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ABSTRACT

The menopause transition arises mainly from a decline in ovarian function characterized by a decrease
in levels of ovarian estrogens (estradiol) and progesterone in women. Menopausal hormone therapy
(MHT) has been used to counteract menopause-associated symptoms in postmenopausal women.
With the development of advanced brain imaging methods, understanding MHT-related effects on
brain structures and functions could help advance our understanding of the biological consequence of
MHT-related effects on behavior, thereby contributing to developing new strategies for optimizing
brain health during the menopause transition. This review focuses on the human research related to
the impact of MHT on structural and functional organization of the prefrontal cortex in postmeno-
pausal women. Although such MHT-related effects on brain structures and functions have only begun
to be understood, it may be useful to examine present findings to identify areas for future research.

Introduction

Due to an increase in life expectancy of women worldwide,
it is estimated that globally there will be approximately 25
million women in menopause and nearly 1.2 billion postme-
nopausal women by the middle of this century (year 2030)
[1]. The common symptoms associated with the menopause
transition include both physical symptoms. such as hot
flushes, night sweats, sleep disruption and vaginal dryness,
and mood symptoms. such as depression, anxiety and panic
attacks [2,3]. These accompanying symptoms can be distress-
ing and sometimes seriously affect quality of life in women.
It is estimated that at least 80% of postmenopausal women
have experienced at least one menopausal symptom in their
lifetime [4]. Although menopause is a natural phase of a
woman'’s life cycle that occurs as a part of aging in women,
it may increase risks for health problems. For example, early
menopause has been found to be associated with an
increased risk of cardiovascular disease [5-7]. Meanwhile,
there is also increasing evidence that the menopause transi-
tion can have an impact on women’s cognitive functioning
[2,8]. In spite of the controversial nature of the available find-
ings, accumulating evidence suggests that the menopause
transition is associated with increased vulnerability to cogni-
tive dysfunction that is consistently manifested by decreased
performance on verbal fluency and verbal memory tests
[9-11]. These issues may pose a major challenge for the
health-care system worldwide that aims to provide effective
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care for women experiencing menopause symptoms and
cognitive health, thus resulting in an increasing financial bur-
den on global economies. Over the past decade, increasing
empirical efforts have been devoted to understanding the
causes of women'’s menopause transition. These studies have
made it possible to identify risk factors, establish a correct
diagnosis and develop a range of effective therapeutic treat-
ments. Based on a number of notable findings over past dec-
ades, there is a consensus that menopausal changes arise
mainly from a decline in ovarian function characterized by a
decrease in levels of ovarian estrogens (estradiol) and pro-
gesterone in women [12]. Therefore, menopausal hormone
therapy (MHT) [1] - previously known as hormone replace-
ment therapy or hormone therapy - has been used, when
appropriate, to counteract menopause-associated symptoms
and, simultaneously, to evaluate its beneficial and detrimen-
tal effects on cognitive performance [13-16].

MHT usually involves treatment with any estrogenic or
estrogen-like therapy alone or with combined estrogen-pro-
gestogen therapy [17]. By convention, here, we refer to these
as estrogen-only therapy (ET) or estrogen replacement ther-
apy and as estrogen—progestogen therapy (EPT), respectively.
Previous research has shown the efficacy of MHT to treat
menopause-associated symptoms (e.g. relief of hot flushes,
vasomotor symptoms, mood swings and sleep disturbance)
and improve cognitive performance (e.g. verbal memory and
executive function), although this is not without controversy
[18-22]. Moreover, consensus has begun to emerge that
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understanding the basic biological processes of MHT-related
effects on cognitive function would greatly contribute to
effective evaluation of such effects and help to develop new
strategies for optimizing mental health during the meno-
pausal transition in women. Along this line of research, there
has been a surge of interest in the use of neuroimaging
tools (e.g. functional magnetic resonance imaging [fMRI]) to
investigate the neurobiological consequences of MHT during
the menopause transition, although such MHT-related effects
on brain structures and functions have only begun to be
understood and are still being debated [23-25].

A few recent systematic reviews have attempted to syn-
thesize available findings on MHT-related effects on cognitive
brain structures and functions to highlight areas available for
future work [25-27]. These endeavors have, undoubtedly,
contributed to our overall understanding of such effects.
However, we believe that a more precise understanding of
the neurobiological effects of MHT may benefit from a crit-
ical evaluation of the literature limited to MHT-related effects
on the structural and functional organization of a specific
brain area: the prefrontal cortex (PFC). Here, we hope to pro-
vide a comprehensive review of MHT-related effects on the
structural and functional organization of the PFC in meno-
pausal women. We have focused on the PFC mainly because
the majority of previous studies have found positive effects
of MHT on PFC-dependent cognitive functions in meno-
pausal women, such as inhibition control, mental flexibility,
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working memory and planning ability [21,28-30]. In this
review, we briefly describe the structural and functional
organization of the human PFC. We then discuss studies
showing brain imaging results that relate to the MHT-related
effects on the structural and functional organization of the
PFC during cognitive processing. We conclude with sugges-
tions/recommendations for future research.

The structural and functional organization of the
human prefrontal cortex: a brief introduction

The PFC is the part of the cerebral cortex covering the
frontal lobe, which reaches its maximum volume in the
human brain, where it occupies 30% of the total cortical area
[31]. Over past decades, considerable efforts have been
devoted to identifying the anatomy, cytoarchitecture and
connectivity of this brain region using different approaches
[32,33]. A wealth of anatomical studies of the PFC have iden-
tified multiple subdivisions at the functional, cytoarchitec-
tonic and connectivity levels [34]. According to the widely
used Brodmann’s cortical scheme (cytoarchitectonic map),
the PFC traditionally comprises Brodmann areas (BAs) 8-14
and BAs 44-47 (Figure 1) [31]. A number of neuroimaging
studies focus on functional localizations and divisions of the
human PFC. There are variations in the subdivisions of the
human PFC, but the dorsolateral, dorsomedial, ventromedial

Figure 1. Anatomical and functional divisions of the human prefrontal cortex. (A) Schematic illustration of Brodmann areas (BAs) of the human prefrontal cortex
(PFC). Note that not all prefrontal BAs are visible on the left panel (see right panel for medial and ventral BAs in the PFC, including the anterior cingulate cortex
[ACC)). (B) Schematic illustration of common functional divisions of the human PFC, including the ACC. Dashed black line indicates sagittal midline. dIPFC, dorsolat-
eral prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; OFC, orbitofrontal cortex; vIPFC, ventrolateral prefrontal cortex; vmPFC, ventromedial prefrontal cortex.
Note that this figure is from Marie Carlén Science (2017), slightly modified, with permission.



and orbital PFC are the most common functional divisions
(Figure 1) [31]. The human dorsolateral PFC is often attrib-
uted to the lateral part of BAs 8, 9 and 46, and the human
dorsomedial PFC includes portions of BAs 8, 9, 10, 24 and
32. In contrast, the ventromedial PFC and the orbitofrontal
cortex (OFC) are usually attributed to the anatomical struc-
tures of BAs 47, 45 and 44 and BAs 10, 11 and 47,
respectively.

Structural changes in the prefrontal cortex in
association with hormone therapy

We have identified nine studies involved in examining the
influence of MHT on structural changes in the PFC after
menopause (Table 1). An early study, using a voxel-based
morphometric technique, compared the brain volume of
postmenopausal women receiving ET and EPT to that of
those who were receiving no hormonal treatment [35].
Postmenopausal women receiving ET and EPT showed
increased gray matter volumes in the superior frontal gyrus
(SFG), middle frontal gyrus (MFG), inferior frontal gyrus (IFG),
anterior cingulate cortex (ACC) and medial frontal gyrus,
although these differences were not observed when compar-
ing current and past users or different types of therapy.
Moreover, this study revealed a robust effect of age and ET
and EPT duration on the changes in regional PFC volumes,
with greater regional-specific changes in gray matter vol-
umes in the PFC associated with increasing age and longer
durations of ET and EPT. The observation of the sparing of
the PFC gray matter in postmenopausal women receiving ET
and EPT is further confirmed by a follow-up study comparing
the brain volume of postmenopausal women receiving short-
term, middle-term and long-term ET and EPT to that of those
who were receiving no hormonal treatment [43]. In this brain
imaging study, the effects of duration of ET and EPT on gray
matter volume in the IFG and ACC were replicated. More
importantly, postmenopausal women receiving short-term
and middle-term ET and EPT (less than and up to 10years in
duration) were associated with greater sparing of regional-
specific changes in PFC gray matter volume and showed bet-
ter performance on measures of executive function, whereas
those who were receiving long-term ET and EPT (beyond
10years in duration) increased the degree of prefrontal
deterioration. This suggests that the neuroprotective role of
MHT in the PFC after menopause appears to be dependent
on MHT duration, consistent with the classical critical period
hypothesis [36].

Additionally, such sparing of the regional PFC volume
associated with MHT was corroborated by a recent study
showing increased gray matter volume in the SFG in postme-
nopausal women receiving ET compared with those who
were receiving no hormonal treatment [37]. While these
studies failed to find any structural changes in the PFC
between current and past MHT users, other studies help with
clarification of this issue. Boccardi et al. not only found
increased gray matter in the IFG, medial frontal gyrus, OFC
and ACC in both current and past ET users compared to
never users, but also observed increased gray matter in the
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IFG in past ET users compared to current ET users [38].
Although all of these cited brain imaging studies indicate
the sparing of regional-specific structural changes in the PFC,
inconsistent findings exist. Specifically, two early brain imag-
ing studies observed a reduction of frontal lobe volume in
postmenopausal women receiving ET or EPT compared with
those who were receiving placebo [39,40]. This decline in the
PFC volume has been further characterized by recent brain
imaging studies showing that postmenopausal women
receiving ET and EPT were associated with a decrease in
regional-specific changes in the PFC gray matter volume,
including the ACC, medial SFG, middle cingulate cortex, OFC,
SFG, MFG and IFG, when compared with those who were
receiving placebo [41] or premenopausal women [42].

Taken together, these findings are quite inconsistent,
reporting both beneficial and detrimental effects of MHT on
structural changes in the PFC. This discrepant pattern of
results may be due to the type of MHT used. A recent study
provides preliminary evidence in support of the first hypoth-
esis, showing that postmenopausal women receiving trans-
dermal ethinylestradiol were associated with a slower rate of
SFG and MFG volume decline in the PFC than those who
were receiving conjugated equine estrogens [44], indicating
that the neuroprotective role of MHT in the PFC may depend
on the type of ET in postmenopausal women. Meanwhile,
given the very limited research thus far on the role of differ-
ent synthetic progestins and progesterone on the structural
organizations of the PFC in women at menopause, it may be
useful for future research to address this issue.

The effects of hormone therapy on the functional
organization of the prefrontal cortex

More efforts have been devoted to understanding the effects
of MHT on the postmenopausal brain using cognitive para-
digms over the past decade. To date, there are around 15
brain imaging studies examining the influence of MHT on
the PFC function during a variety of cognitive tasks (Table 2).

Memory-related function

The great majority of brain imaging studies presented in
Table 2 focused on examining the impact of MHT on pre-
frontal memory functions in postmenopausal women. An
early fMRI study used a randomized, double-blind, placebo-
controlled cross-over design to investigate how ET affects
brain activity in postmenopausal women during verbal and
non-verbal working memory tasks [45]. This study found
that, although no performance difference was found
between the ET group and the placebo group, postmeno-
pausal women showed increased activity in the SFG and
MFG during the verbal storage component of verbal working
memory and increased activity in the SFG, MFG and IFG dur-
ing the retrieval component of verbal working memory in
the ET group compared to the placebo group. Although a
later fMRI study failed to produce the effects of MHT on the
prefrontal memory function between pre and post ET and
EPT, possibly because of a small sample size [46], the earlier
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Table 2. Continued.

Study

Main findings

Design

Cognitive domain

Hormonal treatment

Participants

66.56 years);
n =19, never-users, mean age

66.22 years

- Greater activity in MFC (R), IFG (L/R), ACC (L) and

Repeated measures of

Cognitive control

EPT (2 mg/day 17p-estradiol +

(mean age = 51.8 years,

=12
all early

n

Girard et al. [58]

MCC (R) during task switching (vs. control) while

using MHT (vs. placebo)
- Greater activity in MFC (R) and IFG (L/R) was

estrogen + progesterone

(task switching)

100 mg oral progesterone,
12-21 days) vs. placebo
Treatment lasted for 2 months

treatment versus placebo

postmenopausal women)

associated with better task switching performance
- No performance difference between the MHT and

the placebo condition was found
- Greater activity in anterior medial PFC activity at

Counterbalanced, double-blind,

Reward processing

EPT (2 mg/day 17p-estradiol +

13 (mean age = 52.3 years,
all perimenopausal women)

n

Thomas et al. [59]

the time of rewarded outcome in the MHT

treatment group vs. placebo group
- No performance difference between the MHT and

randomized and placebo-

controlled design

100 mg oral progesterone,
12-21 days) vs. placebo
Treatment lasted for 21 days

the placebo condition was found

ACC, anterior cingulate cortex; CEE, conjugated equine estrogens; EPT, estrogen—progestogen therapy; ET, estrogen-only therapy; fMRI, functional magnetic resonance imaging; IFG, inferior frontal gyrus; L, left; MFG, mid-

dle frontal gyrus; MPA, medroxyprogesterone acetate; OFC, orbitofrontal cortex; R, right; SFG, superior frontal gyrus; vIPFC, ventrolateral prefrontal cortex.
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finding was corroborated by more recent fMRI studies using
similar versions of the verbal working memory task. These
showed increased PFC activity when postmenopausal women
received ET compared with women receiving placebo [47],
and increased activity in the SFG and IFG when compared to
a control group [48]. The effects of MHT on prefrontal mem-
ory functions have further been observed using other types
of working memory paradigms. For example, two fMRI stud-
ies with a randomized, double-blind, placebo-controlled
cross-over design found increased activity in the SFG and
ACC during a spatial working memory task in the ET group
compared with the placebo group [49] and increased activity
in the ventrolateral PFC during a visuospatial working mem-
ory task in the EPT group compared to the placebo group
[50], respectively. In addition, a recent fMRI study with a
randomized, double-blind, placebo-controlled cross-over
design added to such a growing body of literature on the
role of MHT on the prefrontal memory function by showing
that postmenopausal women receiving ET showed increased
activity in the MFG, SFG and ACC during more difficult work-
ing memory load conditions compared with those who were
receiving a placebo [51]. Finally, in addition to the modula-
tory role of MHT on working memory-related PFC function,
another fMRI study revealed increased activity in the ACC
when postmenopausal women received EPT compared with
women who had received placebo [52].

Emotion-related function

In addition to the brain imaging studies on the prefrontal
memory function in association with MHT in postmenopausal
women already described, another line of research
attempted to examine how MHT modulates emotion-related
function in the PFC in those women. To date, we found that
three fMRI studies have addressed this issue. An early fMRI
study with a randomized, double-blind, placebo-controlled
cross-over design found increased activity in the OFC and
IFG during negative image processing (vs. neutral images)
when postmenopausal women received EPT compared with
when they received placebo. However, no difference in the
PFC activity was found during positive image processing (vs.
neutral images) between the EPT condition and the placebo
group [53]. This preliminary finding was further confirmed by
a more recent fMRI study with a repeated measure of pre-
estrogen versus post-estrogen (ET and EPT) treatment design,
which showed increased activity in the OFC with estrogen
treatment compared to pretreatment on the emotional iden-
tification task [46]. However, a recent study provided chal-
lenging evidence that postmenopausal women receiving ET
showed reduced activity in the medial frontal gyrus and ACC
compared with those who were receiving no hormonal treat-
ment [54].

Other prefrontal functions

Given the very limited number of brain imaging studies
investigating the effects of hormone replacement therapy on
other aspects of PFC function in postmenopausal women,
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we have grouped these studies together in this section.
Among them, an fMRI study with repeated measures of ET
and ET plus testosterone treatment versus baseline design
attempted to reveal how MHT impacts sexual-related func-
tion during erotic stimuli processing in the PFC [55].
Postmenopausal women receiving ET exhibited increased
activity in the ACC during processing erotic stimuli (vs. neu-
tral stimuli) compared with when they were at baseline.
Meanwhile, increased activity in the medial frontal gyrus dur-
ing processing erotic stimuli (vs. neutral stimuli) was
observed when postmenopausal women received ET with
testosterone compared with the baseline condition. In paral-
lel, attentional and executive functions in the PFC in associ-
ation with MHT have also been evaluated in postmenopausal
women. An early randomized, controlled, double-blind fMRI
study used a visual three-stimulus oddball task. It revealed
increased activity in the SFG, medial frontal gyrus and ACC
during distractors processing in postmenopausal women
receiving ET compared with those who were receiving a pla-
cebo. In contrast, increased activity in the SFG was observed
in postmenopausal women receiving ET compared with
those who were receiving a placebo during standard stimuli
processing [56]. This finding was further supported by a
recent fMRI study showing increased activity in the IFG in
postmenopausal women receiving either ET or EPT compared
with those who were receiving a placebo [57]. Concerning
cognitive control, only one fMRI study from this group using
a task switching paradigm in combination with a repeated
measure of EPT versus placebo design provided preliminary
evidence of increased activity in the MFC, IFG, ACC and mid-
dle cingulate cortex when postmenopausal women received
EPT compared with when they received a placebo [58].
Finally, given the central role of the PFC in motivation, we
examined how MHT influences reward-related function in
postmenopausal women. The present authors found that, in
a counterbalanced, double-blind, randomized and placebo-
controlled fMRI study, using a monetary reward task, there
was increased activity in the anterior medial PFC at the time

of rewarded outcome when postmenopausal women
received EPT compared with women receiving a pla-
cebo [59].

Conclusions

Based on the findings described, it is obvious that remark-
able progress has been made in understanding MHT influen-
ces on the structural and functional organization of the PFC
over the past decade. Collectively, the majority of neuroi-
maging studies on MHT-related effects on the structural
organization of the PFC indicate neuroprotective effects of
MHT on regional PFC structure in postmenopausal women.
Moreover, neuroimaging studies on MHT-related effects on
the functional organization of the PFC mainly indicate
increased brain activation patterns in different PFC subdivi-
sions by estrogen-only or estrogen-progestogen treatment
in therapeutic doses in postmenopausal women. This corrob-
orates preclinical findings of effects of estrogen on neural
structure and functions in mature animals. Although such

MHT-related effects on the PFC structures and functions have
only begun to be understood and are still under debate, the
available findings undoubtedly call for further research with
well-powered, randomized, controlled multi-modal neuroi-
maging designs, especially concerning brain structural fea-
tures (e.g. cortical thickness) and other aspects of PFC
function (such as multi-tasking and inhibitory control) in
association with the use of MHT in postmenopausal women.
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