivision of the ventromedial nucleus, 
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dendritic spine density doubles during the proestrus phase (high estrogen) compared to 

diestrus (low estrogen). Changes in dendritic spine density in this region were accompanied 

by increases in dendrite length and terminal branch number. The effects of estradiol on spine 

density in the hypothalamus are mediated by a GPCR, the metabotropic glutamate receptor 

1a (Christensen et al. 2011). In the nucleus accumbens estradiol exposure decreases 

dendritic spine density, similarly via a GPCR, the metabotropic glutamate receptor subtype 

five (Peterson et al. 2015).

Although the literature on sex steroid mediated structural plasticity in the rat amygdala has 

focused on male rats, it is worth noting that, at least in the amygdala, the effects of 

androgens are mediated by ERs; androgens are converted to estradiol by aromatase 

expressed by amygdala neurons (Cooke et al. 2003; Cooke and Woolley 2005). Additionally, 

exposure to both estradiol and testosterone increase cell proliferation in the medial portion 

of the amygdala of castrated meadow voles, but exposure to a non-aromatizable androgen 

does not (Fowler et al. 2003). In the adult rat brain, androgens have a trophic effect on cell 

size rather than cell number (Cooke et al. 1999).

The mechanisms of progesterone-mediated neuroplasticity have been less extensively 

characterized, but experimental treatment of rat cortical neurons with progesterone and 

synthetic progestin has similarly been shown to increase dendritic spine number and density 

(Sanchez et al. 2013). Additionally, progesterone has been implicated as a potent 

neuroprotectant that reduces inflammation and restores blood–brain-barrier function in 

response to a wide variety of insults including traumatic brain injury and cerebral ischemia 

(Herson et al. 2009).

Structural neuroimaging

MRI and computed tomography (CT) both non-invasively delineate brain structure and have 

been used to quantify brain volume in both normal individuals and disease states (Dastidar et 

al. 1999; Lai 2013). Neuroimaging methods for quantifying regional brain volumes can be 

divided into three broad categories: manual, semi-automated, and fully automated 

segmentation/parcellation methods. Manual parcellation requires segmentation of brain 

regions, based on anatomic landmarks, by an expert rater. This approach is, in expert hands, 

considered the gold standard, but is extremely labor intensive, demands specific 

neuroanatomical knowledge, and requires validation to demonstrate adequate intra- and 

inter-rater reliability (Bergouignan et al. 2009). Semi-automated and fully automated 

segmentation methods can reduce the burden of manual parcellation, but are subject to 

limitations of the tissue segmentation and image registration techniques they depend on. 

Additionally, these techniques are computationally intensive and statistically complex.

Voxel-based morphometry (VBM) is one fully automated technique designed to support 

inferences regarding group-level variation of brain structure. Measurements made by VBM 

correlate well with manual parcellation (Davies et al. 2009). VBM, however, is not a truly 

quantitative technique, as it does not directly measure volume. In VBM, a series of statistical 

tests are performed, comparing signal intensity across all image voxels of the T1-weighted 

MRI volumes of multiple subjects. Because GM, WM, and cerebrospinal fluid (CSF) exhibit 

distinct signal intensities, contrast differences between groups of subjects can be leveraged 
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to infer, but not to actually quantify, the location of volume differences (Ashburner and 

Friston 2000). Images from all subjects are spatially normalized (or registered) either to a 

published or custom template brain volume, segmented by tissue class (GM, WM, CSF), and 

scaled to correct for changes in tissue volume during spatial normalization (modulation). 

Finally, smoothing is performed, a process that replaces the intensity of a voxel with an 

average of the intensities of a neighborhood of voxels, thereby improving the signal-to-noise 

ratio and moderating variance induced by the spatial transformation procedures. Global 

VBM is useful in that it is unbiased and operator-independent. However, hypothesis-driven 

region of interest (ROI) analyses are more sensitive than whole brain-comparisons and many 

studies using VBM take both approaches (Bergouignan et al. 2009). ROIs may be delineated 

in an operator-independent fashion, based on published atlases of brain structures. 

Interpreting the results of VBM across multiple studies may be challenging because of 

potential variability in the image processing steps and in statistical analyses including 

correction for multiple comparisons (Whitwell 2009).

The issue of type I error is particularly important in whole brain analyses because of the 

sheer number of statistical tests performed and appropriate correction for multiple 

comparisons is necessary. Some potential approaches include the Bonferroni correction, 

false discovery rate (FDR) estimation and family-wise error rate correction. However, 

because VBM is frequently performed on small samples, many studies report results both 

before (uncorrected) and after accounting for multiple comparisons (Ridgway et al. 2008). 

Additionally, while VBM provides information about alterations of tissue volume, its results 

do not address underlying mechanisms of volume change.

Methods

We developed a search strategy in consultation with a research librarian and utilized both 

medical subject headings (MeSH) terms and keywords in article titles/abstracts in 

PUBMED. Terms and keywords searched included “menstrual cycle”, “hormonal 

contraception”, “pregnancy”, “menopause”, “neuroimaging”, “magnetic resonance 

imaging”, “diffusion weighted imaging”, “diffusion tensor imaging”, “brain”, and relevant 

variations and abbreviations. Functional MRI (fMRI) studies have been reviewed recently 

and were not included (Sacher et al. 2013; Toffoletto et al. 2014). A total of 532 unique 

citations were identified and reviewed. Off-target studies were eliminated on the basis of the 

following exclusion criteria: papers with use of non-structural imaging techniques (fMRI, 

electroencephalography, magnetoencephalography, positron emission tomography), papers 

with a focus on HRT or a focus on diseases other than PMDD, premenstrual-syndrome 

(PMS) or primary dysmenorrhea (PD), reviews, case reports, case series, editorials, 

abstracts, or posters. This process yielded 20 relevant papers. Five additional papers were 

identified from the cited articles’ references and using the “cited by” feature in the Web of 

Science database. We included studies that examined the pituitary gland because, although it 

is not part of CNS, it acts a key hormonal bridge between the brain and the body and directly 

modulates sex hormone production under the influence of both centrally and peripherally 

originating signals.

Catenaccio et al. Page 8

Brain Struct Funct. Author manuscript; available in PMC 2017 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A structured review of each study was performed to extract methodological details across a 

predefined set of parameters including imaging modality, experimental design, control group 

assignment, method for assessing menstrual cycle phase, image analysis method, and areas 

of brain examined (Table 1). Where criteria were not clearly reported (1 study), attempts 

were made to reach authors for clarification, but were not answered.

Results and discussion

Papers included

Of the 25 papers we identified: 14 papers examined structural brain changes associated with 

natural menstrual cycling and use of hormonal birth control (Baroncini et al. 2010; De Bondt 

et al. 2013a, b; Grant et al. 1988; Hagemann et al. 2011; Lisofsky et al. 2015b; Ossewaarde 

et al. 2013; Pletzer et al. 2010, 2015; Protopopescu et al. 2008a; Teasdale et al. 1988; Tu et 

al. 2010, 2013; Witte et al. 2010), seven examined structural brain changes associated with 

pregnancy and the postpartum period (Dinc et al. 1998; Elster et al. 1991; Gonzalez et al. 

1988; Hinshaw et al. 1984; Kim et al. 2010; Miki et al. 2005; Oatridge et al. 2002), 3 papers 

examined structural brain changes associated with the menopause transition (Goto et al. 

2011a, b; Sullivan et al. 2005), and 1 paper examined structural pituitary changes across 

multiple categories (Grams et al. 2010). We identified instances where study subjects were 

included across two publications: Teasdale et al. (1988) and Grant et al. (1988), Goto et al. 

(2011a, b), and De Bondt et al. (2013a, b). Reporting of subject overlap was unclear between 

two studies by Tu et al. (2010), (2013), but the authors did not respond to requests for 

clarification. The total number of unique subjects across all studies was approximately 1321, 

with 383 male subjects and 938 female subjects. Subjects’ ages ranged from 18 to 85.

Studies’ sample, measurement and design characteristics

Results of the structured assessment of study methods are presented in Table 1. Timing of 

MRI scans during the menstrual cycle or OCP cycle varied considerably across studies and 

is depicted along with estimated relative serum hormone levels in Fig. 1. Additionally, use of 

menstrual cycle terminology was inconsistent across studies. For clarity, the following terms 

will be used to describe an idealized 28 day menstrual cycle with menses beginning on day 

one: follicular (days 1–14), luteal (days 15–28). The following phases are also included 

because they are frequently used comparatively in the reviewed studies: menstrual (days 1–

7), periovulatory (days 12–16) and premenstrual (days 24–28). For OCP, the first 3 weeks 

during which hormonally active pills are administered will be referred to as the “active pill 

phase” while the remaining week of placebo pills or skipped doses will be referred to as the 

“inactive pill phase”. These phase designations are indicated in Fig. 1.

Of those studies including menstruating women, two assessed patients with PD (Tu et al. 

2010, 2013), and one study enrolled both healthy women and patients with PMDD so as to 

include a range of menstrual symptoms (Protopopescu et al. 2008a). Menopause status, for 

papers addressing this transition, was usually assigned based on participant age (probable 

menopause status) or self-report; no studies determined menopause based on hormone 

levels. Sullivan et al. (2005) did not report the proportion of pre- vs. post-menopausal 

women in their sample. Of the four papers that enrolled pregnant patients, only one 
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described how patients were assigned to gestational age groups, employing a consensus 

approach based on menstrual dating and ultrasound (Gonzalez et al. 1988).

Almost all studies employed volumetric structural MRI and compared the same subjects 

across two hormones states (e.g. follicular phase versus luteal phase or menstrual phase 

versus peri-ovulatory phase). Findings of these studies are summarized separately for each 

hormonal phase comparison (Tables 2, 3, 4, 5) and discussed in detail below. Only three 

studies employed any type of diffusion MRI (Baroncini et al. 2010; De Bondt et al. 2013b; 

Lisofsky et al. 2015b). Four studies reported associations of imaging measures with serum 

hormone levels (De Bondt et al. 2013a, b; Hagemann et al. 2011; Lisofsky et al. 2015b; 

Witte et al. 2010). These findings are summarized in Table 6. Seven studies examined the 

relationship between GM volume and either cognitive or affective changes in participants 

(Kim et al. 2010; Lisofsky et al. 2015b; Ossewaarde et al. 2013; Pletzer et al. 2015; 

Protopopescu et al. 2008a; Tu et al. 2010, 2013). These findings are discussed in the section 

“(Structure–function relationships in brain areas affected by ovarian sex hormones)”.

Menstrual cycle

Global brain changes identified over the course of the menstrual cycle include variation in 

brain size, total CSF volume, and total GM volume. Hagemann et al. (2011) used automated 

segmentation to partition images into GM, WM, and CSF and then summed the number of 

voxels for each tissue compartment to calculate total tissue volumes at three different points 

in the menstrual cycle (menstrual, peri-ovulatory, and luteal). No differences were found in 

total GM volume between the menstrual and luteal phases, a result supported by those of 

Pletzer et al. (2010). Lisofsky et al. (2015b), who focused on hippocampal volume changes, 

did not report on total GM, WM, or CSF volume changes across the four time points at 

which they scanned subjects. Additionally, Hagemann et al. did not find differences between 

menstrual and luteal phases in WM or CSF volume. However, there was a statistically 

significant 1.81 % increase in GM volume and a corresponding 4.4 % decrease in CSF 

volume between the luteal and peri-ovulatory phases with no change in WM volume. The 

increase in brain volume is generally consistent with the results of Grant et al. (1988) and 

Teasdale et al. (1988) who similarly found lesser CSF volume (mean decrease of 11.3 %) 

during the peri-ovulatory phase compared to the pre-menstrual phase. Since Grant and 

Teasdale did not report on changes in GM or WM, however, it is not possible to infer 

whether the implicit change in tissue volume is exclusively due to GM volume increase as 

found by Hagemann et al. A follow up analysis by the same authors as Hagemann et al. 

demonstrated that the peri-ovulatory increase in total GM could have a significant impact on 

estimates of brain age that model normal age related brain atrophy with women appearing to 

be younger at time of ovulation (Franke et al. 2015).

Structural plasticity has also been localized to specific brain regions. Areas that exhibit 

follicular/luteal structural plasticity include hippocampus, the parahippocampal gyrus, the 

fusiform gyrus, the cingulate cortex (in particular, ACC), the insula, the middle frontal 

gyrus, the thalamus and the cerebellum. Overall, estrogen seems to have a trophic effect on 

the hippocampus. Protopopescu et al. (2008a) identified lower volume in the right anterior 

hippocampus during the pre-menstrual (luteal) phase. The association of lesser hippocampal 

Catenaccio et al. Page 10

Brain Struct Funct. Author manuscript; available in PMC 2017 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



volume with the low-estrogen luteal phase is consistent with findings in rodents that identify 

decreases in hippocampal spine density associated with declining estrogen levels during the 

low estrogen estrus phase (Woolley and McEwen 1992). Lisofsky et al. specifically 

examined the relationship between serum estrogen and hippocampal volume by comparing 

volume during the late follicular phase (high estrogen) to the menstrual phase (low 

estrogen), thereby minimizing the potentially confounding effects of progesterone. Lisofsky 

et al. found regions of significantly increased volume in the posterior portions of both right 

and left hippocampi during the late follicular phase. Furthermore, in these regions, greater 

GM volume was associated with lower mean diffusivity (MD) in the same region—lower 

MD is associated with higher GM density that restricts the free diffusion of water. As 

discussed above, higher GM density may be the result of increases in dendritic spines and 

synapses.

Both Pletzer et al. and Protopopescu et al. identified lower volume in the right 

parahippocampal/fusiform gyrus during the progesterone dominated pre-menstrual (luteal) 

phase compared with the estrogen dominated follicular phase. De Bondt et al. (2013a) found 

that fusiform gyrus volume during the luteal phase was smaller in women with higher serum 

progesterone levels, an apparent extension of the effect observed by Pletzer et al. and 

Protopopescu et al. During the follicular phase, however, fusiform volume trended positively 

with serum progesterone, but negatively with serum estrogen levels. Lisofsky et al. identified 

a follicular increase in parahippocampal volume on the left side and a positive correlation 

between left hippocampal/parahippocampal volume and serum estrogen levels.

Three studies identified changes to the middle frontal gyrus—De Bondt et al. on the left, and 

Protopopescu et al., and Lisofsky et al. on the right. Both De Bondt et al. and Protopopescu 

et al. identified greater GM volume during the follicular phase compared with the luteal 

phase. Lisofsky et al. identified a positive correlation between serum estradiol levels and left 

middle frontal gyrus volume. Two studies—De Bondt et al. and Lisofsky et al.—discovered 

increased GM volume of the insula during the follicular phase but in opposite hemispheres.

Other areas including the cingulate gyrus, ACC, amygdala, thalamus, cerebellum, and 

parietal and temporal cortical areas also exhibit follicular vs. luteal structural differences, but 

these locations have each been reported in individual studies only. De Bondt et al. identified 

decreased ACC volume in the mid-luteal phase compared with the early follicular phase. 

Moreover, across subjects ACC volume was negatively correlated with serum estradiol 

concentration during the luteal phase. Ossewaarde et al. (2013) identified luteal phase 

increases in left amygdala volume, a finding in keeping with evidence from animals (Cooke 

2006; Cooke et al. 2003; Cooke and Woolley 2005; Fan et al. 2008). Witte et al. (2010), 

studying women in the mid-follicular phase, found that higher serum estradiol is associated 

with greater GM volume in the left superior parietal lobule and that higher serum 

progesterone is associated with lower GM volume in the right temporal pole. Ossewaarde et 

al. found increased GM in the left superior parietal lobule during the luteal phase—as Witte 

et al. did not image subjects during the luteal phase, it cannot be determined if the results of 

these two studies are in conflict. De Bondt et al. also investigated the association of GM 

volume with serum hormone levels, but did not detect similar structural variations. 

Inconsistencies between the results reported by Witte et al. and De Bondt et al. may be 
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attributed to slight differences in the timing of imaging during the follicular phase; De Bondt 

et al. imaged subjects during the early follicular phase, when both estrogen and progesterone 

levels are low, while Witte et al. imaged subjects during the mid-follicular phase when 

estrogen rises rapidly. Alternatively, results of the studies may differ because the design of 

Witte et al. included comparison to men, whereas De Bondt et al. did not.

Two papers by Tu et al. (2010, 2013) report on peri-ovulatory vs. menstrual phase effects 

and specifically examine the trait- and state-dependent effects of PD. The first paper 

compares women with PD to healthy controls in the pain-free peri-ovulatory phase. Women 

with PD exhibit higher GM volume in areas related to endocrine function (hypothalamus) 

and emotional processing (parahippocampus and ACC), and lower GM volume in areas 

related to pain transmission and sensory processing (insula) and in areas that regulate 

affective responses to negative stimuli (medial PFC). Unlike most changes associated with 

the menstrual cycle, which revert to baseline over the course of the cycle, the signature brain 

volumetric changes of PD persist throughout the pain-free peri-ovulatory period. The 

enduring nature of the structural changes associated with PD distinguishes the disorder as an 

entity beyond the normal spectrum of PMS and menstrual symptoms. Although the 

volumetric changes could be attributed to the effects of chronic cyclic pain rather than purely 

to the effects of hormone variability, they are likely mediated at least in part by estrogen and 

progesterone. As discussed by the authors, PD has been associated with increased estrogen 

levels during the later stages of the menstrual cycle (Ylikorkala et al. 1979), and with 

menstrual cramping due to increased estrogen-mediated prostaglandin synthesis (Ham et al. 

1975).

Tu et al. next examined state-dependent structural changes within the same ROIs identified 

above, but comparing the pain-free peri-ovulatory phase with the symptomatic menstrual 

phase. During menses, PD patients exhibit increased GM in the medial OFC and 

hypothalamus and decreased GM in the secondary somatosensory cortex and ACC, 

compared to the period surrounding ovulation. In the control subjects, no changes were 

found in global GM volume or in regional volume of the ROIs. This is in contrast to the 

study by Hagemann et al. that found total GM volume to increase in the peri-ovulatory 

compared to the menstrual phase and to the study by Lisofsky et al. which identified 

regional changes between the peri-ovulatory and menstrual phases in the right insula, 

bilateral inferior parietal lobes, bilateral posterior hippocampi, bilateral thalami, and right 

cerebellum. Notwithstanding the divergent nature of some findings, the unique structural 

changes associated with PD support the phenomenon of rapid neuroplasticity in association 

with a time-limited stimulus (1–3 days of menstrual cramping pain).

No menstrual cycle dependent effects were found on pituitary size (Grams et al. 2010). As 

pituitary size did not change in response to menstrual fluctuations in estrogen, the degree of 

hormone variation may need to be quite large in order for pituitary size to be affected in a 

detectable way. During puberty, for example, when there is a rapid and substantial increase 

in ovarian sex hormones and testosterone, the pituitary gland also experiences a 

physiological volume increase (Wong et al. 2014).
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Hormonal contraceptives

Global brain changes have not been identified between menstrual cycling women and OCP 

users, despite assessments of CSF volume (Grant et al. 1988; Teasdale et al. 1988) and total 

GM volume (De Bondt et al. 2013a; Pletzer et al. 2010, 2015). Even when different 

formulations of OCPs have been considered (i.e. androgenic vs. anti-androgenic), no total 

GM volume differences between menstrual cycling women and OCP users were detected 

(Pletzer et al. 2015).

Despite the lack of global differences, structural differences have been identified in specific 

brain regions between menstrual cycling women and OCP users. Pletzer et al. (2010) 

identified greater GM volume in the PFC, ACC, parahippocampal and fusiform gyri, and 

cerebellum in OCP users compared to menstrual cycling women. De Bondt et al. (2013a) 

similarly identified GM volume effects in the fusiform gyri and ACC and an additional 

finding in the superior frontal gyrus, but no cerebellar findings. Pletzer et al. (2015) found 

that compared with menstrual cycling women, users of anti-androgenic OCPs had relatively 

larger GM volumes in the bilateral fusiform gyri, parahippocapmus, and cerebellum, while 

users of androgenic OCPs had relatively smaller volumes in the bilateral middle and superior 

frontal gyri.

De Bondt et al. (2013b), one of the few diffusion-MRI studies, also found increased MD in 

the fornix, a WM tract connecting the hippocampus and mammillary body, key elements of 

the limbic system, in the OCP group compared to the naturally cycling group. The authors 

hypothesize that increased MD may represent lower synapse number in the OCP group 

compared to the naturally cycling group. In a study correlating histological findings with 

diffusion imaging, rats who had undergone Morris Water Maze training showed histological 

evidence of increased astrocyte processes and synaptic markers and a decreased apparent 

diffusion coefficient (ADC; equivalent to MD measured with diffusion tensor imaging), 

representing greater tissue density, on imaging (Blumenfeld-Katzir et al. 2011). 

Additionally, in De Bondt et al., MD in the fornix was significantly negatively correlated 

with serum LH and estradiol concentrations, implying that LH and estradiol may up-regulate 

synaptogenesis or preserve existing synapses as has also been demonstrated in animal 

literature (Naftolin et al. 2007).

Both De Bondt et al. (2013a, b) and Pletzer et al. (2015) compared the active and inactive 

pill phases, but did not have overlapping findings. De Bondt et al., however, did not 

characterize OCP type. Baroncini et al. (2010) focused on changes in the hypothalamus 

between the active and inactive phases using a ROI-based diffusion-weighted MRI analysis. 

The ADC within the hypothalamus was higher during the inactive pill phase than during the 

active pill phase. Again, this may represent higher tissue density during the active pill phase 

as the result of synaptogenesis associated with higher hormone levels. No changes were 

observed in a control ROI placed in the thalamus, a region chosen as unrelated to 

reproductive neuroendocrine function. Structural changes within the hypothalamus as a 

result of exogenous hormone administration suggest a possible mechanism for hormonal 

birth control-mediated ovulation suppression through effects on synapse and astrocyte 

morphology.
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Additionally, women taking OCPs were found to have slightly smaller pituitary volumes 

than naturally cycling women (Grams et al. 2010).

Pregnancy and the postpartum period

Almost all the studies examining pregnant women report exclusively on changes of the 

pituitary (Dinc et al. 1998; Elster et al. 1991; Gonzalez et al. 1988; Hinshaw et al. 1984; 

Miki et al. 2005) even though this period, during which progesterone significantly dominates 

over estrogen, would provide an exceptional window into the unique contributions of 

progesterone relative to estrogen. Overall the findings from these papers showed 

considerable overlap—pituitary gland volume increased throughout pregnancy up until 

delivery and the first postpartum week and then declined throughout the postpartum period 

until reaching normal size by about 6 months after delivery. Pituitary volume changes 

associated with pregnancy result from physiologic hyperplasia of lactotrophic cells under the 

influence of placental estrogen (Karaca et al. 2010).

Oatridge et al. (2002) investigated changes in total maternal brain volume from pre-

conception to postpartum. Total brain volume decreased leading up to delivery and then 

increased during the postpartum phase. This change was complemented by an increase in 

ventricular size during pregnancy and subsequent decrease postpartum. All pregnancy-

related changes returned to pre-conception baseline by 24 weeks postpartum. Kim et al. 

(2010) used VBM and demonstrated that GM volume of a number of regions increased 

significantly from the early to the late postpartum period, including the PFC, pre- and post-

central gyri, superior/inferior parietal lobule, insula, and thalamus.

These findings are in agreement with evidence of maternal brain structural plasticity in 

animals. Virgin rats exposed to an artificial approximation of the hormone milieu of 

parturition will begin to respond to pups in a similar manner as pregnant/maternal rats 

(Siegel and Rosenblatt 1975). Parturient rats exhibit a greater number of hypothalamic 

astrocytes in proportion to the number of interactions they have with their pups 

(Featherstone et al. 2000). It is likely that many of these postpartum functional and structural 

changes are related to other hormones, including oxytocin and vasopressin, as well as 

estrogen and progesterone. In lactating rats, glial processes in the hypothalamus withdraw 

allowing direct neuronal contact (neuro-juxtaposition) between oxytocinergic neurons 

(Montagnese et al. 1987). These changes return to baseline after lactation ends.

Menopause

Most studies we identified that compared pre-menopausal and post-menopausal women 

focused on the effects of HRT and thus are beyond the scope of this review. We identified 

two studies that reported structural brain changes associated with physiologic menopause, 

both of which specifically focused on the effect of menopause on the hippocampus. Sullivan 

et al. (2005) used a semi-automated segmentation method and manual ROI placement to 

look at age- and menopause-related hippocampal volume changes and failed to find evidence 

of either. It should be noted that Sullivan et al. did include some women who took HRT, but 

also failed to find an effect of HRT on hippocampal volume. Goto et al. (2011a, b) made two 

separate comparisons, women in their fourth decade vs. women in their fifth decade and pre-
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menopausal vs. post-menopausal women. Both comparisons showed age- and menopause-

related decline in hippocampal volume. In a follow-up investigation, the authors performed 

an atlas-based ROI analysis to determine absolute changes in hippocampal volume. This 

study confirmed the prior results and demonstrated a greater decrement in hippocampal 

volume when comparing women in their fifties to women in their forties than in similar age 

groups of men.

The results from these two studies investigating the hippocampus during menopause are in 

direct conflict. This may be attributable to differences in sample size—Sullivan et al. 

enrolled 17 premenopausal women, 16 post-menopausal women not receiving HRT, and 11 

post-menopausal women receiving HRT, while Goto et al. enrolled 54 pre- and 54 post-

menopausal women not receiving HRT. Thus, Sullivan et al., who reported no effect of 

menopause, may not have been powered to detect change in hippocampal volume. However, 

another study of 210 post-menopausal women that measured serum estradiol levels and used 

manual tracing to quantify hippocampal volume also failed to find an association between 

estrogen and hippocampal size or memory performance (den Heijer et al. 2003). Overall, 

despite multiple studies, the effects of aging, menopause, and HRT on cognition and 

memory remain controversial (Fischer et al. 2014). In part this may be due to the particular 

difficulty of disentangling the confounding factors of menopausal status and age.

Additionally, although pituitary volumes decreased with age, no effect of menopause 

duration on pituitary size was found (Grams et al. 2010).

Hormone mediated structural neuroplasticity in humans

We identify a salient theme of GM volume changes associated with variation in the ovarian 

sex hormones in women. These effects are prominent among many components of the 

limbic system, including the hippocampus, parahippocampal gyrus, fusiform gyrus, 

cingulate gyrus, insula, amygdala, thalamus, and hypothalamus, as well as in the middle 

frontal gyrus, basal ganglia, and cerebellum (Fig. 2). Although much fewer in number, 

studies of WM microstructure have also revealed plasticity of the limbic system structures, 

such as the fornix, related to ovarian sex hormone transitions. Notably, the structures 

exhibiting volumetric change include those exhibiting high concentrations of estrogen and 

progesterone receptors including the hypothalamus, amygdala, and hippocampus.

Variations in brain structure among women may represent a segment of the larger spectrum 

of structural variability among humans; the findings we have reviewed in fact do overlap 

known male–female dimorphisms of brain structure. A meta-analysis of studies examining 

sex differences of brain structure found larger volume and higher density of GM in the 

amygdala, hippocampus, parahippocampus, insula, and putamen in men compared with 

women (Ruigrok et al. 2014). It is unclear, however, if the meta-analysis controlled for 

overall brain size in these comparisons; evidence supports that, as a fraction of brain size, 

the hippocampus may in fact be larger in women (Filipek et al. 1994). Other areas identified 

in the meta-analysis overlapped with areas associated with hormonal transitions, including 

anterior and posterior cingulate cortices, OFC, left temporal pole, right frontal pole, right 

and left middle frontal gyri, and right and left thalamus. Notably, many of the studies 

included in the meta-analysis did not characterize menstrual cycle phase of their female 
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participants. Another analysis of sexually dimorphic brain structures in humans found that 

the magnitude of the dimorphism was proportional to the expression of sex hormone 

receptors during development in homologous structures in other animals (Andreano and 

Cahill 2009; Goldstein et al. 2001). Additionally, as demonstrated by Witte et al. (2010), 

serum hormone levels correlate with GM volumes in sexually dimorphic areas across both 

male and female adult subjects.

Effects of estrogen and progesterone are of course not limited to the limbic system. A 

second concentration of structural changes associated with variation in ovarian sex 

hormones may be found in somatosensory processing areas. The “pain network” as 

identified by neuroimaging and neurophysiology investigations includes the primary and 

secondary somatosensory cortices as well as the insula, ACC, and thalamus (Nakata et al. 

2014). Menstrual cycle disorders, such as PD, have been reported in association with both 

trait- and state-dependent changes in limbic areas (hippocampus/parahippocampal gyrus) as 

well as somatosensory and pain pathway areas (post-central gyrus, secondary somatosensory 

cortex, and insula) (Tu et al. 2010, 2013). These areas as well as the thalamus (Lisofsky et 

al. 2015b) and ACC (De Bondt et al. 2013a) may play a role in mediation of somatic 

menstrual cycle complaints including headaches, fatigue, nausea, menstrual cramps, and 

increased pain sensitivity. OCPs also affect volume of the insula (De Bondt et al. 2013a), as 

does the transition from the early to late postpartum period (Kim et al. 2010).

Structural variability also plays a role in the patho-physiology of PMDD. A VBM study 

comparing PMDD patients with healthy controls found higher GM density in the 

hippocampus and lower GM density in the parahippocampal gyrus (Jeong et al. 2012). 

PMDD is thought to be a disorder of hypersensitivity to estrogen and progesterone; serum 

levels of these hormones in PMDD patients are normal (Backstrom et al. 2003). In this 

regard, the volume of GM in ER-rich structures could be a structural modulator of estrogen 

sensitivity.

Findings regarding the effect of OCPs do not represent a mere extension of the effects of 

endogenous sex hormones. The impact of OCPs was stronger in frontal areas including the 

PFC and weaker, though still present, in the hippocampus and parahippocampus. 

Additionally, differences between OCP users and menstrual cycling women were for the 

most part much larger than the differences within either group, in terms of cluster size. 

Moreover, OCP use enhanced differences found between the sexes, in the PFC in particular 

(Pletzer et al. 2010). Variable cerebral uptake of endogenous ovarian sex hormones 

compared with exogenous artificial hormones may explain structural and functional 

divergence between naturally cycling women and users of hormonal contraception. 

Moreover, as demonstrated by Pletzer et al. (2015), variable androgenic activity of different 

progestins used in OCPs may also explain the range of effects.

Structure–function relationships in brain areas affected by ovarian sex hormones

Functional domains that display variation in behavior and in activation patterns on functional 

neuroimaging in association with ovarian sex hormone transitions, such as emotion—e.g. 

viewing erotic images (Abler et al. 2013), emotionally valenced pictures (Goldstein et al. 

2005), or facial expressions (Ossewaarde et al. 2010)—and cognition—affective response 
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inhibition (Amin et al. 2006) and working memory (2-back task) (Konrad et al. 2008)—are 

extensively linked to limbic regions. Limbic structures play a central role in mood and 

emotion, functional domains that underpin menstrual symptoms such as irritability, 

depression, and anxiety (Biggs and Demuth 2011). Although a detailed summary of the 

functional effects of estrogen and progesterone is beyond the scope of this review,2 

preliminary structure–function correlations support the concept that structural alteration of 

limbic components represents a key substrate of this functional variability.

The hippocampus was the region that most consistently exhibited neuroplasticity in 

association with variation in hormonal factors and these findings were present across 

multiple hormone transitions, including menstrual cycle, OCP use, and menopause. As 

suggested by animal studies, estrogen exhibits a trophic effect on the hippocampus in 

humans. We found, with relative consistency across the reviewed studies, that the 

hippocampus was larger during estrogen dominated phases (i.e. the follicular phase of the 

menstrual cycle and before the onset of menopause). We would therefore expect verbal and 

visuospatial memory performance would improve during the follicular phase compared with 

the luteal phase; there is some evidence from functional and cognitive studies that this is the 

case (Rosenberg and Park 2002; Sundstrom Poromaa and Gingnell 2014). Contrary to this 

expectation, however, Lisofsky et al. (2015b) did not find any reliable variation in cognitive 

tasks across the menstrual cycle and so did not correlate hippopcampal structural changes 

with cognitive outcomes. They did, however, identify increased functional connectivity 

between the hippocampi and bilateral superior parietal lobes during the late follicular phase.

The right hippocampus has traditionally been implicated in visuospatial memory formation 

(Smith and Milner 1981) while the left has been associated with verbal or narrative 

memories in connection with left sided language structures (Burgess et al. 2002; Frisk and 

Milner 1990). However, Protopopescu et al. found that improved verbal memory during the 

follicular phase (versus the luteal phase) positively correlated with increased GM volume in 

the right anterior hippocampus (Protopopescu et al. 2008a). A systematic review of studies 

examining cognitive effects of combined oral contraceptives found inconclusive and 

contradictory effects overall, though improved verbal memory in OCP users has been 

demonstrated (Warren et al. 2014). The positive effect of estrogen on the hippocampus and 

memory within women is also in keeping with the well-established finding of superior 

verbal memory performance in women compared with men (Andreano and Cahill 2009).

Volume changes associated with menstrual cycling and OCP use were found in the 

parahippocampal and fusiform gyri. The parahippocampal gyrus has been ascribed a diverse 

set of functions, but it is most prominently related to episodic memory and visuospatial 

processing (Aminoff et al. 2013). The robust response of the parahippocampus to viewing 

spatial scenes, but not objects or faces, led to the designation of the parahippocampal place 

area (Aminoff et al. 2013; Epstein and Kanwisher 1998). The fusiform gyrus plays a role in 

the processing of both faces (Kanwisher et al. 1997) and words (Harris et al. 2015). Pletzer 

2For further review of functional neuroimaging studies investigating the menstrual cycle and OCP use see Sacher et al. (2013) and 
Toffoletto et al. (2014). For further review of the putative roles of neurosteroids in symptomatology of PMS, pregnancy, the 
postpartum period, and menopause, see Pluchino et al. (2013).
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et al. (2015) found that users of anti-androgenic OCPs had greater GM volumes in both the 

parahippocampal place area and the fusiform face area compared to menstrual cycling 

women as well as better performance on a facial recognition task that was correlated with 

GM volume.

Surprisingly, the amygdala, which has a well-established sexual dimorphism, with respect to 

its size, and has been found to be functionally variable across the menstrual cycle across 

multiple functional imaging studies (Lisofsky et al. 2015a; Toffoletto et al. 2014), only 

demonstrated menstrual cycle related volume change in a single ROI analysis (Ossewaarde 

et al. 2013). Ossewaarde et al. found that, during the pre-menstrual period, increasing GM 

volume in the amygdala correlates with heightened negative affect in the context of stressful 

visual stimuli. The amygdala is involved in generating affective and behavioral responses to 

both aversive and rewarding stimuli (Janak and Tye 2015). Frequently, amygdala 

hyperactivity is invoked as an example of failure of top-down modulation of limbic activity 

by frontal areas. This is exemplified in PMDD patients who demonstrate decreased OFC and 

increased amgydala activity in the context of negatively valenced emotional stimuli during 

the pre-menstrual (luteal) phase (Protopopescu et al. 2008b). Additionally, during the 

postpartum period, greater GM volume in the maternal amygdala and hypothalamus was 

associated with mothers endorsing a more positive perception of their babies (Kim et al. 

2010)—this effect may reflect changes in a subpopulation of valence-selective neurons 

within the amygdala that respond to reward rather than to fear (Paton et al. 2006).

Tu et al. (2010), (2013) identified correlations between the experience of menstrual pain 

measured by the McGill Pain Questionnaire and GM volume. During the pain-free peri-

ovulatory phase, patients’ ratings of menstrual pain were negatively correlated with GM 

volume in the bilateral PFC and positively correlated with GM volume in the bilateral OFC 

and ACC (Tu et al. 2010). As with Protopopescu et al. (2008b), this result suggests a failure 

of top-down modulation of limbic structures. During menses, in women with dysmenorrhea, 

greater GM volume in the right caudate nucleus and the hypothalamus was positively 

correlated with a higher pain score, while GM volume in the left thalamus was negatively 

correlated with pain score. As suggested by Tu et al., both the caudate and the hypothalamus 

(via the bulbospinal loop) play a role in the regulation of both pain processing and the 

negative emotional processing associated with the experience of pain (Scott et al. 2006; 

Suzuki et al. 2004); changes in these areas, therefore, may represent maladaptive plasticity 

underlying the hyperalgesia associated with PD (Tu et al. 2013).

Although speculating on the evolutionary advantages or disadvantages of hormone mediated 

neuroplasticity in detail is beyond the scope of this review, various theories regarding the 

origins of PMS and other menstrual cycle related cognitive changes have been put forth 

(Gillings 2014). One theory suggests that PMS symptoms, such as irritability, functioned to 

dissolve sexual partnerships that did not result in pregnancy. However, given that for much 

of human history women may have had far fewer cycles than modern women, due to earlier 

and more frequent pregnancy and prolonged lactation-induced amenorrhea, menstrual cycle 

related changes and symptoms may instead represent an evolutionary byproduct. If frequent 

menstrual cycling is, in fact, a relatively recent physiologic phenomenon, it may only now 

begin to be exposed to natural and sexual selection pressures.
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Methodological considerations

Limitations of the individual structural neuroimaging studies reviewed here are similar to 

those affecting fMRI studies on this topic and include variable timing of scans during 

hormone cycles, small individual study sample sizes and lack of a standard method for 

menstrual cycle phase determination (Sacher et al. 2013; Toffoletto et al. 2014).

The majority of the studies we have reviewed utilized VBM to assess structural changes. 

However, due to small sample sizes, many studies were insufficiently powered to identify 

effects across the whole brain and many reported whole brain findings did not survive 

correction for multiple comparisons. When hypothesis-driven atlas-based ROI approaches 

were used to supplement the whole brain VBM analyses, as in Protopopescu et al., De Bondt 

et al., and Pletzer et al., areas that were identified in whole brain analysis at an uncorrected 

significance level, were found to be significant. Most of these hypothesis-driven ROI 

analyses specifically targeted limbic structures implicated by the underpowered whole brain 

analyses. While this approach suggests that a specific subset of brain regions demonstrate 

structural plasticity related to ovarian sex hormone levels, it may also be the case that the 

whole-brain approaches, which drove the analyses, selectively captured regions exhibiting 

the most dramatic degree of variability (i.e. limbic structures). Studies employing larger 

sample sizes might detect a greater diversity of effects of ovarian sex hormones in other 

brain regions.

A critical question for researchers preparing structural neuroimaging studies examining 

hormonal effects or that include women with variable hormonal status is the magnitude of 

detected changes in volume that are attributable to hormone-based neuroplasticity, in light of 

the variance across the sample. This effect size (e.g. Cohen’s d) was not reported in a 

systematic way across the studies reviewed here. However, for studies where the means and 

standard deviations of volume measurements or the degrees of freedom from t tests are 

provided, it may be possible to calculate the effect size as the mean difference between two 

conditions (e.g. menstrual phases, pregnant vs. non-pregnant) divided by the pooled standard 

deviation or from the t-statistic (Rosenthal and DiMatteo 2001). Sufficient information was 

only available, however, for four of the 25 papers included in our review.

Although effect size calculations were possible in only a minority of the studies, these few 

examples suggest that hormone associated volume changes have a broad range of effect 

sizes.3 Goto et al. (2011b) demonstrated moderate to large effect sizes (d = 0.90 for the 

right, d = 0.61 for the left) for hippocampal volume differences observed between pre and 

post-menopausal women using atlas-based morphometry. For the difference in pituitary 

volume between menstrual cycling women and women taking OCPs, the effect size was 

small (d = 0.34) (Grams et al. 2010). There was only one instance in which effect sizes could 

be reasonably compared between two studies. In their comparison of the luteal and follicular 

phases in menstrually cycling women, Protopopescu et al. (2008a) demonstrated a small 

effect size (d = 0.12) for GM volume increase in the right anterior hippocampus and for GM 

volume decrease in the right dorsal basal ganglia (d = 0.24). However, Lisofsky et al. 

3Cohen’s d is commonly used to classify the effect size as small (<00.4), medium (0.4–0.7), or large (>0.7) (Rose and Donohoe 2013).
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(2015b) found a large effect size (d = 0.99) for average hippocampal GM volume increase 

from the menstrual to the peri-ovulatory phase. One possible explanation for this 

discrepancy in the size of the effect is that the relative difference in serum estrogen between 

the luteal and early follicular (menstrual) phases (Protopopescu et al.) is much smaller than 

the difference between the early follicular (menstrual) and peri-ovulatory phases (Lisofsky et 

al.). Given the theoretical trophic effect of estrogen on the hippocampus, we might expect a 

greater degree of hippocampal volume change in response to the peri-ovulatory estrogen 

peak (Lisofsky et al.). Future studies that examine hormone-associated structural plasticity 

should report effect sizes in a standardized manner to facilitate comparison across studies 

and ultimately rigorous meta-analysis.

Additionally, VBM does not provide information regarding the degree of volume change—it 

will be important to confirm these intriguing results with more detailed assessments of 

cortical thickness, as was done by Goto et al. in their atlas-based analysis. Only two studies 

employed diffusion MRI to assess microstructural features; the relationship between 

hormones and brain microstructure remains an opportune area for deeper investigation. 

Finally, as functional network and connectivity fMRI investigations become increasingly 

popular, the underlying structural framework for connectivity between disparate brain 

regions will be an important focus area.

In light of the temporal variation of both endogenous and exogenous hormone exposure 

among women and the evidence that these variations impact brain structure and function, 

researchers planning neuroimaging studies that will enroll women should consider 

characterizing female subjects’ hormonal status. Variation in menstrual cycle effects could 

be addressed in future studies by imaging female participants at a specific menstrual cycle 

phase (Witte et al. 2010), or by exclusively enrolling either women who are or those who are 

not taking oral contraceptives. Alternatively, counterbalanced, longitudinal crossover 

designs, where subjects serve as their own controls, could be employed to address this issue 

(Poromaa 2014). Most practical, however, might be determination of menstrual cycle phase 

at the time of imaging, which can then be considered as a regressor during data analysis.

Confirmation of menstrual cycle phase must be balanced between practical and logistical 

concerns associated with more accurate approaches such as daily measurement of serum 

progesterone, estrogen, LH, or FSH levels or transvaginal ultrasound, and less accurate 

ascertainment when relying on subject reporting of menstrual cycle pattern. One study 

comparing women’s self report of menstrual cycle phase, urine LH kits (which approximate 

ovulation by the LH surge), and serum progesterone levels found that when counting 

forward from the first day of menses to determine ovulation, only 35–42 % had a positive 

urinary test between 10 and 14 days and only 18 % had a serum progesterone >2.0 ng/mL, 

an indication that ovulation has occurred (Wideman et al. 2013). A combined approach 

using urine ovulation kits that measure luteinizing hormone levels and subject self-report 

may be an effective and less invasive option.

Variation due to birth control type should also be considered; different OCP formulations 

confer different estrogen and progesterone levels and some formulations (biphasic, triphasic, 

or multiphasic) may vary the relative doses over the course of a 1-month cycle. However, 
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one study reported that while patients were taking different formulations of monophasic 

combined (estrogen and progesterone) OCPs there were no significant differences in 

measurements of hormonal concentrations of serum samples (De Bondt et al. 2013b). 

Alternative methods of birth control such as the estrogen/progesterone patch or vaginal ring 

are associated with lower, but more constant serum levels of estrogen and progesterone, (van 

den Heuvel et al. 2005) and both the copper and Mirena (levonorgestrel-releasing) 

intrauterine devices may leave normal ovarian hormone cycles intact (Faundes et al. 1980; 

Xiao et al. 1995).

In studies involving older women, establishing reproductive senescence may be more 

amenable to subject self-report measures since, in a clinical setting, menopause is diagnosed 

after 12 months of amenorrhea in the absence of other causes. Alternatively, ascertaining 

elevation of FSH may be confirmatory and could be correlated with the degree of structural 

change.

Conclusions

Multiple studies in young healthy women demonstrate the impact of menstrual cycle phase 

and hormonal contraceptives on brain macrostructure as well as similar structural effects 

related to menopause in older healthy women. Generalizing the findings of the studies 

reviewed here is constrained by sample and methodological heterogeneity across studies, but 

overall they support the notion that ovarian sex hormones drive neuroplasticity. Cyclical and 

gradual hormonal variation throughout the female lifespan may also be important in a 

myriad of disorders including traumatic brain injury, stroke, multiple sclerosis, and 

migraine. Neuroimaging is an appropriate and informative tool for exploring hormone-

related structural plasticity and pathology. The interaction of hormone exposure and 

neuroimaging findings can also serve to develop hypotheses regarding structure–function 

relationships, especially when considering menstrual cycle specific disorders such as PD, 

PMS, and PMDD.

Abbreviations

ACC Anterior cingulate cortex

ADC Apparent diffusion coefficient

ALLO Allopregnanolone
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fMRI Functional magnetic resonance imaging

FSH Follicle stimulating hormone

GABA Gamma-aminobutryic acid

GM Grey matter

GnRH Gonadotropin releasing hormone

GPCR G-protein coupled receptor

HRT Hormone replacement therapy

IUD Intrauterine device

LH Luteinizing hormone

MD Mean diffusivity

MNI Montreal Neurological Institute

MRI Magnetic resonance imaging
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Fig. 1. 
Variation of relative levels of estrogen (pink) and progesterone (blue) levels across a the 

menstrual cycle, b the oral contraceptive pill cycle, c pregnancy and the postpartum period, 

and d the menopause transition. Timing of structural MRI scans of reviewed studies shown 

based on an idealized 28-days cycle menstrual cycle, gestation length of 40 weeks, and 

menopause at 50 years. Menstrual cycle length may vary physiologically from 21 to 35 

days. †Study resulted in more than 1 publication. ‡Specific day ranges of scan timing was 

not reported, so ranges are estimated based on text descriptions. *Subjects were scanned 
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beyond 6 months postpartum. Oatridge et al. (2002) also scanned two subjects before 

conception. **Women were scanned up to age 77
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Fig. 2. 
Areas of the limbic system that show structural variation with predominance of either 

estrogen (pink) or progesterone (blue). Circles are based on approximate locations of peak 

MNI coordinates of clusters identified from the reviewed studies. Anterior cingulate cortex 

ACC; orbitofrontal cortex OFC
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Table 2

Volumetric changes associated with the menstrual cycle

Menstrual cycle—volumetric changes

Study Analysis Regions

Follicular > luteal

Protopopescu et al. (2008a)a VBM L lingual g., R hippocampus/parahippocampal g., L mid frontal g.

ROI R hippocampus

Pletzer et al. (2010) VBM R fusiform/parahippocampal g.

De Bondt et al. (2013a) VBM R mid frontal g., b/l BA 6, L cingulate g., R ACC, L mid temporal g., L insula

Lisofsky et al. (2015b) VBM L hippocampus/parahippocampal g., b/l cerebellum

Luteal > follicular

Grant et al. 1988/Teasdale et al. (1988) ROI CSF volume

Protopopescu et al. (2008a)a VBM L sup parietal lobule, R dorsal basal ganglia, R medial frontal g./ACC, R thalamus

ROI R dorsal basal ganglia

Pletzer et al. (2010) VBM None

Ossewaarde et al. (2013) ROI L amygdala

De Bondt et al. (2013a) VBM R sup temporal g.

Lisofsky et al. (2015b) VBM R cerebellum

Follicular = luteal

Pletzer et al. (2010) VBM Total GM

Grams et al. (2010) ROI Pituitary gland

Hagemann et al. (2011) Volumetry Total GM, total WM, total CSF

Peri-ovulatory > menstrual

Hagemann et al. (2011) Volumetry Total GM

Tu et al. (2013)a ROI (PD patients): L secondary somatosensory cortex, L ACC/dPCC
(Healthy controls): none

Lisofsky et al. (2015b) VBM R cerebellum, R insula, L inf parietal lobe, b/l post hippocampib, b/l thalamib

Menstrual > peri-ovulatory

Hagemann et al. (2011) Volumetry CSF volume

Tu et al. (2013)a ROI (PD patients): L medial OFC, L precentral g., L inf temporal g., R hypothalamus
(Healthy controls): none

Lisofsky et al. (2015b) VBM R inf parietal lobe

Peri-ovulatory = menstrual

Tu et al. (2013)a VBM Total GM

Grams et al. (2010) ROI Pituitary Gland

Hagemann et al. (2011) Volumetry Total WM

Primary dysmenorrhea patients > healthy controls

Tu et al. (2010)a ROI R post hippocampus/parahippocampal g., ACC/dPCC, periaqueductal grey, 
hypothalamus, L ventral precuneus, L sup/mid temporal g., R cerebellar tonsil

Healthy controls > primary dysmenorrhea patients

Tu et al. (2010)a ROI R medial frontal g./PFC, R central and ventral precuneus, b/l secondary somatosensory 
cortices, insula, R culmen, L cerebellar tonsil

Primary dysmenorrhea patients = healthy controls
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Menstrual cycle—volumetric changes

Study Analysis Regions

Tu et al. (2010)a VBM Total GM

ACC anterior cingulate cortex, CSF cerebrospinal fluid, dPCC dorsal posterior cingulate cortex, GM grey matter, g gyrus, inf inferior, L left, med 
medial, mid middle, NA not applicable, NR not reported, OCP oral contraceptive pills, OFC orbitofrontal cortex, PFC prefrontal cortex, post 
posterior, R right, ROI region of interest, sup superior, VBM voxel-based morphometry

a
Includes or focuses on patients with menstrual cycle related symptoms (PMDD or PD)

b
These two regions were found in a comparison of the early follicular (menstrual) vs. late follicular phases, but the late follicular phase as defined 

by Lisofsky et al. (2015b) (days 10–13) shows considerable overlap with our designation of the peri-ovulatory phase (days 12–16) and thus is 
grouped with the other menstrual vs. peri-ovulatory results for simplicity
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Table 3

Volumetric changes associated with hormonal contraceptive use

Hormonal contraceptive use—volumetric changes

Study Analysis Regions

Menstrual cycling women > OCP users

Pletzer et al. (2010) VBM None

Grams et al. (2010) ROI Pituitary volume

De Bondt et al. (2013a) VBM L Fusiform gyrus

Pletzer et al. (2015) ROI (vs. androgenic OCP users): b/l mid frontal g., L sup frontal g.

OCP users > menstrual cycling women

Pletzer et al. (2010) VBM B/l PFC, b/l ACC, b/l pre/post-central g., b/l SMA, R fusiform g., R parahippocampal g., R 
lingual g., R sup/inf temporal g., b/l cerebellum

De Bondt et al. (2013a) VBM R BA 6, R sup frontal g., b/l fusiform g., R cingulum

Pletzer et al. (2015) ROI (vs. anti-androgenic OCP users): b/l fusiform g., b/l fusiform face areas, b/l parahippocampal 
place area, cerebellum

Menstrual cycling women = OCP users

Grant et al. 1988/Teasdale (1988) ROI Total CSF

Pletzer et al. (2010) VBM Total GM

De Bondt et al. (2013a) VBM Total GM

Pletzer et al. (2015) VBM Total GM

Active pill > inactive pill

De Bondt et al. (2013a) VBM L ACC, L insula

Inactive pill > active pill

De Bondt et al. (2013a) VBM L BA 6, R post-central g., L caudate (ACC)

Pletzer et al. (2015) ROI L fusiform g., b/l fusiform face areas, L parahippocampal place area, R cerebellum

ACC anterior cingulate cortex, b/l bilateral, CSF cerebrospinal fluid, dPCC dorsal posterior cingulate cortex, g gyrus, GM grey matter, inf inferior, 
L left, mid middle, OCP oral contraceptive pills, PFC prefrontal cortex, post posterior, R right, ROI region of interest, sup superior, SMA 
supplementary motor area, VBM voxel-based morphometry
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Table 4

Volumetric changes associated with pregnancy and the postpartum period

Pregnancy and postpartum—volumetric changes

Study Analysis Regions

Pregnant > not pregnant

Gonzalez et al. (1988), Elsteret al. (1991), Dinc et al. (1998) ROI Pituitary gland volume

Pregnant > postpartum

Oatridge (2002) Volumetry Whole brain volume (corresponding decrease in CSF)

Gonzalez et al. (1988), Elsteret al. (1991), Dinc et al. (1998) ROI Pituitary volumea

Late postpartum > early postpartum

Oatridge et al. (2002) Volumetry Whole brain volume (corresponding decrease in CSF)

Kim et al. (2010) VBM PFC, pre/post-central g., sup/inf parietal lobe, insula, thalamus

CSF cerebrospinal fluid, g gyrus, inf inferior, PFC prefrontal cortex, ROI region of interest, sup superior, VBM voxel-based morphometry

a
Pituitary gland volume peaked 0–6 days postpartum and then decreased in size
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Table 5

Volumetric changes associated with menopause

Menopause—volumetric changes

Study Analysis Regions

Pre-menopausal > post-menopausal

 Goto et al. (2011a, b) VBM/ROI B/l hippocampus

Pre-menopausal = post-menopausal

Sullivan et al. (2005) ROI B/l hippocampus

Grams et al. (2010) ROI Pituitary
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Table 6

Structural variation correlated with serum hormone levels

Study Serum hormones—imaging correlations

Estrogen—positive correlations

Hagemann et al. (2011) None

Witte et al. (2010) Follicular: L sup parietal g.

De Bondt et al. (2013a) Follicular: BA 8, cingulum, post-central g., insula Luteal: none

Lisofsky et al. (2015b) L parahippocampal g., L mid frontal g., R cerebellum

Estrogen—negative correlations

Hagemann et al. (2011) None

Witte et al. (2010) Follicular: none

De Bondt et al. (2013a) Follicular: Fusiform g.
Luteal: ACC, sup frontal g., mid temporal g.

De Bondt et al. (2013b) MD in the fornix

Lisofsky et al. (2015b) None

Progesterone—positive correlations

Hagemann et al. (2011) Luteal (vs. menstrual): Total CSF

Witte et al. (2010) Follicular: R mid temporal pole

De Bondt et al. (2013a) Follicular: Fusiform g., lingual/parahippocampal g., pre-central g.
Luteal: BA 8, SMA

Progesterone—negative correlations

Hagemann et al. (2011) Luteal (vs. menstrual): Total GMa

Witte et al. (2010) Follicular: none

De Bondt et al. (2013a) Follicular: none
Luteal: Fusiform g.

Follicle-stimulating hormone—positive correlations

De Bondt et al. (2013a) Follicular/Luteal: none

Follicle-stimulating hormone—negative correlations

De Bondt et al. (2013a) Follicular/Luteal: none

Luteinizing hormone—positive correlations

De Bondt et al. (2013a) Follicular/Luteal: none

Luteinizing hormone—negative correlations

De Bondt et al. (2013a) MD in the fornix

ACC anterior cingulate cortex, CSF cerebrospinal fluid, FSH follicle stimulating hormone, g gyrus, GM grey matter, L left, LH luteinizing 
hormone, MD mean diffusivity, mid middle, R right, ROI region of interest, sup superior, SMA supplementary motor area, VBM voxel-based 
morphometry

a
Excluding one outlier subject (n = 6)
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