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Introduction: Economic evaluation currently focuses almost exclusively on

the maximization of health, using the Quality-Adjusted Life-Year (QALY)

framework with instruments such as the EQ-5D, with a limited number

of health-focused dimensions providing the assessment of health benefit.

This evaluative framework is likely to be insufficient for setting priorities

in dementia care because of its exclusive concern with health. Data are

also often collected from the perspective of a proxy, limiting the voice of

those living with dementia in decision-making. This protocol describes a

research project that aims to gather the perspectives of people living with

dementia, their insights, and preferences for assessing their quality of life to

inform economic evaluation outcome measurement and design with a goal

of creating a more robust evidence base for the value of healthcare services.

Specifically, this study will elucidate what a “good life” means to people

living with dementia and how well instruments currently used in economic

evaluation meet this description. This project will further test the acceptability

of capability wellbeing instruments as self-report instruments and compare

them to generic and dementia-specific preference-based instruments.

Methods and analysis: People living with dementia, diagnosed, or waiting to

receive a formal diagnosis and with the capacity to participate in research,

will be invited to participate in an hour “think aloud” interview. Participants

will be purposefully selected to cover a range of dementia diagnoses, age,
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and sex, recruited through the integrated care, geriatric, and post-diagnostic

clinics at St James’ and Tallaght University Hospitals and dementia support

groups in the Ireland. During the interview, participants will be invited to reflect

on a “good life” and “think aloud” while completing four economic quality

of life instruments with a perspective that goes beyond health (AD-5D/QOL-

AD, AQOL-4D, ICECAP-O, ICECAP-SCM). An interviewer will then probe areas

of difficulty when completing the instruments in a semi-structured way. The

analysis will identify the frequency of errors in comprehension, retrieval,

judgment, and response from verbatim transcripts. Qualitative data will be

analyzed using constant comparison.

Ethics: The St James’s Hospital and Tallaght University Hospital Joint Research

Ethics Committee approved the study (Approval Date: 11 April 2022).

KEYWORDS

dementia, outcome measurement, preference-based health-related quality of life,
wellbeing, capability approach, interview, economic evaluation

1 Introduction

The challenging questions of how healthcare systems can
address the needs of patients efficiently and deliver equitable
and cost-effective care remain ever pertinent as we continue
navigating through the COVID-19 pandemic. The field of
health economics and outcomes research offers tools to conduct
clinical and economic evaluations of health interventions. These
tools serve as an essential foundation to derive information on
efficiency and value across the healthcare system. While these
evaluations are vitally important, the experience of the past
years has surfaced the importance of patient-reported outcome
measures (PROMs) to inform investment in services and
support person-centered and value-based care by providing a
way of measuring health outcomes from the patient’s perspective
(Churruca et al., 2021).

Patient-reported outcome measures provide an opportunity
for people living with dementia to share through questionnaires
their perceptions of health and wellbeing, quality of life, daily
functioning, and symptoms, as well as experiences of care.
Responses to PROMs questions enable healthcare services to
tailor the care that patients need and want. These measures aim
to fill a vital gap in the knowledge about outcomes that matter to
people living with dementia.

A number of dementia-specific PROMs exist, yet none are
used in dementia registries, and the majority of studies utilize
PROMs via a proxy (Ayton et al., 2020). Measuring the quality
of life of people with dementia is complex. Despite strong
indication within the literature that people with dementia are
willing (Hirschman et al., 2005) and able to express views
and participate in decision-making (Kim et al., 2002) as well
as respond consistently to questions about preferences and
choices related to daily living (Feinberg and Whitlatch, 2001;

Kane et al., 2003; Moyle et al., 2012a), their participation is often
limited (Tyrrell et al., 2006; Fetherstonhaugh et al., 2013; Daly
et al., 2018).

Denied or tokenistic participation in decision-making could
be attributed to several reasons. Traditionally, PROM data
is collected using conventional techniques, including surveys,
questionnaires, or interviews, all of which require adequate
cognitive and communication skills. Dementia may lead to
progressive difficulties with memory, expressive and receptive
language, and reading comprehension (Caramelli et al., 1998),
making the traditional PROMs increasingly difficult for people
living with dementia to complete. Consequently, proxies, family
members or care partners are asked to complete the assessment
on their behalf. While proxy ratings are considered valid,
they are based on observable behavior rather than subjective
experience. This mismatch of views could cause significant
disparities in rating between the proxy and the person’s
experiencing the condition (Karlawish et al., 2008; Gräske et al.,
2012; Moyle et al., 2012b; Arons et al., 2013; O’Shea et al., 2020).

Augmentative and alternative communication (AAC) is a set
of tools and strategies used to support people with multiple and
complex cognitive and physical difficulties. The AAC methods
provide alternative access to the preferences of people living
with dementia in the form of single pages and phrases, pictorial
tools, and other visual aids. The most recent literature review by
Haroon et al. (2022) confirmed that quality of life information
could be elicited more effectively from people living with
dementia through pictorial tools. Yet, the application of the
AAC methods to economic evaluation outcomes measurement
and design is limited (Broomfield et al., 2019).

Another set of reasons for the complex nature of the
PROM assessment in dementia could be attributed to the
choice of instruments used to assess this construct. The
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EQ-5D is the most frequently chosen instrument in economic
evaluations internationally (Szende et al., 2014). In the EQ-5D,
the quality of life is defined by mobility, self-care, usual activities,
pain/discomfort, and anxiety/depression. Hence, the EQ-5D
assesses only physical and psychological aspects of quality of
life and does not capture many critical psychosocial aspects that
may influence the quality of life of people with dementia (Reilly
et al., 2020).

Recent studies on how people with dementia might live
well with the condition indicate that factors beyond health
for example, self-efficacy and humor contribute significantly to
their overall quality of life (Clarke et al., 2020; Lamont et al.,
2020). Economic quality of life assessment could be incomplete
without accounting for elements like the quality of personal
and social relationships, effective communication, feeling valued
and respected by others, and independence (Reilly et al., 2020).
Instruments such as the EQ-5D may not capture aspects of
quality of life beyond health that people living with dementia
themselves consider essential.

An alternative approach has been proposed to capture
broader wellbeing called the capability approach. Sen (1987)
developed the capability approach with a core focus on what
individuals are free and able to do and be (i.e., are capable of). It
is a theoretical framework with a growing range of applications
(Helter et al., 2020). For example, it has been highlighted as a
way of helping people with mental health difficulties engage with
their values and priorities, for instance, by influencing the design
and delivery of mental health services (Helter et al., 2022).

Capability instruments like the ICECAP for Older people
(ICECAP-O) and ICECAP Supportive Care Measure (ICECAP-
SCM) have been developed to supplement the EQ-5D and
are increasingly used in economic evaluations and trials,
particularly among older people. The ICECAP-O uses a broader
scope of quality of life domains identified by older people as
important to wellbeing (attachment, security, role, enjoyment,
and control) (Coast et al., 2008). The ICECAP-SCM covers
seven domains (love and affection, choice, physical suffering,
emotional suffering, dignity, support, and preparation) (Bailey
et al., 2016).

Assessment of the quality of life of people living with
dementia using the capability wellbeing approach is emerging
(Helter et al., 2020). To date, two studies have elicited responses
directly from community-dwelling people living with dementia
using the ICECAP-O (Nyman et al., 2021; Bibi et al., 2022). In
comparison, three other studies surveyed proxies using either
ICECAP-O (Makai et al., 2014; Sarabia-Cobo et al., 2017)
or ICECAP-O and ICECAP-SCM (Froggatt et al., 2020). The
ICECAP-O was found to be both a reliable and valid measure of
the quality of life for use with people living with mild/moderate
dementia without a proxy (Nyman et al., 2021; Bibi et al., 2022).
It is not entirely clear yet, however, which ICECAP (ICECAP-O
for older people or ICECAP-SCM for those at the end of life) is

to be used when assessing the quality of life of people living with
dementia; or whether a dementia-specific capability wellbeing
instrument(s) co-designed with people living with dementia is
warranted to support the evidence base for the effectiveness and
value of healthcare services at different stages and within the
distinct contexts in which they experience life.

1.1 Aims

The overarching aim of this study is to gather perspectives
of people living with dementia, their insights, and preferences
on the question of assessing their quality of life in economic
evaluation. Specifically, this study aims to address two research
questions (RQ):

RQ1: What does a “good life” mean to someone living with
dementia?

RQ2: How well do instruments currently used in economic
evaluation reflect this construct?

Four different types of preference-based PROMs with a
perspective that goes beyond health will be tested in this study.
These comprise a dementia-specific quality of life PROM (AD-
5D/QOL-AD), a generic health-related quality of life PROM
(AQOL-4D), and two capability PROMs of broader wellbeing
(ICECAP-O and ICECAP-SCM).

Specific objectives of this study include:

(1) To define themes of a “good life” or quality of life from
the perspective of people living with dementia as well
as explore differences and similarities in the type of
dementia, age and sex.

(2) To gather perspectives of people living with dementia,
their insights, and preferences for assessing their quality
of life using different preference-based patient-reported
instruments, their design and administration mode.

(3) To explore differences in the completion of the PROMs in
terms of comprehension (e.g., any misunderstanding of a
word, phrase, or response option); retrieval (e.g., a recall
error); judgment (e.g., recalled experiences are irrelevant
or inadequate); response (e.g., participant’s response is
inconsistent with the personal experience expressed or the
desired response is missing from the response choices);
and completion time.

2 Methods and analysis

This protocol adheres to the Consolidated Criteria for
Reporting Qualitative Studies (COREQ) (Tong et al., 2007).
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2.1 Theoretical framework

This research project comprises a “think-aloud” study
followed by a semi-structured interview. A think-aloud study is
a cognitive interview method that asks participants to verbalize
their thoughts and actions as they perform a task (Willis, 2005).
Think-aloud interviews enable examining comprehension,
retrieval, judgment, and response difficulties when completing
a questionnaire. The interviewer remains silent so long as
individuals continue to think aloud. This process allows for a
more realistic picture of the problems that individuals face when
completing questionnaires than more direct interview methods
that may interrupt task completion (Kuusela and Paul, 2000).

2.2 Participant selection and setting

2.2.1 Sampling
A purposeful sample will be recruited for this study.

Potential participants will be recruited through the integrated
care, geriatric and post-diagnostic clinics at Tallaght University
Hospital and St James’ Hospital in Dublin, Ireland, and
supplemented with additional recruitment via dementia support
groups. Participants will be required to satisfy the following
inclusion criteria:

• being diagnosed or waiting to receive a formal diagnosis of
dementia;

• have the capacity to participate in research, i.e., sufficiently
well to be able to provide informed consent and participate
in research;

• wishing to participate; and,
• able to communicate in the English language.

Patients who are medically or psychiatrically unstable or
acute, as assessed by the clinical team, will not be eligible to
participate. All of the inclusion criteria must be satisfied for a
person to be eligible to participate.

2.2.2 Method of approach
For clinical recruitment, a clinician, during a routine

appointment, will approach an eligible patient with an
opportunity to participate in this study. If interested, potential
participants will be handed a participant information leaflet to
read in their own time. If they agree to participate, they can leave
their contact details (name, email address, or phone number)
with a research team member present at the time or contact
the research team directly to discuss the study further, obtain
informed consent and arrange for study participation.

For recruitment via dementia support groups, a group
facilitator would approach potential participants using their
judgment of the person’s capacity to participate in research
and ability to provide informed consent. They will approach

potential participants with an invitation to participate in the
study. If interested, potential participants will be given a
participant information leaflet to read in their own time.
If they are interested in participating, they can leave their
contact details with the group facilitator or contact the
research team directly.

2.2.3 Setting of data collection and consent
Interviews will be completed at a time and place convenient

for the participants, either face-to-face in the participant’s home
or any other convenient location or remotely via platforms such
as Teams. If the participant opts for a home visit, a research
team member will revisit the information in the participant
information leaflet, and proceed to obtain written, informed
consent from the participant. If the participant opts for remote
participation, the consent forms will be sent by email or post at
least 1 week before the interview. Once connected remotely, a
research team member will go through the consent form and
the participant information sheet and address any questions
relevant to participation. If agreeing to consent, participants will
be asked to sign the form on camera, if available, witnessed by
the researcher remotely and by their care partner. Participants
will be able to withdraw from the study at any point following
consent, with no explanation required. Their participation
or withdrawal from the study will not impact their regular
care in any way.

2.2.4 Sample size
The study will aim to recruit about 30 people living

with dementia of different types and demographics in order
to achieve a heterogeneous sample across different types of
dementia, age and sex. There is no clear sample size guidance
for cognitive interviewing. Previous think-aloud studies have
used sample sizes in the region of 18–36 (Al-Janabi et al., 2013;
Horwood, 2014; Bailey et al., 2016; Mitchell et al., 2020). The
proposed sample size should be sufficient to reach “information
power” in identifying important themes arising from interviews
and enable the quantitative “scoring” element of the analysis
(Malterud et al., 2016).

2.3 Instruments

2.3.1 Cognitive assessment
PROMIS-Cognitive Function- Short Form 4a (PROMIS-SF

4a) (Physician Health Organization [PHO], 2020) is a 4-item
instrument used to capture self-reported cognitive complaints.
The PROMIS-SF 4a in this study will provide a subjective
assessment of cognitive function by a person with dementia.
This brief tool includes individual reviews of processing speed,
working memory and executive function cognitive domains.
Each question has five response options ranging in value from
one to five. The sum of the response values to each question
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is added to generate a total raw score ranging from 4 to 20.
Raw scores ranging between 15 and 20 are considered normal,
mild complaints are between 12 and 14, moderate complaints
are between 6 and 11, and severe complaints are less than 6
(P R© Scoring Manuals, 2022).

General Practitioner Assessment of Cognition (GPCOG)
(Brodaty et al., 2002) is a screening tool for dementia,
comprising two components: (1) cognitive test items conducted
with the person and (2) historical questions asked of an
informant. Results > 8 or < 5 on the GPCOG patient section
indicate cognitively intact or impaired, respectively. For patients
requiring an informant questionnaire, a score of 3 or less out of
6 in this section suggests cognitive impairment (Brodaty et al.,
2002).

The Dementia Communication Difficulties Scale (DCDS)
(Murphy et al., 2007) in this study will help further define
a dementia stage, such as early, moderate, or late. DCDS
comprises 13 statements based on existing definitions of the
communication problems commonly experienced by people as
dementia progresses. The DCDS requires a third party who
knows the person with dementia well to assess various aspects
of their communication on a 5-option scale. Each DCDS option
is assigned a score: “Never” = 0, “Sometimes” = 1, “Often” = 2,
“Always” or “Says too little for me to judge” = 3. A person’s
DCDS rating is obtained by totaling their scores for all 13
statements. DCDS ratings can range from 0 to 39, with a higher
rating indicating greater communication difficulty. Stages of
dementia group definitions include: early stage (DCDS ratings
between 0 and 10.5); moderate stage (DCDS ratings between 11
and 19.5); late stage (DCDS rating between 20 and 39) (Murphy
et al., 2007).

2.3.2 Quality of life
The Quality of Life in Alzheimer’s Disease (QOL-AD)/AD-

5D (Logsdon et al., 2002) is a condition-specific instrument
for assessing health-related quality of life for people living
with dementia and the Alzheimer’s Disease Five Dimensions
(AD-5D) (Comans et al., 2020) is a preference-based scoring
algorithm for QOL-AD that calculates quality-adjusted life years
and enables its use in economic evaluation. The QOL-AD/AD-
5D comprises 13 attributes (physical health, energy, mood,
living situation, memory, family, marriage, friends, self as a
whole, ability to do chores, ability to do things for fun, money
and life as a whole). Response options include 1 (poor), 2
(fair), 3 (good), and 4 (excellent), with higher scores indicating
better quality of life. The patients’ ratings are performed in an
interview, with standardized instructions to avoid influencing
the results. It is worth noting that while the QOL-AD was
originally developed as a disease-specific scale for Alzheimer’s,
it has been used to assess the quality of life of people living with
other types of dementia (Larsson et al., 2011).

The Australian quality of life (AQOL-4D) (Hawthorne
et al., 1999) is a generic health-related quality of life

instrument that consists of 12 attributes covering four
dimensions, including independent living–self-care, household
tasks and mobility; relationships–friendships, isolation and
family role; mental health–sleeping, worrying and pain; and
senses–seeing, hearing and communication. Each dimension
has four response levels. It is an abbreviated version of
AQOL questionnaire that could be completed in 1–2 min
by a participant without an accompanying instructions
(Hawthorne et al., 1999).

The ICECAP-O (Coast et al., 2008) is a capability wellbeing
instrument developed for self-completion by older adults,
specifically for the economic evaluation of health and care
interventions. It consists of five dimensions relating to a person’s
capability to have attachment, security, role, enjoyment, and
control. Each dimension has four response levels ranging from
no capability to full capability (Coast et al., 2008).

The ICECAP-SCM (Bailey et al., 2016) is a capability
wellbeing instrument developed for use in evaluation of
palliative and supportive care interventions. The instrument
has seven attributes derived from qualitative data collected
from those at various stages along the trajectory toward
death. Participants are asked to indicate their wellbeing “at
the moment” in terms of choice (being able to have a say),
love and affection (being able to be with people who care
about you), freedom from physical suffering, freedom from
emotional suffering, dignity (being able to maintain dignity
and self-respect), support (able to have help and support), and
preparation (having the opportunity to make preparations).
There are four response levels to each attribute ranging from
no capability (1), a little capability (2), some capability (3),
full capability, generally expressed as experiencing a lot of an
attribute (4) (Huynh et al., 2017).

2.4 Data collection

The interview will begin with a recap of the study
aims, interview format and data confidentiality, consent for
participation and recording of the interview. In order to “warm
up,” a preliminary task will ask participants to “think aloud”
as they count windows at the place they live. Participants will
also be asked a few basic questions about their age, dementia
diagnosis, and their family circumstances. Participants will then
be asked to reflect on what “good life” means to them and asked
to verbalize their thoughts while completing the four PROMs,
containing 37 questions in total, thinking aloud when reading
and answering these questions. The order of the PROMs will
be randomly determined prior to the interview, using a random
number generated by RAND function in Microsoft Excel. Lastly,
participants will be asked to self-rate their cognitive health with
four standardized questions (Physician Health Organization
[PHO], 2020); while a close person will be asked to complete
DCDS and GPCOG.
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Participants will not be interrupted unless they are silent
for longer than 10 s when they will be asked to “keep thinking
aloud.” A close person will be present and may offer support
with interpretation during the interview if required, but they
will be asked not to provide their own views. An interviewer will
facilitate this interaction.

If the participant is able to provide consent but does not
appear to be able to complete any of the PROMs, such as unable
to directly participate, the interviewer will shorten the interview
by thanking the participant for their interest in this study and
sensitively terminating the interview. In such cases, we will not
seek consent to interview a close person on behalf of a patient as
the purpose of this study is specifically to examine the ability
of people living with dementia directly to self-complete these
PROMs and express their preferences.

After completing each PROM and after completing all
four PROMs, there will be a short discussion to clarify the
participants’ thoughts. The interviewer will seek to clarify any
areas where there is uncertainty about the recorded answer and
briefly discuss the participant’s opinions more generally.

Interviews could last anywhere between 1 and 1.5 h and will
be audio recorded. The semi-structured part of the interview
will be conducted using a topic guide to help ensure a consistent
approach across interviews and between interviewers. However,
the research team will use the guide in a responsive way tailored
to individual experiences. This means that the topics covered
and the order in which they are discussed could vary, especially
between interviews. Interviewers will use open, non-leading
questions, and answers will be fully probed (for example, asking
“How?” and “In what way?”).

If participants become upset during the interview for any
reason, the issue will be handled sensitively, and participants
will be asked whether they would like to stop the interview. If
the participant’s preference is to stop the interview, this will, of
course, be done, but if they wish to continue, this preference
will also be met. Following the facilitation of an interview, the
researcher will be debriefed by another research team member.
They will not share any information which can potentially
identify the participant during the debrief.

2.5 Data analysis

All interviews will be transcribed verbatim. Key topics will
be identified through familiarization with the transcripts and
discussion among the research team to create a list of themes
and sub-themes called “nodes.” The transcripts will be managed
using the software package NVivo 10.

A central chart will be created to give an overview of each
interview in terms of the key sampling characteristics. The final
analytical stage will involve working through the coded data
both within and across cases and themes, identifying similarities

and differences and interrogating the data to seek to explain
emergent patterns and findings (Spencer et al., 2013).

To explore differences in the completion of the PROMs,
three raters will independently assess each transcript for errors
in terms of:

• comprehension (understanding the question in the way
intended);

• retrieval (retrieving information – in general, this is
assumed to be the ability to retrieve information from long-
term memory, but, for this case, with proxy respondents, it
will also be used to indicate errors where the respondent is
unable to retrieve information that they were unaware of);

• judgment (judging how the retrieved information should
be used to answer the question);

• response (participant’s response is inconsistent with the
personal experience expressed or the desired response is
missing from the response choices); and,

• completion time.

Kappa scores will be calculated to assess inter-rater
agreement, applying the following set of rules, used in the
previous research by Froggatt et al. (2020), to determine whether
a response should be classified as an error and, if so, of what type:

• If no error is identified by any rater, then no error
will be recorded.

• If an error type is identified by all raters, then an error of
that type will be recorded.

• If an error is identified by one or two raters, then the raters
collectively will come to a final decision through discussion.

• If an error is identified by all three raters, but there will be
disagreement about the nature of the error, then the raters
will collectively come to a final decision through discussion.

• If raters cannot come to a collective decision through
discussion, then the final assessment will be made based on
majority choice.

2.6 Ethics

This study received approval by the St James’s Hospital and
Tallaght University Hospital Joint Research Ethics Committee.
Approval was granted on 11 April 2022.

2.7 Patient and public involvement
(PPI)

In preparation for this study, we conducted extensive patient
and public consultations. First, we engaged with the Dementia
Community Research Advisory Panel members (DC-RAP)
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TABLE 1 Synopsis of the PPI/PPV feedback received and corresponding changes made.

ICECAP-O original ICECAP-O
“smiley
version”

AQOL-4D DEMQOL-U AD-5D
(QOL-AD)

Like most Symmetrical, clean, consistent,
easy to follow [PPI1–4]

Easy, simple, not
busy, 1 page, quick
[PPI1–4]

“Comprehensive” [PPI1];
“liked examples” [PPI1];
talked about “personal day to
day tasks – easy to answer”
[PPI1 and 4]; “gets down to
emotional level. . . loneliness
for example” [PPI2]

“colours delineate text”
[PPI1]; “relatively simple”
[PPI2]; “talked about
feelings” [PPI4]

“covers QOL
succinctly and add
additional categories
as marriage and
money” [PPI2]; “not
long” [PPI3]; “very
clear” [PPI4]

Liked least A lot of words and lack of space
[PPI1–4]; “hard to answer”
[PPI3 and 4] “emotionally
draining” [PPI4]

“Colour – visually
too much” [PPI2];
“too simple” [PPI1]

“a lot of words” [PPI1 and 4]
and “acronyms” [PPI2];
“long” [PPI4]

“negatively worded
questions (lonely,
frustration)” [PPI2]; “kept
forgetting about last week”
reference [PPI1]; confusing
words, i.e., cognition and
forgetfulness, relationship
defined as verbal
communication [PPI3];
many questions are
covered by other PROMs
[PPI2]

“too many
instructions”
[PPI2 and 3]

Other
comments

“Why can? It takes a minute to
register; talking about yourself
or your ability? If someone
dependent – would they know
that – depends on how
advanced they are. Not all will
be able to admit they lost
independence” [PPI4]

Color and smile –
double message
(red-bad;
green-good) what if
a person prefers
being dependent, but
the associated color
was red? [PPI4]

“If facilitated this would
invite dialog, if given right
away might scare them”
[PPI1]; “Unlikely will answer
over the past week, they will
answer at the moment”
[PPI4]

Questions about
choirs and marriage
may not apply to
everyone (e.g., old
fashioned
gentleman, nursing
home residents,
widowed)

Changes
made

Based on feedback, the lead
author developed two
alternative design options, i.e.,
visual, using bars and tabular;
applied to both ICECAP-O and
ICECAP-SCM, with the latter
accompanied by interviewer
instructions. A decision was
made to use a tabular design in
this study

A decision was made
not to use this design
in the present study

A decision was made to
change some of the wording
of questions, font size and
spacing; removed
abbreviations and acronyms.
Approval was sought and
granted to use this version in
the present study

A decision was made not to
use this PROM

No changes were
made; a decision was
made to use the
original
interviewer-led
version in the
present study

(Global Brain Health Institute [GBHI], 2022) established as
part of the Global Brain Health Institute (GBHI) Person and
Public Voice (PPV) project. We ran five one-on-one cognitive
interviews with care partners of people living with dementia.
Cognitive interviewing is an evidence-based, qualitative method
specifically designed to investigate whether a questionnaire
fulfill their intended purpose; often used as part of pretesting
and before the main data collection (Willis, 2005).

During the cognitive interviewing, we obtained feedback
on the topic guide, PROMs [ICECAP-O original and ICECAP-
O “smiley version” (Kinghorn et al., 2021), AQOL-4D,
DEMQOL-U, and QOL-AD], including their design, wording,
and administration mode. Table 1 provides a synopsis of the
questions asked, feedback received, and corresponding changes
made to the instruments. Subsequently, an adapted version,
underpinned by the AAC principles and accompanied by

interviewer instructions was developed for the ICECAP-SCM
and ICECAP-O.

After the initial round of changes, we conducted another
cognitive interview with a person living with dementia. We
confirmed the chosen instruments, their design, and the
likelihood of completing 37 questions across the four PROMs
in an interview. Patient and public consultations during the
analysis stage and dissemination will continue for the duration
of this project.

Ethics statement

The studies involving human participants were reviewed
and approved by the St. James’s Hospital and Tallaght
University Hospital Joint Research Ethics Committee.
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In the United States, 80% of surveyed Black patients report experiencing barriers to 
healthcare for Alzheimer’s disease and related dementias (ADRD), delaying the time-
sensitive treatment of a progressive neurodegenerative disease. According to the 
National Institute on Aging, Black study participants are 35% less likely to be given 
a diagnosis of ADRD than white participants, despite being twice as likely to suffer 
from ADRD than their white counterparts. Prior analysis of prevalence for sex, race, 
and ethnicity by the Centers for Disease Control indicated the highest incidence of 
ADRD in Black women. Older (≥65 years) Black women are at a disproportionately 
high risk for ADRD and yet these patients experience distinct inequities in obtaining 
clinical diagnosis and treatment for their condition. To that end, this perspective 
article will review a current understanding of biological and epidemiological factors 
that underlie the increased risk for ADRD in Black women. We will discuss the specific 
barriers Black women face in obtaining access to ADRD care, including healthcare 
prejudice, socioeconomic status, and other societal factors. This perspective also 
aims to evaluate the performance of intervention programs targeted toward this 
patient population and offer possible solutions to promote health equity.

KEYWORDS

Alzheimer’s disease, Alzheimer’s disease and related dementias, discrimination, outreach, 
healthcare equity

1. Introduction

“It’s a social justice and bioethics issue,” Carl V. Hill, Ph.D., MPH, Chief Diversity, Equity, and 
Inclusion Officer for the Alzheimer’s Association, remarks while reflecting on the current state of 
dementia care for Black women. Having established the framework for health disparities at the 
National Institute on Aging (NIA) before joining the Alzheimer’s Association, Hill is no stranger to 
tackling some of the toughest problems in health equity (Hill et al., 2015). The current state of affairs 
in Alzheimer’s disease and related dementias (ADRD) care for Black patients, particularly Black 
women, resides toward the top of such a list. As the fifth leading cause of death in older Black 
Americans, ADRD poses a great risk to patient health in this demographic (Us Against Alzheimer’s, 
2021). Current estimates indicate that Black individuals are at 2–3 times greater risk of developing 
AD than their White counterparts with the highest risk for those with familial history of AD (Green 
et al., 2002; Younan et al., 2022). Black Americans could face up to four times the amount of ADRD 
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cases over present-day estimates by 2060, as the aging population 
balloons to more than double by 2030 (Matthews et al., 2019; Alzheimer’s 
Association, 2022). As such, the elevated risk of ADRD for Black 
individuals will only continue to worsen in the coming years (Figure 1).

Women are approximately twice as likely to develop ADRD than 
men across all races and ethnicities (Lim et al., 2022). The CDC found 
the highest prevalence in women and Black individuals when examining 
~3.2 million Medicare Fee-For-Service beneficiaries diagnosed with 
ADRD in 2014 (Matthews et  al., 2019). Research examining 
age-standardized diagnostic incidence rate and relative risk of late-onset 
ADRD also found the highest risk for Black women (Lim et al., 2022). 
Black women live at the crossroads of the most vulnerable populations 
for ADRD. Yet, research efforts tend to focus more broadly on either 
race or sex, giving little credence to the compounding effect that has led 
Black women to have the highest amount of ADRD cases. To that end, 
this perspective article will review the current understanding of 
contributing factors for increased ADRD risk in Black women, including 
ADRD healthcare access barriers, and evaluate current interventional 
programs and strategies to address this issue.

2. Chronic discrimination as a 
neurobiological insult in black patients

The biological and environmental pathways that lead to poorer 
health outcomes in Black patients are complex and intertwined. 
Researchers have long established that extended periods of stress can 
wreak havoc on patient’s physical and mental health and brain function 
(Kloet et al., 2005; Blair and Cybele Raver, 2016). A lifetime of exposure 
to systemic racism and discrimination for Black patients places them 
in a vulnerable biological standing due to chronic psychological stress 
and impacts to mental health (Geronimus, 1992; Geronimus et al., 
2010; Blair and Cybele Raver, 2016). Anxiety, depression, and other 
psychiatric conditions can increase risk for ADRD and negatively 
impact patient health outcomes (Richmond-Rakerd et al., 2022). Prior 
studies show that Black Americans have a higher allostatic load, 

referring to the cumulative damage done to the body under chronic 
stress. Black women had the highest allostatic load scores compared to 
Black men and White persons, regardless of income level (Geronimus 
et al., 2006). Evidence may also support that Black women between 49 
and 55 years of age are roughly 7.5 years older biologically than their 
White counterparts, as assessed by telomere length – a repetitive 
sequence of DNA found at the end of chromosomes – from peripheral 
blood mononuclear cells (Geronimus et al., 2010). These sequences are 
used to protect chromosomes during cell division and replication. 
Telomere length is a well-established biomarker with an inverse 
relationship to age, as telomeres shorten throughout the lifespan 
(Houben et  al., 2008). Stress pathways chronically activated by 
psychosocial stressors can increase the rate of telomere shortening and, 
in turn, indicate biological aging (Epel et al., 2004; Cherkas et al., 2006; 
Rewak et al., 2014). Data support longer telomere length at birth in 
Black patients than White patients, with accelerated shortening 
observed most specifically in Black women (Roux et al., 2009; Rewak 
et al., 2014; Brown et al., 2016).

The biological consequences of discrimination for Black patients 
are also observed in ADRD. The onset of ADRD symptoms typically 
occurs at an earlier age and with greater severity for Black Americans 
compared to their White counterparts (Barnes and Bennett, 2017). 
Black Americans with high brain amyloid deposition showed a more 
severe cognitive decline over a 20-year follow-up than White patients 
with similar amyloid load (Gu et al., 2015; Barnes and Bennett, 2017; 
McDonough, 2017). Similar studies demonstrate that Black patients 
with high brain amyloid exhibit smaller hippocampal volumes and 
decreased cortical thickness compared to matched White patients 
(McDonough, 2017). As participants were matched on several 
parameters, these findings may indicate a faster neurodegenerative rate 
in Black patients. Recent studies have focused on biological mechanisms 
involved in both stress and ADRD, such as inflammation and oxidative 
damage pathways. One pilot study demonstrated an association 
between high interleukin-10 levels and impaired executive function but 
yielded mixed results on cognitive measures (Patel et  al., 2020). 
Reduced AD risk in Black women that utilize statins has also been 
observed, possibly supporting that metabolic dysfunction and 
inflammation act as primary biological drivers for increased ADRD 
incidence in Black women (Zissimopoulos et al., 2017). The elevation 
of these driving factors is in line with previously reported chronic stress 
and cardiovascular disease in this patient population (Stampfer, 2006; 
Geronimus et al., 2010; Centers for Disease Control and Prevention, 
2018). However, pilot studies such as these are limited by their sample 
sizes and possible sampling bias due to the lack of recruitment of Black 
patients in ADRD research (Barnes and Bennett, 2017). Current 
knowledge on the driving force of neurological vulnerability and 
possible accelerated biological aging in Black women remains limited 
and warrants further study.

3. Institutional discrimination drives 
ADRD health disparity in black women

Joyce Balls-Berry, Ph.D., Associate Professor at Washington 
University in St. Louis and the Health Disparities and Equity Core at the 
Knight Alzheimer’s Disease Research Center (ADRC), emphasizes that 
“one of the big problems that we have, especially for women of color and 
even just communities of color regardless of self-identity on race or 
ethnicity, is a delay in diagnosis.” Several barriers contribute to this delay 

FIGURE 1

Multiple factors contribute to the increased incidence of ADRD in Black 
women. Societal inequities and discrimination drive chronic stress and 
inhibit access to high-quality healthcare for this patient population. 
Over time, this can have serious biological and health implications for 
patients, placing them at an elevated risk for modifiable diseases 
associated with ADRD and potentiating their risk for ADRD.
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and prevent Black patients from accessing the highest quality care, 
including healthcare prejudice and disparities, lack of culturally 
competent care, and systemic racism.

Only 20% of surveyed Black Americans feel they have no barriers to 
quality healthcare for ADRD (Alzheimer’s Association, 2021). The 
highest levels of discrimination in dementia health care are experienced 
by Black Americans, according to two national surveys from the 
Alzheimer’s Association (Alzheimer’s Association, 2021). Healthcare 
prejudice impacts all facets of care and can have serious implications for 
the health of Black patients with ADRD. A recent study from the NIA 
found that Black participants were 35% less likely to receive a diagnosis 
than White participants, despite having a well-established higher 
incidence of ADRD (Lennon et al., 2022). Black patients with an ADRD 
diagnosis are also less likely to have been told by a doctor that they have 
a “memory-related disease” (Alzheimer’s Association, 2021). These 
findings support possible underdiagnosis of ADRD in Black patients 
and may have larger implications for the current understanding of 
ADRD incidence in this patient population.

Disparities in patient treatment for modifiable risk factors of 
ADRD may contribute to their increased incidence for Black women. 
Obesity, diabetes, and hypertension are all modifiable risk factors for 
ADRD (Omura et  al., 2022). Black women experience a greater 
incidence of all three conditions than Black men and White individuals 
(Agyemang and Powell-Wiley, 2013). In the United  States, Black 
women are 70% more likely to experience obesity in their lifetime than 
White women (Agyemang and Powell-Wiley, 2013; Williams et al., 
2015). The increased incidence of obesity in Black women likely also 
contributes to their disproportionate rate of diabetes. An estimated 1 in 
4 Black women (≥ 55 years old) has diabetes, occurring at roughly twice 
the rate of White women (Beckles and Thompson-Reid, 2001; Agency 
for Healthcare Research and Quality, 2016; Centers for Disease Control 
and Prevention, 2022). Diabetes and obesity tend to co-occur with 
hypertension, which affects 58% of Black women in the U.S. compared 
to only 41% of White and Hispanic women (Virani et al., 2021). Almost 
half (46%) of Black women suffer from the highest level of hypertension 
(Stage 2), comprising a greater portion of the population than Black 
men (42%) (Abel et al., 2021). Hypertension is also a major risk factor 
for cardiovascular disease, the leading cause of death in Black women, 
and a significant risk factor for ADRD (Stampfer, 2006; Centers for 
Disease Control and Prevention, 2018). The higher prevalence of these 
conditions and discrimination in health care, especially for Black 
female patients, likely contribute to their unequal burden of 
ADRD prevalence.

Healthcare discrimination against Black patients extends beyond 
the scope of ADRD and has implications for patient health outcomes. 
Patients of racial and ethnic minorities in the U.S. are less likely to 
receive preventative healthcare and are more likely to experience a lower 
quality of care (Smedley et al., 2003; Institute of Medicine, 2012; Agency 
for Healthcare Research and Quality, 2021). The same report showed 
that Black patients’ health outcomes remain worse than for White 
patients even when accounting for income, neighborhood status, 
comorbid illnesses, and health insurance type. One study also 
demonstrated a strong link between healthcare discrimination based on 
race, sex, age, education, or income level and the health outcomes of 
diabetic patients (Piette et al., 2006). Black patients are less likely to 
receive recommended services for diabetes and less likely to have their 
hemoglobin A1c and blood pressure under control (Millett et al., 2008; 
Satcher, 2008; Agency for Healthcare Research and Quality, 2016). The 

unequal treatment of Black patients could have implications for health 
outcomes long before their ADRD diagnosis.

Tantamount to discrimination is a lack of access to culturally 
competent care for Black ADRD patients. Only 48% of surveyed Black 
persons report feeling confident they can access culturally competent 
care (Alzheimer’s Association, 2021). Their fears are not unfounded, as 
a growing amount of evidence supports that common diagnostic tools 
are less accurate for non-White patients. Many cognitive tests commonly 
utilized in ADRD clinical evaluation, like the Stroop Color and Word 
Test or the Mattis Dementia Rating Scale, include race-norming 
adjustments that assume lower performance scores for Black patients 
and thus complicate the interpretation of low performance scores that 
may result from cognitive impairment (Gasquoine, 2009; Vyas et al., 
2020; Barnes, 2022). Race-norming in cognitive tests may prevent Black 
patients experiencing dementia symptoms from getting the proper 
diagnosis. Other cognitive tests included in the ADRD battery, such as 
the Mini-Mental State Exam, are known to suffer from racial bias that 
results in the misdiagnosis of Black patients. These neuropsychological 
tests can yield staggering false-positive results between races and 
ethnicities, up to 42% in Black patients compared to 6% in their White 
counterparts (Stephenson, 2001). Race-norming obfuscates the true 
prevalence of ADRD in Black patients and creates a significant barrier 
for Black patients to obtain sufficient dementia care.

Biomarker evaluations may provide a reprieve from implicit and 
racial bias in cognitive testing but are not without limitations. Previous 
studies have reported lower levels of cerebrospinal fluid biomarkers for 
ADRD in Black patients compared to White patients, including tau and 
phosphorylated tau (Howell et  al., 2017; Morris et  al., 2019). The 
patient’s race also impacted the interaction of apolipoprotein e4, a 
genetic biomarker for ADRD, and tau (Morris et al., 2019). Recently, a 
study also found that differences in tau levels for Black Americans can 
impair the accuracy of biomarker models predicting brain amyloidosis 
commonly used in ADRD evaluation (Schindler et al., 2022). These 
results led the authors to recommend future analyses of molecular 
ADRD biomarkers to adjust for race differences. Balls-Berry, authored 
on the article, proposes that methods for biological screening of ADRD 
need to be thought of “in terms of ancestry and in terms of social and 
structural determinants of health, which are often not looked at as being 
a biomarker for disease.”

4. Outreach and intervention programs 
for black women with ADRD

The disconnect between healthcare providers and Black patients can 
have a resounding impact on ADRD care. Black patients are twice as 
likely not to seek out healthcare when experiencing thinking or memory 
problems than White patients (Alzheimer’s Association, 2021). The 
reasoning behind the avoidance of healthcare intervention may be partly 
due to a lack of community educational outreach, as Black Americans 
are more likely to attribute ADRD symptoms to normal aging than 
White Americans (Glover et al., 2019). As cultural education among 
physicians remains subpar, these nuances in recognizing symptoms and 
treating different populations of patients impair the quality of care for 
ADRD (Assistant Secretary For Planning and Evaluation (ASPE), 2022). 
This divide widens as other factors such as socioeconomic status, level 
of education, and psychological stress not only inhibit access to high-
quality dementia care but also put Black patients at greater risk for 
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ADRD (Geronimus et  al., 2010; Hill et  al., 2015; Blair and Cybele 
Raver, 2016).

Historical mistrust of the medical community also impacts the 
likelihood that Black patients will seek out dementia care and other 
healthcare services (Green-Harris et  al., 2019). Long-standing 
discrimination and ethical misconduct from medical and academic 
institutions toward Black Americans and minority communities have 
significantly damaged the relationship between patient and provider. 
Surveys indicate that 62% of Black Americans feel medical research is 
biased against people of color, and only 53% believe a cure for AD would 
be distributed fairly without discrimination (Alzheimer’s Association, 
2021). Healthcare providers must first recognize and give credence to 
past misconduct and present mistrust in the relationship with Black 
patients. As Ball-Berry remarks, “What I would also like to see happen 
is for us to really acknowledge our historical hurts that we have done as 
institutions… and how that has further marginalized and impacted 
communities of color, especially the Black community, from being able 
to participate in studies because they felt like they were not heard when 
these things were happening.”

Lack of inclusion for Black patients in ongoing clinical research 
has limited scientific understanding and impacted the ability to 
generalize scientific findings and treatments to the larger community. 
“We have so much work to do— with less than 10% of African 
Americans being represented among Alzheimer’s clinical trials,” says 
Hill. Low recruitment of Black participants also occurs in 
complementary intervention programs and studies of ADRD risk 
factors (Alegria et  al., 2021). Reliance on passive untailored 
recruitment strategies and implicit bias act as primary barriers to 
effectively reaching Black patients and underserved communities 
(Green-Harris et  al., 2019). State-level efforts to rethink current 
outreach strategies have yielded key insights to the path forward for 
healthcare providers. The Wisconsin Registry for Alzheimer’s Project 
(WRAP) utilizes an asset-based community development approach 
that has improved access and care for Black patients with ADRD 
(Green-Harris et  al., 2019). Their outreach efforts focused on 
identifying key community stakeholders, creating culturally-tailored 
programming, and providing educational resources for providers, 
patients, and caregivers. WRAP leaders concluded that by meeting 
the community’s needs first, Black patients were more likely to 
participate in ADRD research through WRAP.

Balls-Berry works to cultivate the same dynamic with patients for 
the Knight ADRC. She encourages “creating shared visions with our 
community and patient partners in a way that opens up doors for new 
places to recruit, to collect data, to provide health education, and 
showing up and giving our time to these communities because it’s 
going to advance the mission of those groups, not just our mission.” 
Knight ADRC partners with several organizations and key 
stakeholders in the community to facilitate outreach efforts toward 
Black patients and unserved communities. Similar efforts are 
underway at Southern Illinois University School of Medicine 
(SIUSOM), where the Smith Alzheimer’s Center has launched health 
equity initiatives through the Beyond the Medical Center Program in 
collaboration with the National Association for the Advancement of 
Colored People. SIUSOM also recently launched a Center for Equity 
in Professional Development to amplify community engagement and 
health education. Collectively, university ADRD outreach works to 
provide value to the community and encourage participation in 
clinical research.

Acting at the state and national level, Hill emphasized key 
takeaways that the Alzheimer’s Association encourages for outreach 
efforts. Ensuring cultural relevance, appropriateness, and effectiveness 
in all outreach materials and healthcare resources is paramount, 
according to Hill. The Alzheimer’s Association focuses on a 
community-based participatory model to accomplish this goal, 
emphasizing strategic partners in the community that are active at 
national and local levels, such as religious groups and healthcare 
workers organizations. Outreach efforts must go beyond just 
establishing community connections, but also listening and 
incorporating feedback from those partners. “We have to think 
critically and from an innovative perspective about how to get our 
free resources to the communities that are disproportionately affected, 
underrepresented, and underserved.”

5. Discussion

Black women seek help from a healthcare system that is 
fundamentally not built to serve them. From preventative care to 
delayed diagnosis and treatment, Black patients experience chronic 
discrimination inside and outside the healthcare system that 
contributes to a higher incidence of long-term health issues and 
places them at greater risk for ADRD. Implementing a training 
structure that actively recruits students from underserved 
communities and instills culturally competent care among 
healthcare providers is paramount to combating this issue. Such 
training must address implicit racial and ethnic bias and an 
understanding of the racial limitations of diagnostic tools. Further, 
more research is needed to understand the racial biases that may 
exist in ADRD biomarker and physiological evaluations of Black 
patients and to discover more culturally competent protocols for 
diagnosis. The diagnosis and treatment of ADRD require healthcare 
providers to become more aware of variations in the clinical 
presentation of ADRD by race and to customize their care and 
approach to their patients.

Improving dementia care for Black women also requires 
healthcare providers to connect with organizations and 
representative members of their communities. These members 
could serve as liaisons for communication that will help to build a 
trusting relationship within the Black community. Increasing access 
to healthcare services and education will also be required to help 
Black female patients to receive all-encompassing care. Following, 
the healthcare pathway prior to requiring ADRD care needs to 
improve. Establishing key contacts within the community can 
facilitate organizational strategies toward recruitment and 
dissemination of educational resources. A central tenet of any 
recruitment strategy must be to serve the community and provide 
preventative healthcare and education. By doing so, the organization 
can establish itself as a resource in the community and encourage 
patients to participate in clinical research. Underdiagnosis in this 
patient population may partially explain difficulties in recruiting for 
clinical trials. Increasing diversity in trial participation is a big push 
for both the Alzheimer’s Association and the NIA. The successful 
recruitment of more Black women to clinical research will aid in 
developing a deeper understanding of ADRD and facilitate 
the creation of more culturally competent dementia care for 
the future.
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Introduction: Despite the relevance of advance care planning (ACP) for people

with dementia, its uptake in this population is particularly low. Several challenges

for ACP in dementia have been identified from physicians’ perspectives.

However, the literature available mainly includes general practitioners and focuses

exclusively on the context of late-onset dementia. This is the first study to inquire

physicians from four highly relevant specialisms in dementia care, with a focus

toward potential specificities based on patients’ age. The research question of this

study is: “What are physicians’ experiences with and perspectives on discussing

ACP with people with young- and/or late-onset dementia?”.

Methods: Five online focus groups were conducted with 21 physicians (general

practitioners, psychiatrists, neurologists and geriatricians) in Flanders, Belgium.

Verbatim transcripts were analyzed through the qualitative method of constant

comparative analysis.

Results: Physicians believed that the societal stigma related to dementia

influences people’s reaction to their diagnosis, at times characterized by

catastrophic expectations for the future. In this regard, they explained that the

topic of euthanasia is sometimes addressed by patients very early in the disease

trajectory. Respondents paid ample attention to actual end-of-life decisions,

including DNR directives, when discussing ACP in dementia. Physicians felt

responsible for providing accurate information on both dementia as a condition,

and the legal framework of end-of-life decisions. Most participants felt that

patients’ and caregivers’ wish for ACP was more driven by who their personality

than by their age. Nonetheless, physicians identified specificities for a younger

dementia population in terms of ACP: they believed that ACP covered more

domains of life than for older persons. A high consistency regarding the

viewpoints of physicians from differing specialisms was noted.
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Discussion: Physicians acknowledge the added value of ACP for people with

dementia and especially their caregivers. However, they face several challenges

for engaging in the process. Attending to specific needs in young-onset, in

comparison to late-onset dementia, requires ACP to entail more than solely

medical domains. However, a medicalized view on ACP still appears to be

dominant in practice as opposed to its broader conceptualization in academia.
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Introduction

Advance care planning (ACP) is defined as a process
of communication between patients, family caregivers and
professionals to explore patients’ preferences for future (medical)
care, including at the end of life (Sudore et al., 2017). The concept
has evolved considerably over time, now focusing on an ongoing
process that also helps prepare people for “in the moment decision
making” when necessary, rather than focusing on the completion
of advance directives (Van den Block, 2019; Tishelman et al.,
2021). In general, dementia leaves people with a relatively long
timeframe of loss of ability to self-manage care and diminishing
cognitive function (Gaster et al., 2017). Despite ongoing discussions
about the value of ACP (Tishelman et al., 2021), it is argued that
ACP can be particularly relevant for people with dementia and
their caregivers as the condition eventually precludes patients from
taking part in their own treatment decisions (Alam et al., 2022).
In case of Alzheimer’s Disease, diagnosis can be made during
stages of mild cognitive impairment. The larger timeframe for
planning care, due to earlier diagnosis, increases the opportunity
for and importance of ACP (Porsteinsson et al., 2021). Nonetheless,
the uptake of ACP in dementia is low with less than 40% of
patients worldwide undertaking ACP (Sellars et al., 2019). Research
showed that having dementia, in comparison to other conditions,
is negatively associated with discussing treatment preferences,
indicating that there are certain specific challenges related to
engaging in ACP in dementia (Evans et al., 2014).

Particularly in dementia, discussing future care is considered
difficult due to uncertainties regarding the future and due to the
jeopardized decisional capacity of people with dementia (Tilburgs
et al., 2018a; Sellars et al., 2019). More specifically, a recent meta-
review of systematic reviews and primary studies (Keijzer-van
Laarhoven et al., 2020) showed that physicians feel responsible for
providing high-quality end-of-life care to people with dementia but
face moral dilemmas that may cause them to behave avoidantly
toward initiating ACP. Among others, these dilemmas arise from
not wanting to emotionally burden patients, trying to maintain
hope, dealing with uncertainties in patients’ prognoses and having
ethical concern regarding patients’ declining capacity (Keijzer-van
Laarhoven et al., 2020). Fearing a shift in patients’ preferences as the
condition progresses was also identified as causing reluctance for
physicians to make advance decisions with people with dementia
(De Vleminck et al., 2014). Conversely, a qualitative study also
found that beliefs about the perceived benefits of ACP can motivate
physicians to engage people with dementia in the process, such

as the belief that ACP would align patients’, family caregivers’ and
clinicians’ care goals (Alam et al., 2022).

For a more inclusive understanding of physicians’ attitudes
and challenges in terms of ACP in dementia, several physician
specialties that are essential in dementia diagnosis and care should
be inquired. Although there is literature available, these studies
mainly include general practitioners and focus exclusively on the
context of late-onset dementia (De Vleminck et al., 2014; Tilburgs
et al., 2018b; Alam et al., 2022). There is a dearth of studies that
inquire physicians from various specialisms. Moreover, research
in which physicians are questioned about their perspectives not
only regarding late-onset, but also young-onset dementia (YOD)
is absent. Globally, it is estimated that 370,000 people younger
than 65 develop dementia symptoms before the age of 65 annually,
defined by the term YOD (Hendriks et al., 2021). The very limited
number of studies focusing on people with YOD and their family
caregivers, showed that they barely engage in ACP, yet have clear
preferences for how to do so (Van Rickstal et al., 2019). Among
others, these include their wish for physicians to timely initiate and
flexibly approach the process, provide accurate information and
pay attention to more than only the medical aspects of care (Van
Rickstal et al., 2019, 2022).

To the best of our knowledge, this is the first inquiry of
physicians from four highly relevant specialisms in dementia care
(GP’s, psychiatrists, neurologists and geriatricians) regarding ACP,
with a specific interest toward the potential specificities depending
on patients’ age at diagnosis. The research question of this
study is: “What are physicians’ experiences with and perspectives
on discussing ACP with people with young- and/or late-onset
dementia?”.

Materials and methods

Design

This exploratory study used the qualitative research method
of focus groups, as this approach allows for open discussion
and interaction between participants. Conducting focus groups
online was necessary due to the COVID-regulations at the time
yet was also an attempt to minimize participation burden for
already challenged healthcare providers. In adherence with a
recent guideline for virtual qualitative data-collection (Dos Santos
Marques et al., 2021), the maximum participants per focus
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group was lowered (n = 5) to facilitate in-depth discussion.
This paper follows the COREQ-criteria for reporting qualitative
research.

Participants

To answer our research question, we aimed for a heterogeneous
sample in terms of physicians’ specialism within focus groups,
to allow for in-depth insights. We included general practitioners,
neurologists, psychiatrists and geriatricians as these specialties
are crucial in the care for people with dementia. Physicians
were purposively sampled through a personal email of the main
researcher (RVR) or through a general recruitment mail spread
within several organizations (Belgian Dementia Council, and the
Flemish Associations for Psychiatry, Geriatrics, and Neurology).
After physicians expressed their willingness to participate, they
were sent a doodle in which they could indicate suitable moments
for the focus group to take place.

Data-collection

For these focus groups, an interview guide consisting
of open-ended questions was developed within the research
team (see Box 1). Participants were informed about some
important “ground rules” at the start of each focus group,
such as no talking across each other, respecting confidentiality
regarding others’ participation, the content of discussions,
etc. Each focus group was moderated and observed by two
researchers (four by RVR and ADV, one by RVR, and LVdB).
The focus groups took place online through secured Zoom-
meetings in November and December 2021. The focus groups

were conducted in Dutch, were video- and audiotaped with
participants’ consent and were transcribed verbatim. After the
fifth focus group, researchers reached consensus that data-
saturation had been reached and no additional focus groups needed
to be organized.

Data-analysis

Verbatim transcripts of the focus groups were analyzed through
the qualitative method of constant comparative analysis (Hewitt-
Taylor, 2001; Dierckx de Casterlé et al., 2012). In this inductive
approach, a code is assigned to a certain idea or concept
(usually one or two sentences). These codes are subsequently
compared within and between transcripts, identifying broader
themes or concepts. Two transcripts were read and coded in
full independently by two researchers. After discussion and
agreement on a coding structure, the remaining three transcripts
were coded and analyzed by RVR. Once coding was completed
and codes were added to the coding framework, RVR and
ADV together revised the transcripts and the obtained coding
structure.

Ethics

The study was approved by the Ethics Committee of the
University Hospital Brussels (B.U.N. 143201939497) as the central
commission and by Hospital Network Antwerp (ZNA, approval no
5208) and GasthuisZusters Antwerp (GZA, 190304ACADEM) as
local commissions. A signed informed consent was obtained by all
participants prior to the start of the focus group.

BOX 1 Focus group topic guide.

1. Introduction

Description of ACP provided by researchers:

“Advance care planning is a process of communication between patients, their family caregivers and professionals in which patients’ views,
values and preferences for future (medical) care are explored. This process should enable patients to help guide future decisions (also at those
times when they are no longer able to make or express choices). ACP can, but does not necessarily, result in the documentation of wishes in
advance directives”

To what extent is this description similar to how you conceptualize ACP/your understanding of the concept?

Throughout the following questions, respondents were systematically asked if there were any specificities in case of young- vs. late-onset
dementia.

2. Experience with ACP

To what extent do you engage in ACP in your clinical practice?

If you engage in ACP with patients/family caregivers:
Who usually initiates the communication?
If at physician’s initiative: How do you usually initiate ACP?

Is there, in your experience, a right time to initiate ACP?

Who is usually involved in ACP? (patients, family caregivers, other care professionals,. . .)

What are important topics to discuss within ACP?

Are there specific hindering factors when it comes to engaging in ACP in case of dementia?

3. Wish to engage in ACP from patients/caregivers

In your experience, to what extent do you feel there is a need/wish for ACP from patients and their family caregivers?

What is the added value of engaging in ACP in dementia? Is there a difference in this value, in your perspective, for patients vs. for family caregivers?
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Results

The average duration of a focus group was 95 min. A total
of 21 physicians took part in one of five focus groups (two
n = 5, two n = 4, one n = 3). Of these 21 physicians, five were
general practitioners, three were specialized in psychiatry, six in
neurology, and five in geriatrics. Except for one last-year neurology
resident, all were board-certified specialists. Five women and 16
men participated.

Six major themes were identified from our data: (1)
stigmatic image related to dementia as a specificity for ACP
in this population, (2) physicians’ focus on specific end-
of-life decisions when discussing ACP in dementia, (3)
physicians feeling responsible for providing information on
dementia and on the law regarding end-of-life decisions,
(4) the age of patients and caregivers as an influence on
the content of ACP, (5) physicians seeing more benefits
of ACP for family carers, and (6) congruency between
medical professions. Several of our findings are generally
related to dementia as a condition and can therefore
be interpreted as applicable to both the young- and
late-onset variant.

Stigmatic image related to the condition
as a specificity for ACP in dementia

A factor that physicians believed to negatively influence
patients’ fears and concerns about the future, was the stigma related
to dementia. In this regard they discussed how the popular media
is at times responsible for diminishing nuances in people’s image
of dementia: the last phase of disease progression is portrayed as
representative for the entire disease trajectory.

“That one quickly thinks that it’s only about that last vegetative
stage and that one would also end up there very soon etcetera.
In the beginning, that’s something that strongly traverses those
conversations. One doesn’t know that there are many years
preceding that” (FG 24, 138–140).

Despite patients’ initial expectations regarding their disease
progression, physicians referred to people with dementia who,
along the way, sometimes find their trajectory more manageable
than initially expected. From their perspective, this posed a
difficulty for engaging in ACP, since the evolution of patients’
wishes was felt to be too unpredictable to offer guidance for
future care decisions.

“If they say ‘I don’t ever want to be in a wheelchair,’ or ‘I always
want to be able to feed myself,’ or something like that, then
eventually, when push comes to shove, they don’t mind being
wheeled around or they don’t mind that they’re being cooked for.
So, it changes so much that it’s not fully predictable” (FG23, 170).

Some physicians explained that the “catastrophic” image of
dementia at times caused patients to drastically react to receiving
their diagnosis and that they, and especially younger patients, quite

impulsively expressed a wish for euthanasia the moment of or soon
after hearing their diagnosis.

“When disclosing the probable diagnosis or the results, people
very often or at least several times show a catastrophic reaction
and then they immediately start thinking about that last stage”
(FG24, 146).

“Yes, and with people with young-onset dementia.” There are a
few patients who at the moment of diagnosis nearly immediately
say “okay, I have said that I want euthanasia in that case” (FG65,
89).

This moment was said to be grasped by physicians as an
opportunity for further exploration, explanation and broader
discussion of preferences.

“If you then assess ‘what motivates that (euthanasia) question?’
or ‘what is truly behind it?’. . . Then you actually arrive at a much
broader framework of care planning that basically no longer
entails what the initial question for euthanasia was, but more
about care and planning and those things. . .” (FG24, 75/76).

Physicians’ focus on specific end-of-life
decisions when discussing ACP in
dementia

All participating physicians were familiar with the description
of ACP provided at the beginning of the focus groups. However,
it became apparent that physicians mostly elaborated on or re-
directed the conversation to a specific aspect of ACP, namely to
anticipatory end-of-life decision-making, such as DNR-orders (do
not resuscitate) and euthanasia.

Physicians’ perceived motives behind euthanasia
requests

According to our participants, the request for euthanasia was
usually a request for something else in terms of future care.
In most cases, it turned out to be the patient’s expression of a
concern for which they sought guidance rather than an actual
wish for euthanasia.

“In many cases it turns out that it (euthanasia request) is about
other concerns that can easily be addressed in a different way and
then the question disappears” (FG24, 84).

“Actually they are not asking for euthanasia, they are asking the
question ‘if I end up in circumstances that I don’t find dignified,
are you still going to help me?”’ (FG43, 94).

This was also explained by physicians through the motives
on which they thought these patients’ comments on euthanasia
or euthanasia requests were based. Participants mentioned that
these could stem from agitation about what the future will
bring, unwillingness to move to a residential care facility and
fear of the unknown.
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“What is said frequently, is ‘Yes, if I would have to go to a nursing
home, then I’m done. I don’t want to live like a vegetable. I’ve seen
it with my mother or my father. Then, I would actually prefer
euthanasia and I want you to write that down in my file like
that”’ (FR44, 171).

Physicians felt responsible for providing
information on dementia and on the
legal framework of end-of-life decisions

Many physicians also felt that media had contributed to both
the public’s awareness about euthanasia as an end-of-life option and
had contributed to confusion about what is possible or impossible
under Belgian law. Explaining patients about the legal framework
was said to be an important task in clinical practice in terms of ACP.

“So, a big part of the time or a big part of the energy goes out
to just explaining what’s possible and what isn’t possible” (FG44,
186).

Additionally, it was mentioned that providing information (in
terms of for instance law or prognosis) could function as a care
intervention itself.

“I often notice that by discussing and explaining it (the legal
framework) and by defining it, they sometimes find some peace
already. That that request (euthanasia) sometimes stems from
fear of the unknown and that informing them is at times already
sufficient to find peace. That the questions then sometimes also
fade away to the background” (FG 24, 72–74).

According to our participants, patients tended to hold a
“catastrophic” view of (young-onset) dementia, characterized by
drastically declining functional and cognitive abilities. Driven
by this alarming image, patients at times initiate ACP or
euthanasia discussions according to physicians. In this regard,
participants underscore a clear need for education in the sense of
prognostic information.

“If we get the question (euthanasia), it’s usually indeed a question
for, yes. . . that has a whole lot to do with the stigma around
dementia, I think. Many people regard someone with Alzheimer’s
disease as someone who sits in a wheelchair, drooling, in a
nursing home, as a figure of speech. But of course that’s not
always the stage that everyone progresses to. So, I think that it’s
important to educate a bit in terms of what the possible patterns
and expectations can be” (FG43, 101–104).

In terms of discussing prognosis, physicians explained they
typically use “vague” terms and “averages” when describing a
patient’s medical future. This manner of communication was
based on both clinical uncertainty about the dementia trajectory
according to participants, and physicians’ wish to safeguard
patient’s hope and positive emotions.

“General terms are averages: but I try to avoid making individual
predictions” (FG44, 109).

“One of the biggest problems from my experience is that, often, we
are also not honest toward our patients with dementia” (FG43,
171–172).

Although patients’ image of dementia might be “catastrophic”
at times and in need of nuanced information, some physicians
emphasized that one cannot deny the inevitable negative aspects
when going through the entirety of a dementia trajectory.
Participants felt that these aspects are difficult to disclose
openly to patients.

“It doesn’t always have to be as bad as dying drooling in a nursing
home, but well, the cases in which the older man, the grumpy old
man becomes the endearing father, those are less frequent than
the other story” (FG43, 202).

“If we take good care of them and place them in a decent nursing
home, then they die of, well, what do they actually die of? Do
they starve? Do they have a spontaneous fracture because they
have been lying in bed for years?” (FG43, 176–177).

They expressed that a longitudinal and trusting relationship
between patient and physician increased their “openness and
honesty” in terms of disclosing prognostic information, for
instance about the speed of disease progression or expected
difficulties ahead.

“The way in which you get more concrete in terms of prognosis,
that’s also an advancing insight. After the diagnosis, the
progression, the first two years that always gives an indication
of how quickly it could evolve” (FG65, 166–167).

“And you don’t name it with, yeah, terms that are hurtful,
but yeah. . . sometimes we have known these people for years.
Yes, then I dare to be honest about it (prognosis). I’m quite
straightforward and the people who continue to come into
consultations with me, are the ones who can tolerate that and
even expect it” (FG43, 180–181).

The age of patients and caregivers
influences the content of ACP
discussions

It was noted that both people with young-, as well as people
with late-onset dementia are heterogeneous groups. The extent to
which people wish to engage in ACP was generally regarded as
connected to who the patient was as a person, rather than associated
to the patient’s age.
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“There are people, both among younger patients, but also among
older patients, who are very set on their autonomy and from that
perspective can also be very verbal and have a clear request for
ACP or other things. Just as well, there are younger patients who
would rather avoid that type of conversation” (FG24, 98–99).

Although some physicians said that younger vs. older people
with dementia are usually more “articulate,” “assertive,” and “have a
higher need for control”, the majority of physicians saw an equal
amount of younger and older patients wanting to discuss ACP.
However, they noted that the life context of younger people, with
younger children and spouses, might make their questions about
the end of life more salient.

“I can imagine that under those circumstances the questions
about wishes for the end of life are much more prominently
present and that one contemplates it much more at that age
compared to at an older age. With these younger people, they
(wishes for the end of life) will be brought up sooner or later”
(FG65, 109–110).

Several physicians talked about how YOD, in comparison to
late-onset dementia, might lead to diminished acceptance of the
diagnosis, higher grief and to more conflict within families, among
others about financial matters.

“Older people already let go of life a bit more and accept that
there they are at a high age at which things will end sooner or
later” (FG65, 81).

“There is also much more sadness of people with young-onset
dementia, for so many good years lost” (FG65, 139).

Respondents explained that caregivers at times had a higher
wish to engage in ACP than patients. Examples provided were when
patients did not grasp the implications of their condition, were
no longer cognitively competent or when patients had expressed
a death-wish to their caregiver, who wanted to discuss this further
with the physician. Several physicians explained that during their
consultations, caregivers of younger as opposed to older, people
showed more tendency to bring up ACP.

“Of course I have people who have no illness awareness, and
especially in that case that question will arise through the
caregiver. Especially if there is no awareness of illness, then it all
appears very ‘far off ’ for the patient, and that can be difficult at
times” (FG65, 57–58).

“Yes, it regularly occurs that some type of death wish was
expressed by the patient and that that actually is the impetus
for the partner or the children to initiate that conversation. They
often refer back to it like ‘you remember that you’ve said that,
what do you actually mean by that?”’ (FG65, 64–65).

Additionally, physicians explained that ACP discussions
usually cover more domains in YOD due to the challenges
the diagnosis brings along in multiple areas of patients’ and
caregivers’ lives.

“Evidently, with younger people there is often the difficulty of
the partner still working, that the children are still young, still
studying, at times still living at home, which actually complicates
it even more. Then that is a broader conversation, because it
becomes even more difficult with caregivers themselves, that
conversation” (FG65, 135).

“If there are children who are still young and who, just to give
an example, become scared of their father or mother, or where
their relationship changes entirely. Or a professional situation,
people who are still working. You simply come across many
more problems, which obliges one to consider at least a mid-long
timeframe” (FG44, 133–134).

ACP was believed to especially benefit
family caregivers

Several advantages of ACP engagement were discussed by
physicians, for the majority relating to family caregivers. ACP was
told to lead to an ‘emotional relief ’, less conflict and less suffering
since family caregivers were enabled to fulfill their need to provide
care to their loved-one.

“And I think that for family it’s also very important to have that
feeling like ‘we are doing well, we have done well”’ (FG24, 33).

Physicians believed that both patients and caregivers would
assess the care provided as more positive, due to ACP.

“The bottom line is of course that people, the caregiver as well as
the patient, will evaluate the care received more positively in the
sense that they feel it is more closely aligned to what they wish”
(FG24, 23).

From patients’ perspective, physicians hypothesized that not
wanting to be a burden to others might be a motivating factor ACP,
aside from keeping their own best interest for the future in mind.

“By some (patients) it is indeed addressed that they somehow
do it (ACP) for the caregivers, but it’s not an ‘or-or story’, it’s a
combination of how they themselves feel about it” (FG65, 188).

Patients’ need and desire to take care of their family and ACP
as a means to fulfill that need, was noted as well.

“That’s also partly taking care of my children. That’s drafting a
care plan, so that my children know that it’s okay what they do or
not do with me” (FG43, 249).

Congruency between medical
professions

There were no divergent themes when comparing between
physicians from differing specialties. Moreover, there appeared to
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be a consensus amongst respondents that general practitioners
are usually able to play a key role in ACP, due to their usually
longstanding relationship with the patient and his/her family,
and their professional context in which they are more likely
to have frequent consultations with patients, possibly including
home visits. It was noted that systematic sharing of ACP
information between the various physicians involved in a patient’s
care was desirable, yet that such information flow was not
sufficiently common.

Discussion

Summary of results

This study shows that physicians believe that the societal
stigma related to dementia impacts how people react to their
diagnosis, including catastrophic expectations for their future. In
this regard, they mentioned that the topic of euthanasia is at times
addressed early in the disease trajectory by patients. Physicians
themselves paid ample attention to actual end-of-life decisions,
including DNR directives, when discussing ACP in dementia. As
part of ACP, physicians felt it was their responsibility to provide
accurate information on both dementia as a condition, and the
legal framework of end-of-life decisions. Most participants felt that
patients’ and caregivers’ wish for ACP was more driven by who they
are as people than by their age. Physicians did identify specificities
for a younger dementia population in terms of ACP: they believed
that ACP covered more domains of life than for older persons.
A high consistency regarding the viewpoints of physicians from
differing specialisms was noted.

Strengths and limitations

The main strength of this study is that it assembled focus
groups heterogeneously in terms of specialisms crucial in dementia
care, allowing for in-depth insights from and for various medical
disciplines. Our research question focused on people with late-
onset, as well as with young-onset dementia. This led to findings
that are insightful for clinicians, when caring for this underexposed
group. A limitation of this study is that we did not observe
actual practices, but analyzed what respondents shared about these
practices. Also, certain results might be less or not generalizable
to other legal contexts besides those with physician- assisted
dying laws. In this regard, however, we deem our results to be
informative within the current internationally evolving landscape
of physician-assisted dying legislation. Future comparative research
in countries with varying legislative frameworks would be insightful
for understanding the possible impact of the law on ACP and on
ACP communication.

Interpretation of findings

Physicians explained that, at times, they struggled with
disclosing prognostic information due to clinical uncertainty
characteristic to dementia. The difficulty or even inability to

provide accurate prognostic information experienced by our
participants, has also been reported by patients and family
caregivers in different countries (Sellars et al., 2019). It has been
shown that patients and family caregivers felt a distrust toward
clinician’s mastery and knowledge of dementia (Groen-van de Ven
et al., 2017). Physicians communicating openly to their patients
about their uncertainty, might counter such feeling of distrust and
contribute to a relationship of mutual confidence and trust. This
could in turn facilitate ACP, as a sense of rapport was previously
identified as a prerequisite for ACP in dementia by patients, their
caregivers and general practitioners (Tilburgs et al., 2018b; Van
Rickstal et al., 2019). Attending to not only patients’ and caregivers’
uncertainty in decision-making (Sellars et al., 2019), but also to that
of physicians, might empower all parties when it comes to initiating
ACP. Comparing our findings with existing literature, showed that
there is an important commonality between barriers identified by
professional caregivers on the one hand, and barriers identified by
family caregivers and patients on the other.

Physicians explained that disclosing prognostic information
might also be hampered by constraints they experience in
openly and honestly communicating about disease progression.
Although participants acknowledged that a dementia trajectory
undeniably has negative elements, they simultaneously pleated
for a more nuanced image of dementia, with a sometimes more
steadily progression than expected or feared. Qualitative studies
showed that people with dementia and their caregivers tend to
oscillate between “wanting to know” and “not wanting to know”
(Wawrziczny et al., 2016) and prefer to take it “one day at a
time” (Van Rickstal et al., 2019; Keijzer-van Laarhoven et al., 2020).
Additionally, people with late- and young-onset dementia and their
caregivers have previously highlighted that, regardless of being
diagnosed with dementia, there is still room for enjoyment (Dening
et al., 2017; Van Rickstal et al., 2019). Moreover, previous research
showed that focusing on the present as opposed to worrying about
the future, is associated with experiencing fewer unmet needs and
therefore is an effective coping strategy (Millenaar et al., 2018).
Having a realistic and truthful view on the future, yet also allowing
hope and positivity to co-exist with this, appears a useful balancing
act to be undertaken by all those involved when engaging in
ACP. When placing our finding in the context of findings with
patients and caregivers, it appears that physicians’ moral threshold
to engaging in ACP, also described in previous research (Keijzer-
van Laarhoven et al., 2020), is at times justified. According to
participants, the societal negative image that is related to dementia
increases the need for realistic information provision. Physicians in
our study described how patients at times demonstrate catastrophic
reactions to receiving a diagnosis, also based on the common,
stigmatic image of dementia. If grasped by physicians, these
reactions might function as a steppingstone to discuss ACP more
broadly, according to them.

In the current study, ACP was considered by physicians to be
a means or an opportunity for people with dementia of fulfilling
a caretaking role toward their family. It has been previously stated
by patients and caregivers that if people with dementia undertake
ACP, one of their main purposes is to take care of their loved-
ones (Van Rickstal et al., 2022). The relational, as opposed to purely
individual, nature of ACP appears evident from the viewpoint of all
parties involved. As such, particularly in the context of dementia,
a family- rather than a solely patient-centered approached to ACP
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could be desirable. As physicians also expressed that their wish to
safeguard patients’ emotional wellbeing shapes their own behavior
in terms of ACP, the previous idea of a mutual protective role
between people with dementia and their family caregiver (Van
Rickstal et al., 2022) could be extended from a dyad to a protective
triad which also includes the professional caregiver.

Physicians identified specificities for the content of ACP in
YOD. The desire for ACP was put forward by our respondents as
person- rather than age- and/or generation- related, depending on
someone’s personality. Nonetheless, several specificities in terms
of age were mentioned. Young-onset dementia usually affects
people in the prime of life, with possibly children still living
at home, financial commitments, work, and at times caring for
older relatives themselves (Withall, 2013; Draper and Withall,
2016). According to our respondents, ACP in YOD was indeed
considered to cover a broader range of domains due to the plurality
of life-areas affected by the condition. Additionally, if the topic
arose, it was told to be more prominently present in consultations
with younger as opposed to older patients and caregivers. The
general hypothesis that younger people with dementia and their
caregivers have a higher need for ACP due to a higher wish for
autonomy (Koopmans et al., 2015), appears not to correspond
with patients’, family caregivers’ (Van Rickstal et al., 2019, 2022) or
professionals’ narratives. However, our former and current research
shows that all parties do acknowledge that the content of ACP
shows distinctions based on patients’ younger vs. older age, mainly
due to stage of life. Through insights of patients with YOD and
their carers it was previously recommended to conceptualize ACP
as holistic (Van Rickstal et al., 2022), consistent with respondents
of the current study who explain that ACP in YOD can entail
a broader range of topics. Overall consensus seems to exist that
clinicians need to dedicate heightened attention to non-medical
domains to adequately address ACP in this younger population.
However, it was formerly shown that Flemish people with YOD and
their carers spontaneously incorporate euthanasia in their thought
framework on end of life (Van Rickstal et al., 2020), and as such,
it can also be regarded as a sensitivity from our participating
physicians toward their patients that they pay adequate attention
to end-of-life decisions. It appears recommended to find a balance
between broadening ACP to medical, social and relational domains
(Tilburgs et al., 2018b; Van Rickstal et al., 2022), yet simultaneously
elaborating on specific concerns patients have, such as euthanasia,
if this were the case.

Conclusion

Overall, physicians acknowledge the benefits of ACP for
people living with dementia and particularly for their family yet
describe several challenges for actually engaging in the process.
Some of these difficulties are related to dementia as a condition,
others are associated with constraints for engaging in such
conversations. Attending to specificities in terms of ACP for people
with young-onset, compared to late-onset, requires physicians
to pay attention toward non-medical domains. The finding that
participants elaborated on actual end-of-life decisions, such as
euthanasia and Do Not Resuscitate- directives, shows that the
medicalized concept of ACP is still dominant in practice.
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The global population is expected to have about 131.5 million people living with

Alzheimer’s disease (AD) and other dementias by 2050, posing a severe health

crisis. Dementia is a progressive neurodegenerative condition that gradually

impairs physical and cognitive functions. Dementia has a variety of causes,

symptoms, and heterogeneity concerning the influence of sex on prevalence,

risk factors, and outcomes. The proportion of male-to-female prevalence varies

based on the type of dementia. Despite some types of dementia being more

common in men, women have a greater lifetime risk of developing dementia. AD

is the most common form of dementia in which approximately two-thirds of the

affected persons are women. Profound sex and gender differences in physiology

and pharmacokinetic and pharmacodynamic interactions have increasingly been

identified. As a result, new approaches to dementia diagnosis, care, and patient

journeys should be considered. In the heart of a rapidly aging worldwide

population, the Women’s Brain Project (WBP) was born from the necessity to

address the sex and gender gap in AD. WBP is now a well-established international

non-profit organization with a global multidisciplinary team of experts studying

sex and gender determinants in the brain and mental health. WBP works with

different stakeholders worldwide to help change perceptions and reduce sex

biases in clinical and preclinical research and policy frameworks. With its strong

female leadership, WBP is an example of the importance of female professionals’

work in the field of dementia research. WBP-led peer-reviewed papers, articles,

books, lectures, and various initiatives in the policy and advocacy space have

profoundly impacted the community and driven global discussion. WBP is now

in the initial phases of establishing the world’s first Sex and Gender Precision

Medicine Institute. This review highlights the contributions of the WBP team to

the field of AD. This review aims to increase awareness of potentially important

aspects of basic science, clinical outcomes, digital health, policy framework

and provide the research community with potential challenges and research

suggestions to leverage sex and gender differences. Finally, at the end of the

review, we briefly touch upon our progress and contribution toward sex and

gender inclusion beyond Alzheimer’s disease.

KEYWORDS

Alzheimer’s disease, sex differences, digital therapeutics, precision medicine,
Women’s Brain Project, artificial intelligence, gender
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1. Introduction

Alzheimer’s disease (AD) is the most common type of
dementia. It is now well established that the natural history
of the disease involves several stages that precede full-blown
dementia. Amyloid plaques, composed of aggregated beta-amyloid
(Aβ) protein, start accumulating in the brains of AD patients
up to 20 years before symptoms (Fagan et al., 2014; Palmqvist
et al., 2017). Initially, the brain can cope and compensate for
the neurotoxicity of this process in what is called “preclinical
AD.” However, often linked to the spreading of tau pathology in
cortical regions, symptoms start to appear in what is called “mild
cognitive impairment” or “prodromal AD.” The cognitive function
progressively deteriorates, leading to dementia in a few years. When
considering the AD continuum, hence also including preclinical
and prodromal phases, global figures on the number of people
suffering from AD were projected to be 32, 69, and 315 million
in AD dementia, prodromal AD, and preclinical AD, respectively
(Gustavsson et al., 2022). Considering these numbers preclinical
AD stage accounts for 17% of all persons aged 50 and above and
52% of those were women (Gustavsson et al., 2022).

In fact, AD has been shown to be more frequent in women than
in men (Martin Prince et al., 2015). Since aging is one of the most
critical risk factors in developing AD, the higher female frequency
has often been associated with men’s shorter life span than women
(Kim et al., 2015; Podcasy and Epperson, 2016); however, increasing
evidence indicates that this is not the only reason; biological as well
as socio-cultural mechanisms are probably at play.

The biological traits that differ between men and women
are referred to as sex. These are genetically defined physical
features that result from the expression of sex chromosomes
and are generated throughout puberty by hormonal stimulation.
On the other hand, gender is a socio-cultural concept that
includes behaviors attributed to being feminine and masculine
that are specific to a given culture. Each society has culturally
imposed behavioral and temperamental features that are deemed
proper for males and females, resulting in gender norms, roles,
stereotypes, and, consequently, disparities that impact aspects such
as education, employment, and income.

Both sex and gender are determinants of health, according
to the World Health Organization [WHO], 2021. However, when
WBP was founded in 2016, the role of sex and gender was seldom
acknowledged, and their study was considered a niche topic. For
instance, the higher frequency among women living with AD was
rarely acknowledged, and most scientists considered it negligible in
clinical research. Furthermore, the sex and the gender of individuals
involved in clinical development were often not described nor
analyzed explicitly with regard to the disease’s characteristics. In
the same way, the sex of the animals used in preclinical studies
was often not reported or discussed. In terms of dementia care,
the burden of caregivers (including emotional and financial), which
mainly falls on the female population, was not recognized or
addressed by specific policy actions at the time.

WBP was founded in Switzerland in 2017 as a non-profit
association to study sex and gender determinants of the brain
and mental health as the gateway to precision medicine. It is
composed of professionals hailing from different disciplines with
strong female leadership.

At the time of writing, WBP has contributed to more than
50 papers and 20 policy-led documents, published 6 books,
given over 150 talks and lectures, and engaged in more than
50 collaborations with different stakeholders. Its work has had
a profound impact on the community and has inspired several
other organizations, resulting in the strengthen of ad hoc working
groups, such as the Coordinating Panel of Diversity Equity and
Inclusion at the European Academy of Neurology (EAN), the
Gender mainstreaming group at OECD and the Center for Gender
Medicine (CfGM) at Karolinska Institutet. Currently, WBP is now
in the initial phases of establishing the world’s first Sex and Gender
Precision Medicine Institute.

Since its conception, WBP has been focused on pushing the
boundaries of sex and gender in AD, as our organization grew over
the years, we have helped and worked with experts from other areas
apart from AD. Therefore, the scientific work we have done in AD
in terms of basic research, clinical applications, outreach, and policy
was cross-applied by our collaborators and us to other diseases
with success. Therefore, in this article we first highlight our main
contributions to the field of AD in terms of basic science, clinical
outcomes, digital health and policy framework. From our findings,
we provide the research community with practical suggestions to
leverage sex and gender differences in research studies and finally,
we briefly touch upon our contribution toward sex and gender
inclusion beyond AD.

2. The Women’s Brain Project

Over the past 5 years, WBP has contributed to the identification
of profound differences in brain and mental diseases at large, and
in AD in particular. The studies have revealed that such differences
are complex and multifaceted, involving both biological (sex) and
socio-cultural (gender) aspects; they interest all levels of research,
from basic to clinical, and can also be found in novel technologies.
Therefore, to properly address the complexity of the topic, the
activity of the WBP has developed around four main pillars of
interest: basic science, clinical science, digital biomarkers, and
socio-economic determinants of health.

Biological sex differences, from genetics to hormones, can
profoundly affect disease mechanisms as well as drug development.
Unfortunately, the sex of the animals used in preclinical studies
is often not reported or discussed. Such lack of consideration of
the sex of animals in preclinical studies leads to a knowledge gap
and has likely hindered therapeutic innovation. The basic science
study of sex differences in brain physiology and drug mechanism of
action is the first pillar of WBP’s work.

Clinical differences between men and women are crucial
areas of interest in the WBP’s work. These refer to physiology,
pharmacokinetics and pharmacodynamics interactions as well
as symptoms (e.g., Butlen-Ducuing et al., 2021); identifying
such differences calls for tailored approaches in diagnosis,
care and patient journeys in AD but also in other diseases
(Liberale et al., 2018).

Thanks to the advent of high-throughput advanced
technologies, statistical models and computational tools, we
now have novel potential digital biomarkers for early diagnosis of
AD. The role of sex and gender in novel digital health technologies
particularly for AD, is another pillar of WBP activities.
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Finally, the study of differences between men and women
cannot neglect the role of gender, meant as the socio-economic
and socio-cultural construct of being a man or a woman in
society. As socio-economic determinants of health are modifiable,
a significant line of WBP activities has focused on policy-related
projects to highlight existing gender differences and gender-based
inequity in these determinants of health and how policymakers
could address them.

The results gathered in the past 5 years based on these
four pillars have been collected in a first textbook on the topic,
“Sex and Gender Differences in Alzheimer’s Disease” (Ferretti
et al., 2021). In the following sections, we highlight some of the
major contributions and lessons learned by the team with useful
recommendations.

3. Importance of sex differences in
preclinical Alzheimer’s research

The presence of gonadal hormones and hormone cycles
represents the first crucial biological difference between men
and women, which are genetically driven. Different studies have
shown the underpinning role of the sex chromosome complement,
X chromosome inactivation, and environmental and epigenetic
regulators in sex differences and their role in brain diseases,
as we described in Pallier et al. (2022). The X chromosome
transcriptome accounts for a significant fraction of the genome
in both men and women. Still, it is often excluded from GWAS
studies due to the complexity of its statistical analysis (Ferretti and
Santuccione Chadha, 2021). For this reason, little is known about
the involvement of sex chromosomes in AD and only recently have
studies started to highlight its role (Davis et al., 2021). Taking AD
as an example, we argue that a greater need to account for the
interaction between sex and X-linked gene expression is required
(Ferretti and Santuccione Chadha, 2021).

When it comes to studies in animal models, it is mistakenly
believed that data from preclinical studies using female animals
are complicated to analyze due to the higher variance associated
with the estrous cycle; as a result, there have been comparatively
few preclinical investigations done using female mice, or both male
and female, in many fields of neuroscience (Beery and Zucker, 2011;
Karp et al., 2017; Karp and Reavey, 2019). However, it is now known
that female mice are not more variable than male mice, and both
should be used.

Sex-related differences in AD have implications for developing
drug targets and should therefore be carefully characterized in
the context of preclinical studies and drug development. To raise
awareness on this topic we have dedicated a special issue in Ferretti
and Galea (2018); while more studies are looking into this, many
issues still remain. We suggest that mixed-sex cohorts be the
starting point for preclinical research, and data should be checked
for sex differences. The next step should be mixed clinical trials
if there are no obvious sex differences. In preclinical and clinical
contexts, examining cohorts of each sex may be acceptable if the
findings indicate a sex difference, as highlighted in Butlen-Ducuing
et al. (2021). It is important to note that drug pharmacokinetics
(PK) and pharmacodynamics (PD) can potentially differ among the
sexes and it may be crucial in these circumstances to gather PK/PD

data for both sexes already in preclinical studies and then assess
whether or not to incorporate a design for potential sex differences
in human dosage-finding trials to determine the ideal dose.

Finally, beyond in vivo studies, neuroscience is quickly
embracing the use of new and complex in vitro models of disease
mechanisms and drug response. Taking AD as a case study, we
currently examine how sex differences can be accounted for in vitro.
We argue that in vitro models of increasing complexity should
account for a sex as an experimental variable. Therefore, we
propose practical recommendations as to how to investigate sex
differences (if not known) or address (if known) them (Castro-
Aldrete, Einsiedler et al., in preparation).

4. Sex and gender differences and
clinical outcomes in Alzheimer’s
disease

Several differences in clinical phenotypes have been described
among men and women living with AD. We have summarized such
differences in several reviews (Ferretti et al., 2018, 2020; Martinkova
et al., 2021), a dedicated special issue (Mielke et al., 2018), as well
as in the different textbooks on the topic (Abdelnour et al., 2021;
Moro et al., 2022). In sum, the body of data suggests that sex is
an essential component in the phenotypic heterogeneity of AD
and should not be overlooked in clinical practice or preclinical
research. Therefore, the analysis and reporting of sex differences
in clinical investigations must be significantly improved to create
strong enough data to guide clinical practice and policy (Ferretti
et al., 2018; Ferretti and Galea, 2018; Hampel et al., 2018b).

Interestingly, the available evidence indicates significant sex
and gender differences along the AD continuum, which are disease-
stage dependent. Women appear to be relatively protected than
males during the prodromal stages; interestingly, women display
better cognitive performance for the same amount of hippocampal
neurodegeneration (Sundermann et al., 2016). In our own work
in collaboration with Alzheimer’s Disease Precision Medicine
Initiative” (APMI), we have found sex differences in AD biomarkers
of amyloidosis, neurodegeneration, and rsFC in cognitively intact
individuals older than 70 years. In particular, male compared with
female sex have higher accumulation of in vivo brain amyloid
load in the anterior cingulate cortex. This indicates that a greater
amyloid load is necessary before men manifest symptoms (Cavedo
et al., 2018). This clinical difference in prodromal phases is not
unique to AD and we have contributed to its study also in other
fields; for instance, in the behavioral variant of frontotemporal
dementia (bvFTS), women show larger behavioral and executive
reserve than men, and neurodegeneration in women must be more
severe to cause symptoms comparable to those in males (Illán-Gala
et al., 2021).

In contrast with the female protection observed at early stages,
it has been shown that after clinical diagnosis, women with
mild-cognitive impairment (MCI) progress twice as fast as men
(Lin et al., 2015), a result with potential implications for the
management of patients as well as for clinical trial design. A very
interesting line of research indicates that women in the early stages
of AD might miss diagnosis based on standard neuropsychological
tests. As women outperform men in verbal memory, these scales
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tend to be too easy for women and miss the beginning of the
pathological process; women would therefore be diagnosed at
later stages, which might explain the faster decline observed after
diagnosis, as women are more advanced in the disease trajectory
(Sundermann et al., 2021). This sex and gender difference is only
one, but a powerful example of patient heterogeneity.

To address patient heterogeneity, the field of medicine is
moving in the direction of biomarker-based precision medicine.
While well advanced in other fields such as oncology, addressing
patient heterogenicity is still in its infancy in neurology. In AD,
several biomarkers, including imaging, fluid and digital ones, have
been developed and are starting to be employed more and more
in research and the clinical context in recent years. The diagnostic
and prognostic value of such biomarkers can differ for men
and women, including in preclinical stages (WBP, manuscript in
preparation). Together with the APMI and cohort program (APMI-
CP), the WBP is advocating for a new, AI-powered, biomarker-
based clinical framework, which should be implemented to close
the sex gap (Hampel et al., 2018a). However, a sex-sensitive clinical
diagnosis of AD dementia based on biomarkers is still needed.

Alzheimer’s disease risk factors can be different for men
and women. Evidence for sex-specific vulnerability to APOE4 is
growing (Farrer et al., 1997; Altmann et al., 2014; Neu et al.,
2017), and the effects of sex-genotype interactions on responses to
hormone replacement therapy and cholinesterase inhibitors have
been observed (Macgowan et al., 1998; Holland et al., 2013; Jack
et al., 2015). Midlife cardiovascular risk factors, for instance, are
linked to a higher risk of developing dementia in women than men
(Huo et al., 2022).

Although the WBP has emphasized largely on APOE4 studies
as a risk factor with sex and gender considerations in AD, we would
like to highlight that due to the multifactorial and heterogeneous
nature that characterizes AD, apart from APOE4, there might
be other risk factors that can affect females or males risk of
developing AD. Such genetic and modifiable risk factors have
been described elsewhere in excellent detail (Baumgart et al., 2015;
Bellenguez et al., 2022).

In addition to genetic risk factors, modifiable, life-style related
risk factors are well known to affect risk (as much as 40%) of AD
(Livingston et al., 2020). It is important to highlight that most of
such modifiable risk factors are known to occur differently across
sexes and genders since inequities are not only linked to biological
sex but also to gender, as summarized by Ferretti et al. (2020).

According to Zhang et al. (2021), factors such as psychological
state, level of engagement in society, pre-existing conditions such
as diabetes and traumatic brain injury (TBI), and lifestyle habits
can change a person’s risk levels to develop AD. For example,
different studies have demonstrated the risk between diabetes and
AD (Winkler et al., 2014; Espeland et al., 2018; Marseglia et al.,
2018). Furthermore, a positive correlation between TBI and AD has
been described in a Danish study that explored different levels of
injury and their impact on AD (Nordström and Nordström, 2018).

Regarding modifiable vascular and lifestyle-related risk factors,
the Finnish Geriatric Intervention Study to Prevent Cognitive
Impairment and Disability (FINGER) has demonstrated that a
multidomain intervention could improve or maintain cognitive
functioning in at-risk elderly people from the general population
(Ngandu et al., 2015).

The occurrence of sex and gender differences in risk factors calls
for tailored preventative campaigns for men and women and might
also be a key element to consider in patient stratification for clinical
trials and overall study design.

The emergence of highly diverse subgroups of patients with
distinct risk factors, comorbidities, illness trajectories and likely
specific neurobiology would require a new approach where the
generated data can be multiplexed in a combinatorial approach
with clinical, biomarker and other omic data to produce algorithms
for the prediction, diagnosis, prognosis and treatment of AD,
analogous to the situation in oncology (Ferretti and Santuccione
Chadha, 2021). The lack of consideration of such heterogeneity has
severely hindered our ability to identify at-risk individuals early and
discover successful treatments in clinical trials. Therefore, if criteria
for patient admittance into trials are created, sex may be taken into
account alongside other variables (genetic, biomarker status) to
generate a biologically homogeneous sample (Ferretti et al., 2020).

In our meta-analysis of 56 randomized clinical trials for AD,
we have shown that only 12.5% of articles reported data stratified
by sex (Martinkova et al., 2021); therefore, we advocate for more
transparent reporting of results, even when negative. In the same
study, we determined that of the 39 575 total participants with AD
included in the clinical trials examined, women represented 59.0%
of patients, a number that lowered to 57.9% of women when we
examined only experimental drugs that had not been approved. As
women represent up to 65% of the real-world population living
with AD, these data indicated that female patients might have
specific barriers to accessing clinical trials. Some might be due to
specific criteria that systematically exclude women, such as lower
educational level (Rosende-Roca et al., 2021), however, additional
barriers might exist and need to be identified across the patient
journey, as discussed in the next sections.

5. Inclusion of sex and gender in
digital health applications for
Alzheimer’s disease

As in all areas of our lives, novel technologies are emerging
also in AD and will most likely become crucial tools to support the
patient journey in AD.

In fact, technological innovations in digital technologies and
data analytics provide an umbrella of opportunities to estimate
health variables to improve personalized health outcomes. Digital
Health refers to the use of data and communication technologies to
promote wellness and, in some instances, manage illnesses. Digital
health technologies use computing platforms, software and sensors
that span many uses. Examples of Digital Health technologies
are mobile medical apps intended to improve clinical decisions
to diagnose and treat diseases. These apps collect users’ data
which are subsequently stored and analyzed to enhance health
status. Digital biomarkers and predictive algorithms promise to
dramatically change the landscape of medicine, greatly improving
and streamlining health management, from risk factors monitoring
to diagnosis and treatment.

The field is developing today the technologies that will be used
in the next decades and it is important to be aware of sex and gender
aspects also in this field. Bias is a hidden issue of most databases
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used to generate algorithms; as such the risk, as highlighted in other
fields using artificial intelligence (AI), is to generate biased tools
that do not serve the whole population. The AD community needs
to investigate whether gender biases might affect the efficiency of AI
tools for health. At the same time, sex-specific characteristics might
be leveraged to improve the efficiency of such digital tools. For this
reason, the WBP has a dedicated working group focusing on this
topic and has contributed to our understanding of how even such
technologies must consider sex and gender aspects.

The popularization of digital biomarkers could change the
course of clinical research, especially concerning AD. In a first
article, we gathered experts in novel technologies and identified
sex as a factor that should be included in all digital biomarker
algorithms (Cirillo et al., 2020). This is particularly relevant also in
AD risk assessment, diagnosis, and clinical treatment and promises
to allow more personalized and accurate care leading to better
disease management (Ferretti et al., 2020; Sundermann et al., 2021).

Most studies in the past have used pooled data (male and
female) to generate predictive algorithms for risk prediction based
on genetic or phenotypic and clinical patient data. Importantly,
recent studies have shown that sex is a key aspect of such algorithms
(van Maurik et al., 2019); in some cases, one can even increase the
predictive value by creating stratified algorithms by sex (Fan et al.,
2020). There is, therefore, a strong case for a careful analysis of sex
differences in datasets, as these can be leveraged to make digital
tools more powerful. This is what we called in our paper a “desirable
bias” (Cirillo et al., 2020).

On the other hand, until last year, it was not known
whether sex differences would be also present also in digital
biomarkers. To study this, the WBP has partnered with Altoida
Inc., which has created the Neuro-Motor Index (NMI), a digital
biomarker application dedicated to early AD diagnosis. The NMI
measures cognition via augmented reality (AR) and motor skills
in the fingers with an aim to replicate daily activities and tasks
(Buegler et al., 2020).

The WBP-led study analyzed data from clinical settings
(N = 438 patients from Italy, Greece, and Spain) and data from
the Japanese population (N = 130 patients) (Harms et al., 2022).
In this study, the clinical data consists of controlled tests of elderly
subjects with MCI, AD or Aβ (+) biomarkers or young healthy
controls. Each patient completed a series of tests on hand-held
electronic devices supplied with the Altoida Inc., application to
produce data points. We used all of this data (which was devoid
of anagraphical information) to train an algorithm to determine
the sex of the patient based on the data received. The sex classifier
successfully determined the sex of the patient among healthy
patients, but its power faded in MCI and AD populations (Harms
et al., 2022). Notably, the successful differentiation in healthy
individuals shows that males and females have distinct differences
in their neurocognition as detected by the NMI. These results prove
that the sex of a patient can affect digital biomarkers; more studies
will be needed to confirm and explain these findings. Based on these
results, we advocate for digital biomarker programs to factor in sex
when gathering data, in this case, for AD diagnosis and treatment
design.

Digital biomarkers are only one example of the power of AI-
driven solutions in healthcare. AI-powered data analysis can detect
specific patterns that can be leveraged to improve therapeutic and
preventative measures against diseases at large. While this field it’s

just at its inception in AD, it is much more developed in other
branches of medicine.

For example, the value of AI in medicine has been highlighted
during the Coronavirus Disease 2019 (COVID-19) pandemic,
which has revealed how unprepared healthcare systems are. At the
WBP, we believe that AI is the key to preparing the healthcare
system for future pandemics and, in general, addressing unmet
medical needs such as AD. AI aims to incorporate patient
data to make informed decisions concerning patient care and
treatment plans.

Integrated AI could improve, among other categories, the
triage, diagnosis and risk prevention in the scenario of a pandemic
(Santus et al., 2021). A major benefit of AI is its ability to examine
large volumes of information being published in various scientific
journals and determine what is “good” and what is “bad” according
to a previously established set of criteria within a short time frame.
AI can also help drug repurposing by developing algorithms that
identify and analyze protein-protein interactions. Recently, using
AI, baricitinib was identified and has shown success in fighting
against COVID-19 (Richardson et al., 2020).

The WBP supports the idea that by using desirable and
undesirable bias exclusion, AI can accurately help reduce
unnecessary sex and discrimination among genders (Cirillo et al.,
2020; Santus et al., 2021). Using desirable bias AI can help in more
precise and effective diagnostics for females and male (Stanovsky
et al., 2020; Castaneda et al., 2022). For example, the training of
AI algorithms can potentially increase accuracy if sex is considered
(Straw and Wu, 2022).

6. Sex and gender policy framework
in Alzheimer’s disease

Constant legislative and policy adaptation to current
technological innovation in a rapidly evolving field such as
AD is vital for trustworthy relationships. Policy includes many
facets of healthcare, and policy framework in clinical trials is only
one of them. At the core of WBP we are working toward bridging
science and society, educating policymakers and raising awareness
on important societal and economic aspects linked to brain health,
including sex and gender differences.

The work of the WBP in policy and advocacy includes
response to the global policy agenda by contributing to ongoing
initiatives as well as driving WBP-led projects and deliverables with
evidence generation.

Indeed, gender (meant here as the socio-cultural construct of
being a man or a woman in the society) influences a number of
crucial health determinants, including wealth, education, access to
healthcare and behaviors. An example of a gendered expectation
that profoundly affects health in AD is the caregiving burden,
which is currently overwhelmingly carried by women worldwide.
In papers, books as well as policy reports (Erol et al., 2015;
Alzheimer’s Disease International and McGill University, 2022) we
have highlighted the role of women as caregivers and the need
for ad hoc, tailored support measures for men and women as
caregivers, based on their specific needs.

Specifically, in AD, we have co-authored several policy
reports on the role of sex and gender, including sexuality
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(Gove et al., 2022). In an invited chapter of the World Alzheimer’s
report (Alzheimer’s Disease International and McGill University,
2022) we have described how sex and gender differences can
influence the diagnostic pathway. In particular, gender can affect
the speed of diagnosis. Our research and the cumulative evidence
in the past years indicate that sex and gender can affect the
patient journey even beyond diagnosis, beginning with arranging
an appointment for a routine checkup and ending with receiving
treatment for an illness or injury. To further our understanding of
sex and gender impact on AD patients, in a recent WBP-led survey-
based study, we have found key differences in symptom detection,
support attitude, treatment regimens, and disease management in
the AD patient journey in men and women (Quevenco et al., 2023).
This is important for policymakers as tailoring patient journeys
for each sex can help the healthcare systems at several levels,
from reducing the gap in disease awareness and health-seeking
behavior, developing strong preventative routines, encouraging
early diagnosis and allowing patients to stay as healthy as possible
for as long as feasible. WBP has also contributed to the WHO
blueprint for dementia research by highlighting the importance of
incorporating sex and gender dimension at all stages of research
(World Health Organization [WHO], 2022a).

Alzheimer’s disease is one of the most prevalent and costly
disease for society and many WBP-led initiatives for evidence
generation are geared to address this issue. WBP members have
acted as expert advisors in a study detailing neurological disorders’
economic burden (Economist Impact, 2022). However, to drive
future policy changes, it is important to understand also the
economic dimension of gender medicine in neurology. To do so,
the WBP has commissioned a health economic study focusing on
5 main disorders (AD, PD, MS, stroke and migraine) to identify
major sex and gender differences that can affect healthcare costs
and how their consideration could lead to more cost-effective
health systems (Economist Impact, 2023).

Given the socio-economic costs of psychiatric and neurological
disorders, it is important to characterize further and understand
these differences in the larger context of brain health. To do this,
we have contributed to the study describing the results of the
largest survey to date on perceptions of brain health. This study
documented that, in general, the lay public has a low level of
awareness of brain health and its risks; differences in awareness
of diseases in general and risk among men and women were
observed. For example, men are less likely than women to consider
factors such as substance use, sleeping habits and diet as having
an influence on the brain health (Budin-Ljøsne et al., 2022). These
results are important for driving ad hoc communication campaigns
to educate and raise awareness of brain health in the population,
which is key for disease prevention in society.

The importance of brain health in the global agenda has
been underscored recently by the, WHO position paper on brain
health, to which WBP has contributed (World Health Organization
[WHO], 2022c). A particularly important topic, also relevant for
AD, is the intersection between brain health and aging. Prevention
of age-related disorders is increasingly becoming a key global goal,
and to support the discussion in this field WBP is working alongside
other partners to understand longevity in the context of brain
health.

Together with the OECD the WBP is demonstrating the
importance of building and protecting our own brain health, which

we call “late-life Brain Capital.” We have argued that investing
in late-life Brain Capital can help older persons retain, engage,
and empower themselves (Dawson et al., 2022). A combination
of public health strategies targeting tobacco use, blood pressure
control, cardiovascular disease management and prevention,
among others, can reduce the likelihood of cognitive decline by
making an investment in late-life brain capital. To be effective,
these actions need to consider specific needs of segments of the
population, including sex and gender differences.

The study of sex and gender differences is highly relevant for
policymakers as it can support the development of strategies for
prevention, early detection and better treatment of diseases that
present a huge medical need and socio-economic cost. However, we
realize that sex and gender-sensitive medicine is still in its infancy
in neurology and psychiatry. The WBP has therefore convened
a dedicated series of regulatory roundtables, now at its third
edition, to discuss the best way to integrate sex and gender-sensitive
medicine in developing solutions for neurological patients.

To obtain a comprehensive picture, in collaboration with the
Task Force on gender and diversity of the EAN, we have mapped
current European research, financing, and teaching initiatives
that incorporate sex and gender considerations in neuroscience
and neurology (Hentzen et al., 2022). We demonstrated that
there is a rising demand and interest in neurological domains,
both from funding organizations and researchers. However, most
activities, particularly in education, are linked to individual
researcher motivation and are rarely organically embedded into the
curriculum and strategic research goals (Hentzen et al., 2022).

For this reason, the WBP is currently in the process of
establishing a foundation and a dedicated research institute to strive
for innovation in sex and gender-sensitive precision medicine for
brain and mental disorders.

7. Future challenges and
recommendations

Although researchers have become increasingly aware of the
need to consider the impact of sex and gender on the development
and progression of AD, the growing body of research in this
area would benefit from carefully addressing current and potential
future challenges. In this regard, we have graphically summarized
in Figure 1 recommendations from which AD research will benefit
to accurately capture the impact of sex and gender. Furthermore,
in Table 1 we provide key resources that can be a starting point in
conducting sex and gender research in AD.

Hormonal differences between men and women can play
a significant role in the development and progression of AD
(Mosconi et al., 2018; Rahman et al., 2019, 2020). Therefore,
understanding how these differences contribute to the disease
and how they can be used to develop gender-specific treatments
is essential but at the moment we lack proper data. As a
future direction, we need to capture hormonal related data
in all clinical studies. Equally important, commonly used
biomarkers, such as those found in brain scans, blood tests,
and spinal fluid used to provide valuable information about the
progression of AD, should evaluate whether they may differ
between men and women and how hormonal shifts can impact
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FIGURE 1

The Women’s Brain Project toward a sex-sensitive Alzheimer’s disease (AD) approach. Figure shows key recommendations (blue boxes) from which
Alzheimer’s and brain research milestones (white boxes) will benefit in constant feedback to accurately capture the impact of sex and gender and
develop precision medicine agendas. Created with Biorender.com.

AD biomarker-dynamics to develop gender-specific treatments
(Herman et al., 2022).

Incorporating sex and gender dimensions to training sets of
deep learning algorithms should become a priority. If a deep
learning model is trained on a dataset that is not representative
of the population, it may not accurately determine the effect of
sex and gender. To address this issue, it is important that training
sets account for a balanced representation of sex and gender
in the desired target population. This is especially important in
deep learning platforms that simulate the structure of “orphan”
proteins, which are proteins for which the structure is unknown.
This is important because many disease-related proteins fall
into this category, including AD (Varadi et al., 2022). To the
best of our knowledge, sex and gender are not disclosed nor
included in the algorithm’s training set (e.g., AlphaFold). The
algorithm is trained using a huge dataset of known protein
structures and their matching amino acid sequences, however,
this dataset does not include information about the sex of the
species from which the proteins were acquired (Senior et al.,
2020; Jumper et al., 2021; Varadi et al., 2022). When examining
the results of these algorithms, it is critical to include sex and
gender, especially when researching disease-related proteins that
are known to be impacted by sex and gender. Furthermore, these
algorithms may be used to discover prospective therapeutic targets
that might be specific to one sex or to investigate sex-based
variations in protein structure and function in the human genome
(Tunyasuvunakool et al., 2021).

We envision that due to the high level of complexity, exploring
the impact of social and cultural factors and its sex-related
outcomes on a certain population will be one of the main
challenges in AD research. Social and cultural factors are difficult
to study due to the lack of standardization in their quantification
making it difficult to compare results or perform a meta-analysis.
Therefore, the challenges in controlling for confounding variables
can influence the accuracy in determining the impact of sex and
gender in AD. This is starting to be addressed by developing
a multi-feature multimodal approach to neurodegeneration that

includes among other variables, sociodemographic information
(Moguilner et al., 2022).

With the progression of AD, patients became heavily dependent
on their caregivers for everyday functions, which have significant
implications not only for them but also for their caregivers.
The correlation between low education levels and the burden
of caregiving appears to affect mainly women and has been
reviewed elsewhere in excellent detail (Mielke, 2018). This burden
on caregivers has been associated with the development of
AD and other neuropsychiatric disorders, as highlighted in
different studies (Shoukr et al., 2022; Hellis and Mukaetova-
Ladinska, 2023). According to Figueroa et al. (2021) digital health
disadvantages women, particularly those from racial or ethnic
minority backgrounds, due to limited access and exclusion from
app creation, gender imbalance in digital health leadership, and
detrimental gender stereotypes. We believe that societies can
benefit from digital health and AI approaches by developing
national dementia frameworks that prioritize actions to reduce
the digital gap between digitally disadvantaged and advantaged
individuals. Guaranteed access to early and accurate diagnosis -
including digital health-, medications, and equity in the actions
needed to diminish caregiver psychological and financial burden
must have high priority.

8. Sex and gender differences
beyond Alzheimer’s disease

The WBP team has made important contributions to the study
of sex and gender differences in AD, as well as its awareness in
society and its consideration at the policy level. Sex and gender
differences occur and are important in neurology and psychiatry
well beyond AD and this is captured by the work of our group in
other fields of medicine.

To give a few examples, WBP has contributed to the
characterization of sex and gender aspects in traumatic brain
injury (Rauen et al., 2021), neuropathic pain Parkinson’s disease
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TABLE 1 Useful resources for conducting sex and gender research.

Type of
resource

Name Key aspect References

Courses Bench to bedside: integrating sex and gender to
improve human health course

Free online course by the US National Institutes of Health. It is divided
into 6 thematic modules: immunology cardiovascular disease pulmonary
disease neurology endocrinology mental health

National Institutes of
Health, 2023

Sex as a biological variable (SABV): a primer Free online course by the US National Institutes of Health. Dance, 2019

Canadian Institutes of Health Research Includes courses about sex and gender in health research CIHR, 2019

Statistical considerations for sex inclusion in basic
science research

A recorded presentation explaining statistical and sample-size
considerations for including sex as a biological variable.

BlueJeans, 2016

Online tool Gendered innovations This tool helps in developing methods to do analysis on the basis of sex
and gender, how sex and gender analysis helpful in innovations

European Union, 2011

Sex and gender research methods Canadian Institutes of Health Research, is a series of methods articles
aimed at equiping researchers with practical tips and tools from
prominent researchers on integrating sex, gender, and other identity
factors into various fields of health research.

Canadian Institutes of
Health Research, 2022

Genderedinnovations.se It is developed at Karolinska Institute, is the Swedish version of Stanford’s
Gendered Innovations and contains useful content in the form of Swedish
expertise, experience, tools, videos, and case studies.

Gendered Innovations,
2019

Database Janusmed sex and gender It has information related to sex and gender aspects for drug treatment Janusinfo, 2022

Drug trial snapshot It provide information to consumers and healthcare professionals about
participation in clinical trials

Drug Trials Snapshots,
2022

GenderMed database It provide literature research that addresses sex and gender differences Oertelt-Prigione et al.,
2014

Gender experts Database related to women experts on gender equality. Gender Experts, 2021

Organizations Gender equality academy Horizon 2020 project developing and implementing a high-quality
capacity-building programme on gender equality in research, innovation,
and higher education.

Ge-academy, 2019

LIBRA EC-funded project that brings together ten research institutes in ten
European countries to promote gender equality in life sciences.

LIBRA, 2021

PORTIA UK not-for-profit organization with extensive expertise in EU gender and
STEM policy.

PORTIA, 2020

NIH ORWH US National Institutes of Health’s office for research on women’s health Research on Women’s
Health, 2023

Institute of gender in medicine Focuses on interventions to promote healthy behaviors and how such
interventions can be designed in a gender and diversity sensitive way.

Institute of Gender in
Medicine, 2023

Recommendations The promises and pitfalls of sex difference research Discuss issues related to inclusion of both sexes to specialization of sex
differences with attention paid to statistics and the need for sex-specific
treatments.

Galea et al., 2020

Sex and gender differences research design for
basic, clinical and population studies: essentials for
investigators

Compilation of sex and gender studies to excrete basic causes of diseases
and avoid a reflexive attribution of seeming sex differences solely to
biology.

Rich-Edwards et al., 2018

Biomedical research falls short at factoring in sex
and gender

Equity, accuracy, and transparency in both the conduct and reporting of
research in subjects of both sexes.

Shansky and Anne, 2021

The impact of sex and gender on the
multidisciplinary management of care for persons
with Parkinson’s disease

Potential impact of sex and gender on care for people with PD, and
identify key knowledge gaps that hamper immediate implementation of
sex- or gender-sensitive approaches.

Göttgens et al., 2020

The sex and gender dimensions of COVID-19: a
narrative review of the potential underlying factors

Sex is a significant risk factor for severe disease and mortality due to
coronavirus disease 2019 (COVID-19).

Taslem Mourosi et al.,
2022

Books Sex and gender differences in neurological disease Each chapter includes the latest information on sex and gender
differences in neurological disease

Moro et al., 2022

Sex and gender bias in artificial intelligence and
healthcare

Highlights the relevance of sex and gender differences and bias in the
development of novel technologies for health.

Cirillo et al., 2022

Sex and gender differences in Alzheimer’s disease The first academic book on sex and gender differences in Alzheimer’s
disease.

Abdelnour et al., 2021
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and schizophrenia in a dedicated, WBP-led special issue in the
journal Frontiers in Neuroendocrinology (Szoeke et al., 2020),
stroke (Sandset and Ferretti, 2021) and in brain health (de Lange
et al., 2021).

As an example of WBP response to the ongoing policy actions,
we have contributed, as members of the OneNeurology group,
to the Global Action Plan on Epilepsy and other neurological
disorders by the WHO, to make sure that sex and gender aspects
in neurology are part of the research agenda (World Health
Organization [WHO], 2022b).

The specific needs of female migraine patients have been
highlighted in several ad hoc policy and awareness projects,
including communications campaigns, such as #notallinherhead
social media campaign, directed at the lay public. Awareness
campaigns and communication programs are run by the
WBP team also for psychiatric disorders such as depression,
anxiety and ADHD.

Interestingly, the COVID-19 pandemic has revealed the
importance of sex and gender differences and the WBP has been
particularly active in documenting such differences and advocating
for their consideration in clinical trials (Grisold et al., 2021; Jensen
et al., 2021, 2022).

Finally, we have advocated for the proper consideration of sex
and gender in the context of drug development (Ferretti and Galea,
2018), particularly for neurological and psychiatric disorders that
present an unmet medical need (Butlen-Ducuing et al., 2021).

9. Conclusion

The work done by the team at WBP showcases the power of
female leadership, a diverse and multidisciplinary team in the field
of Alzheimer’s research and beyond. Collaboratively the WBP have
helped to change perceptions, increase visibility and reduce sex
biases in preclinical research, clinical science and policy framework.
Incorporating specific individual needs (including those driven by
sex and gender aspects) will be key to reaching a precision medicine
approach in AD, as well as personalized patient management for a
more sustainable healthcare.
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Chronic consumption of a 
hypercaloric diet increases 
neuroinflammation and brain 
senescence, promoting cognitive 
decline in middle-aged female 
Wistar rats
Verónica Salas-Venegas 1,2, Roberto Santín-Márquez 1,2, 
Ricardo Jair Ramírez-Carreto 3,4, 
Yesica María Rodríguez-Cortés 3,4, Agustina Cano-Martínez 5, 
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Being overweight and obesity are world health problems, with a higher 
prevalence in women, defined as abnormal or excessive fat accumulation that 
increases the risk of chronic diseases. Excess energy leads to adipose expansion, 
generating hypertrophic adipocytes that produce various pro-inflammatory 
molecules. These molecules cause chronic low-intensity inflammation, affecting 
the organism’s functioning and the central nervous system (CNS), inducing 
neuroinflammation. The neuroinflammatory response during obesity occurs in 
different structures of the CNS involved in memory and learning, such as the 
cortex and the hippocampus. Here we analyzed how obesity-related peripheral 
inflammation can affect CNS physiology, generating neuroinflammation and 
promoting cellular senescence establishment. Since some studies have shown an 
increase in senescent cells during aging, obesity, and neurodegenerative diseases, 
we proposed that cellular senescence participation may contribute to the cognitive 
decline in an obesity model of middle-aged female Wistar rats. The inflammatory 
state of 6 and 13 months-old female Wistar rats fed with a hypercaloric diet was 
measured in serum and CNS (cortex and hippocampus). Memory was evaluated 
using the novel object recognition (NOR) test; the presence of senescent markers 
was also determined. Our data suggest that the systemic inflammation generated 
by obesity induces a neuroinflammatory state in regions involved in learning and 
memory, with an increase in senescent markers, thus proposing senescence as a 
potential participant in the negative consequences of obesity in cognition.
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Introduction

Overweight and obesity are defined as abnormal or excessive fat 
accumulation that can harm health (World Health Organization, 
2023), increasing the risk of developing different metabolic disorders 
and diseases (Awada et  al., 2013), such as type 2 diabetes, 
cardiovascular diseases (Haslam and James, 2005), musculoskeletal 
disorders, and deterioration in cognitive function (Miller and Spencer, 
2014). Interestingly, obesity is more common in women than men, 
independent of age, geographic region, or socioeconomic status (Kroll 
et al., 2020).

During obesity, the energy excess leads to adipose expansion 
generating hypertrophic adipocytes that produce a wide variety of 
proinflammatory molecules, such as monocyte chemoattractant 
protein-1 (MCP-1), TNF-α, IL-1β, and IL-6 that activate and attract 
the immune system cells (McArdle et al., 2013). The production of 
these molecules by adipocytes generates a chronic, low-intensity 
inflammation, affecting the organism’s functioning; the central nervous 
system (CNS) may also be  affected. Studies performed in rodent 
models show that obesity causes neuroinflammation (Miller and 
Spencer, 2014; Li et al., 2018; Zhou et al., 2020; Salas-Venegas et al., 
2022). A hypercaloric diet induces the blood–brain barrier (BBB) loss 
of integrity, allowing proinflammatory cytokines to enter the CNS and 
promoting peripheral macrophage infiltration to the brain, which 
subsequently contributes, among other factors such as increased 
peripheral free fatty acid circulation, contributing to obesity-associated 
neuroinflammation (Samara et al., 2020). The inflammation in specific 
brain regions is related to memory impairment with significant 
cognitive decline (Palavra et al., 2016; Castro et al., 2017; Noble et al., 
2017). Intriguingly, hippocampal neuroinflammation causes deficits in 
memory tasks in rodent models of obesity (Samara et al., 2020).

Inflammatory responses can be  beneficial as acute, transient 
reactions to harmful conditions, promoting the defense, repair, and 
adaptation of host tissues. However, chronic and low-grade 
inflammation is detrimental to many tissues and likely to hamper 
normal functions (Calder et al., 2017). Chronic inflammation has 
become a hallmark of neurodegeneration in the brain, with persistent 
microglial activation, increased proinflammatory cytokines, and 
elevated levels of oxidative stress (Azam et al., 2021).

Additionally, some results indicate that the production of 
pro-inflammatory cytokines significantly reduces the expression of 
brain-derived neurotrophic factor (BDNF), the most expressed 
neurotrophin in the brain that plays a crucial role in learning and 
memory. The decreased BDNF expression has been associated with 
cognitive dysfunction and dementia (Budni et al., 2015). BDNF favors 
cognitive function by increasing neurogenesis, neuronal survival, 
axonal growth, dendritic growth, synaptic plasticity, neuronal 
development, and maintenance in the central nervous system neurons 
(Sandrini et al., 2018).

Moreover, clinical studies have shown that obesity increases the 
risk of developing mild cognitive impairment in short-term memory 
and executive function (Nguyen et al., 2014); however, the precise 
mechanisms are still unknown.

In addition, it has been reported that organisms fed with high-fat 
diets present an accumulation of senescent cells in tissues such as the 
prostate, heart, and adipose tissue with implications for the 
inflammatory state (Wang et al., 2009; Tikoo et al., 2017). Recently, 
Bussian et  al. (2018) reported that the accumulation of senescent 

astrocytes and microglia increased neurodegeneration and cognitive 
decline. They observed that eliminating senescent cells prevented 
reactive gliosis and neurodegeneration in the cortex and hippocampus, 
thus preserving cognitive function.

Cellular senescence (CS) is a phenomenon in which cells stop 
proliferating in response to different stress stimuli, including oxidative 
stress, proteasome inhibition, autophagy malfunction, etc. Senescent 
cells are characterized by flattened and enlarged morphology and 
exhibit several molecular markers, including telomere-dysfunction-
induced foci, senescence-associated heterochromatin foci (SAHF), 
lipofuscin granules, DNA scars, altered gene expression, absence of 
proliferative Ki-67 protein, the activity of senescence-associated 
β-galactosidase (SA-β-GAL), and the expression of tumor suppressors 
and cell cycle inhibitors (Watanabe et al., 2017; Yanagi et al., 2017; 
Dodig et al., 2019). They also show changes in gene expression, the 
absence of response to apoptotic and mitogenic stimuli, and metabolic 
reprogramming evidenced by the production of a secretome called 
“Senescence-Associated Secretory Phenotype” (SASP; Kuilman et al., 
2010; Kong et al., 2011; Campisi, 2013; Salama et al., 2014). The SASP 
includes a variety of factors, such as interleukins, growth factors, 
chemokines, and metalloproteases. These factors can affect the 
surrounding cells by activating various cell surface receptors and 
signal transduction pathways (Coppé et al., 2010), creating a local 
tissue microenvironment that induces inflammation (Bianchi-Frias 
et al., 2010).

During obesity, the inflammation and oxidative stress generated 
in the brain increase the amount and accumulation of senescent cells, 
thus contributing to neuroinflammation due to the SASP secretion. 
The neuroinflammation induced by the senescent cells creates a 
vicious cycle that escalates inflammation and oxidative stress (Salas-
Venegas et al., 2022). The components of SASP (proinflammatory and 
immunomodulatory cytokines) can interact with specific receptors, 
non-protein molecule factors, and exosomes (Gorgoulis et al., 2019). 
Thus, both soluble and insoluble interaction molecules are employed 
by senescent cells to influence the local microenvironment. However, 
with the accumulation of senescent cells during inflammation, its 
proinflammatory and potentially detrimental characteristics dominate 
and result in persistent inflammation and tissue damage (Nelke 
et al., 2022).

Two tumor suppressor pathways establish the CS, p53/p21, and 
p16INK4a/pRB, which can be  used as proteins to validate the 
senescent state (McHugh and Gil, 2018). Animal models, mainly 
rodents, have been advantageous in studying obesity. Dietary 
manipulations through high-calorie intake are the most used for 
maintaining a more remarkable similarity with the establishment of 
obesity in humans (Von Diemen et al., 2006).

Notably, sexual differences have been reported concerning 
neurodegeneration and cognitive decline during aging (Santín-
Márquez et al., 2021). Moreover, several neurological conditions are 
associated with sex differences in prevalence or outcome. For example, 
depression, multiple sclerosis, and Alzheimer’s are common in women 
(Hanamsagar and Bilbo, 2016). So, it is crucial to study pathogenetic 
mechanisms, their progression, the age of onset, and possible 
treatment response in female models to develop the correct 
interventions for women. Ignoring these differences could alter the 
meaning of the obtained results (Piscopo et al., 2021).

The objective of this study was to determine the effect of systemic 
inflammation produced by the chronic consumption of a hypercaloric 
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diet on the establishment of senescence in the brain and its impact on 
cognitive deterioration in the obesity model of female Wistar rats.

Materials and methods

Chemicals

All chemicals and reagents were purchased from Sigma Chemical 
Co. (St. Louis, MO). The reagents obtained from other sources are 
detailed throughout the text.

Animals

Sixty-four female Wistar rats (Rattus norvegicus) we used in this 
study. The animal was provided by the closed breeding colony at the 
Universidad Autónoma Metropolitana-Iztapalapa (UAM-I). They 
were housed four-per-cage in polycarbonate cages in a 12 h light–dark 
cycle and had free access to water and food. The animals’ health status 
was constantly evaluated. A good state of health was considered when 
the animals did not have tumors, skin, or ear infections and when they 
ate and drank properly. Rats with tumors and those that went blind 
were discarded from the study. All animal procedures were strictly 
carried out according to Mexican Official Ethics Standard 
NOM-062-ZOO-1999 and the Standard for the disposal of biological 
waste (NOM-087-ECOL-1995).

Experimental groups

At 21 days of age, the 64 rats were randomly distributed into two 
groups: the Standard Diet (SD) group (n = 32) and the hypercaloric diet 
(HD) group (n = 32). The animals were euthanized at 13 months of age.

Animal diets

HD diet was prepared following the protocols previously reported 
(Bautista et al., 2017; Toledo-Pérez et al., 2021). The HD is based on an 
obesogenic diet with 23.5% protein, 20% animal lard (40% saturated 
fats), 5% corn oil, (60.7% polyunsaturated fats, 24.3% monounsaturated 
fats, 15% saturated fats, 0% cholesterol), 20.2% polysaccharides, 20.2% 
of simple sugars, 5% of fiber, 5% of the mineral mix, and 1% of vitamins 
(caloric intake, 4.9 kcal/g). The rats started consuming HD after 
weaning (at 21 days old) until they were euthanized at 13 months of age.

The SD groups were fed an Abene BDL-7100 diet containing 23% 
protein, 4.5% fat, and 46.5% carbohydrates (caloric intake, 3.2 kcal/g). 
The weekly food consumption was measured, and the average was 
plotted monthly. The results represent the consumption per box 
divided by the number of animals per box.

Morphometric and biochemical 
determinations

Animals were weighed and measured monthly to obtain the 
morphometric dimensions. The weight and naso-rectal length were 

used to obtain the Lee index to diagnose obesity in small animals, and 
those with an index greater than 0.30 were considered obese animals 
(Suárez Román et al., 2013). Rats were weighed with a digital scale 
0SX40-SMART (Torrey, Mexico).

For the biochemical determinations, the blood (200 μl) was 
collected from the rats’ tail veins after a fast of 8 h at 6 and 13 months 
of age. Serum was obtained by centrifugation at 3500 rpm for 10 min. 
Subsequently, glucose, creatinine, triglycerides, cholesterol, GOT, 
GPT, GGT, and HDL were determined using a biochemical blood 
analyzer (Spotchem EZ SP-4430; Arkray Inc., Kyoto, Japan) and 
reactive strips: Spotchem II Kenshin-2, glu, and cre2 (Arkray Inc., 
Kyoto, Japan). The atherogenic index was calculated as AI = (Total 
Cholesterol – High-Density Lipoprotein HDL)/HDL (Othman 
et al., 2019).

Sample preparation for the enzyme-linked 
immunosorbent assay (ELISA assay)

Treated and control animals were euthanized at 6 and 13 months 
of age. The blood samples were collected and centrifuged (Eppendorf, 
Hamburg, Germany) to obtain the serum (3,500 rpm at 4° C for 
15 min). The whole brain was carefully extracted and washed with 
saline solution. Brain cortex (Cx) and hippocampus (Hc) were 
dissected and homogenized in 500 μl of lysis buffer (20 mM Tris, 
0.25 M sucrose, 2 mM EDTA, 10 mM EGTA, 1% Triton X-100) 
containing protease inhibitor (11,836,153,001, Roche Diagnostics, 
Indianapolis, IN, United States). The samples were centrifugated at 
13,500 rpm at 4°C for 15 min to collect the supernatant for the ELISA 
and the Western blots assays (Ugalde-Muñiz et al., 2020). At maximum 
speed, the tissue was homogenized using a polytron PTMR2100 7,549 
(Omni International).

Cytokine and BDNF levels evaluation

TNFα, IL6, IL10, IL1β, MCP-1, and BDNF were measured in 
serum and brain tissue by sandwich ELISA assay following the 
provider’s instructions. TNF-α DuoSet ELISA (DY510), IL-6 DuoSet 
ELISA (DY506), IL-10 DuoSet ELISA (DY522), IL-1β DuoSet ELISA 
(DY501), MCP-1 DuoSet ELISA (DY3144), BDNF DuoSet ELISA 
(DY248), and DuoSet ELISA Ancillary Reagent Kit (DY008), all 
purchased from R&D Systems (Minneapolis, MN, United States). All 
required solutions were prepared with deionized water from a 
Milli-RQ system (Millipore, MA). Serum and brain protein were 
incubated for 18 h at 4° C with PBS-Tween20 (0.05%)/0.5% BSA, 
washed three times, and incubated with the corresponding detection 
antibody for 2 h at room temperature. Bound detection antibodies 
were detected using system a-HRP (avidin-HRP/Streptavidin-HRP) 
using TMB/H2O2 as the substrate. Optical density readings were at 
450 nm (Epoch BioTek, Winooski, VT, United States). All assays were 
performed by duplicate (Ugalde-Muñiz et al., 2020).

Novel object recognition test (NOR)

As reported previously, the NOR test was used to evaluate short-
term and working memory in SD and HD groups at 6 and 13 months 
of age (Antunes and Biala, 2012; Santín-Márquez et al., 2021). The 
NOR test was performed using a 45 × 45 × 45 cm acrylic box. Each rat 
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was introduced into the box for 5 min daily over three consecutive 
days as a training period. On the fourth day, a pre-test was performed. 
Two random objects with different geometric shapes were placed in 
the box, and the animals explored them for 5 min. The exploration 
time for each object was recorded. The objects were changed and 
cleaned with 70% vol/vol ethanol before and between use. On the fifth 
day, the test was performed by placing one of the objects previously 
presented along with a novel one. The animals were then allowed to 
explore for 5 min, and the interaction time and the number of 
interactions with the old and new objects were recorded. The Novel 
preference index was calculated by dividing the time spent exploring 
the novel object by the total exploration time multiplied by 100 to 
obtain a percentage value.

Western blot analysis

Proteins (30 μg) from each fraction protein were separated on 12% 
SDS-PAGE, transferred to polyvinylidene difluoride membranes 
(Inmobilon-P, Millipore Billerica, MA), and incubated with specific 
primary antibodies against anti-βactin (sc-47,778), anti-γH2AX 
(sc-2,357), anti-p21 (sc-6,246), and anti-GLB (sc-65,670) dilution 
1:1000. Membranes were washed three times with TBS-Tween and 
incubated with a horseradish peroxidase-conjugated secondary 
antibody dilution (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, 
United States) for 2 h. After three consecutive washes, the blots were 
developed using a commercial chemiluminescence reagent. The 
proportion of these proteins was quantified by densitometric analysis 
using Kodak Molecular Imaging Software (v.4.5.1).

Brain section

Rats were perfused transcardially with 4% paraformaldehyde in 
PBS and drop-fixed in 4% paraformaldehyde for 24 h. The brains were 
rapidly dissected and immersed in PBS/30% sucrose for 24 h. The 
brains were washed with PBS and embedded in tissue-tek (4,583 
Sakura finetek, Torrance, CA, United States). Brain coronal sections 
(24 μm) from the frontal cortex were mounted serially.

SA-β-gal activity assay

The β-galactosidase activity was analyzed following the protocol 
described previously [26]. Brain sections were fixed with 4% 
paraformaldehyde, washed with PBS 1×, and stained with a solution 
containing 20 mg/ml of X-gal (V394A, Promega, Madison, WI, 
United  States) in dimethylformamide, 0:2  M citric acid/sodium 
phosphate buffer pH = 6, 100 mM potassium ferrocyanide, 5 M sodium 
chloride, and 1 M magnesium chloride. Sections were incubated for 
12 h at 37° C.

Statistical analysis

All data were analyzed and graphed with Prism 8 (GraphPad 
Software). Specific tests were performed according to each 
experimental design and are indicated in each figure.

Results

Morphometric parameters

Figure 1 shows the obesity establishment in HD-fed rats. From 
month 6 of age, a 15% increase in body weight was observed in the 
HD group compared to the SD group (p < 0.034). The increment 
continued until the last evaluation at 13 months, when the HD group 
presented a 51% higher body weight than the SD group (p < 0.0001). 
Table 1 illustrates the naso-rectal length in both animal groups at 6 
and 13 months. As expected, the length increased in both groups over 
time, with 6% growth in the SD group and 9% in the HD group. 
However, no significant differences were found between them, 
indicating that the physical development of the animals was similar 
regardless of the diet.

The Lee index was determined using the data of body weight and 
naso-rectal length. Table 1 shows that the Lee index in the HD group 
increased by 8% at 6 months of age and by 13% at 13 months of age 
compared to the SD group, confirming that HD animals were obese 
from 6 months of age.

Food and water consumption

Food consumption was evaluated monthly 
(Supplementary Figure 1). In the third month, the SD group consumed 
35% more food (measured in g) compared to the HD group, and from 
month 5 to month 10, there was an increase and then a decrease in 
food intake (32, 42, 36, 37, 35, and 25% respectively). However, as seen 
in Supplementary Figure 1B, the monthly kcal intake in the HD group 
was higher than in the SD group over time. The increase in calorie 
consumption in the HD group was 24% at month 4, and as time 
progressed, an increase of 22, 25, 29, and 26% was found at months 9, 
10, 11, 12, and 13, respectively. Water consumption was also evaluated, 
but no differences were found between the groups (data not shown).

Biochemical parameters

The biochemical parameters, including the GOT/GPT ratio, 
triglycerides, creatinine, glucose, cholesterol, high-density lipoprotein 
(HDL), atherogenic index, and low-density lipoprotein (LDL), are 
shown in Table 2. Some parameters significantly increased in the HD 
group compared to the SD group. In particular, an 11-fold increase in 
triglyceride levels was observed in the HD group at 13 months of age 
(86 mg/dl) compared to levels in the same group at 6 months (7.8 mg/
dl). Augmented glucose levels were observed in both groups at 
13 months of age compared to the values obtained at 6 months. A 1.30-
fold increase in glucose levels was observed in the SD group and a 1.68-
fold increase in the HD group. Regarding cholesterol levels, the SD 
group showed increased levels compared to the HD group at 6 months; 
however, at 13 months, the HD group increased their cholesterol levels 
by 1.40 times compared to the values obtained at 6 months.

When evaluating the atherogenic index, a 2.4-fold increase was 
observed in the HD group compared to the SD group at 6 months. 
HDL concentrations were higher in the SD group compared to the HD 
group at 6 months of age. However, this parameter did not significantly 
change at 13 months of age.
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It is essential to highlight that, despite finding differences in some 
evaluated parameters, none of these values were outside the clinical 
parameter limits established for Wistar laboratory rats.

Inflammatory profile

Serum inflammatory profile
Once the obesity model was validated, the impact on the systemic 

inflammatory response was evaluated by quantifying the 
concentrations of the cytokines in the serum in both animal groups 
at 6 and 13 months of age. Figures 2A,B show that IL-1β and IL-6 
levels in the HD group were significantly higher than in the SD group 
at 6 and 13 months of age; IL-1β levels were 2.07 times greater at 
6 months and 3.23 times greater at 13 months in HD rats than in 
SD. While in the HD group, IL-6 levels increased 2.18 times at 
6 months and 1.36 times at 13 months compared to the 
SD. Interestingly, in the SD group, an augment in this cytokine was 
also associated with age since it increased 1.58-fold at 13 months 
compared to 6 months.

The serum concentration of monocyte chemoattractant protein 1 
(MCP-1) shown in Figure 2C presented the same behavior as IL-1β, 
both HD groups increased MCP-1 concentration compared to the SD 
groups (1.33 times at 6 months and 1.63 times at 13 months of age).

Figure  2D shows that TNF-α concentration in the HD group 
significantly increased by 2.36% at 6 months and 2.55% at 13 months 
of age compared to the SD group. However, both 13 moth-old groups 
decreased TNF-α concentration at month 13 of age. SD group 
significantly decreased by 2.06-fold and the HD group by 1.91-fold; 
the HF rats showed a higher TNF-α concentration.

IL-10 concentration was quantified to assess the anti-
inflammatory response. Figure  2E shows that the HD group 
significantly increased by 1.33-fold at 6 months; however, at 
13 months, IL-10 levels decreased in both groups, being more 
remarkable in the HD group (2.20 decrease fold) compared to the 
SD group (1.68-fold).

Cerebral cortex inflammatory profile
Figure 3 shows cytokine concentrations in the rat cerebral cortex. 

No differences were found in IL-1β and IL-10 concentrations 
(Figures 3A,E), but a significant increase in IL-6 was found at the 
two-time points measured in the HD group compared to the SD group 
(Figure 3B). At 6 months of age, IL-6 concentration in the HD group 
was 1.23 times higher than in the SD group, and at 13 months, it was 
1.42 times higher than in the SD group. MCP-1 levels showed the 
same behavior. The HD groups had significantly higher levels 
compared to the SD group (1.78-fold increase at 6 months of age and 
1.81-fold at 13 months), suggesting that the HD group had higher Cx 

FIGURE 1

Body weight. Animal body weight was evaluated monthly (n = 17 SD and n = 15 HD). The data represent the mean ± standard deviation (SD) and were 
analyzed by ANOVA and post hoc Holm-Sidak. The p-values are indicated in the graph<0.05. The significant differences between groups compared to 
the HD are marked with *.

TABLE 1 Lee’s index.

Age Group Weight (g) Lenght N-R (cm) Lee’s index

6 months SD 280.5 ± 16.96 22.65 ± 0.4408 0.2889 ± 0.0080

HD 361 ± 16.39 22.7375 ± 0.4897 0.3132 ± 0.010*

13 months SD 329 ± 27.23 23.95 ± 0.04870 0.2878 ± 0.0050

HD 532.25 ± 81.65 24.8 ± 1.150 0.3262 ± 0.0189*

The data were evaluated in rats fed with SD and HD at 6 and 13 months of age (n = 10 SD n = 10 HD). The Lee index was obtained as described in the materials and methods section. The data 
represent mean ± SD and were analyzed by two-way ANOVA, followed by a Tukey’s post hoc test. The significant differences between groups compared to the SD are marked with *p < 0.05. The 
values in bold indicate the Lee´s index.
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inflammation (Figure  3C). TNF-α levels in the HD group were 
significantly higher compared to the SD group at 6 months of age 
(1.77-fold increase) and 13 months of age (3.02-fold increase).

Hippocampus inflammatory profile
Figure 4A shows a significant decrease in hippocampal IL-1β 

concentrations in both study groups (SD and HD) at 13 months 

of age, but no differences were observed regarding HD diet 
consumption. IL-6 concentration did not change at 6 months 
either (Figure 4B), but an increase was found at 13 months of age 
in the HD group (1.86-fold more than the same age SD group and 
the young groups). While MCP-1 concentrations in the HD 
group (Figure  4C) significantly increased at 6 months of age 
(1.37-fold) and 13 months of age (2.54-fold) compared to the SD 

TABLE 2 Biochemical parameters.

Parameter
6  months of age 13  months of age

SD HD SD HD

GOT/GPT (IU/L) 2.669 ± 0.9436 7.651 ± 5.097 4.760 ± 0.9010 6.451 ± 1.515

TRIGLYCERIDES (mg/dl) 3.8 ± 5.495 7.8 ± 5.675 48.00 ± 17.65 86.00 ± 25.07 & p = 0.0229

CREATININE (mg/dl) 0.44 ± 0.2966 0.2 ± 0.07071 0.3400 ± 0.05477 0.3400 ± 0.05477

GLUCOSE (mg/dl) 88.2 ± 14.74 78.6 ± 10.69 115.4 ± 5.459 & p = 0.0080 132.8 ± 12.52 & p < 0.0001

CHOLESTEROL (mg/dl) 76.40 ± 9.317* p = 0.0298 56.60 ± 6.348 85.80 ± 12.50 79.60 ± 10.85 & p = 0.0108

HDL (mg/dl) 22.60 ± 6.107* p = 0.0029 8.800 ± 3.962 19.00 ± 6.519 14.40 ± 2.966

LDL (mg/dl) 53.04 ± 4.651 46.24 ± 3.648 57.20 ± 7.580 48.00 ± 7.331

ATHEROGENIC INDEX 2.569 ± 0.8980 6.270 ± 2.420* p = 0.0321 3.721 ± 0.7594 4.634 ± 0.8367

The table shows the values obtained of GOT/GPT, triglycerides, creatinine, glucose, cholesterol, HDL, LDL, and atherogenic index determined in rats fed with a standard diet (SD) and 
hypercaloric diet (HD) at 6 and 13 months of age (n = 5 SD and n = 5 HD). The data represent the mean ± SD and were analyzed by ANOVA. The significant differences between groups 
concerning the SD are marked with ∗, and differences at different ages are marked with & p < 0.05.

A B C

D E

FIGURE 2

Serum inflammatory profile. The levels of IL1β (A), IL6 (B), MCP-1 (C), TNFα (D), and IL10 (E) were determined by ELISA (n = 6 SD and n = 6 HD). The data 
represent the mean ± standard deviation and were analyzed by two-way ANOVA, followed by Tukey’s post hoc test. The significant differences between 
groups with respect to the SD are marked with ∗, and differences at different ages are marked with & p < 0.05.
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group. A decrease in the concentration of MCP-1 was observed 
in the SD group at 13 months of age compared to the younger 
group (1.72-fold). No significant differences were found in 
TNF-α and IL-10 concentrations (Figures 4D,E) between the two 
groups at 6 and 13 months. However, a 1.27-fold increase in IL-10 
concentrations was observed in the SD group at 13 months 
compared to the 6 months group.

Brain-derived neurotrophic factor (BDNF)

Figure 5A shows that serum BDNF concentration decreased by 
2.61 times in the HD group at 6 months of age compared to the SD 
group at the same age. A 3.28-fold decrease in BDNF concentration 
was also observed in the SD group at 13 months compared to the 
values obtained at 6 months in this same group. Concerning BDNF 
levels in the Cx (Figure 5B), a 4.1-fold decrease was observed in the 
HD group compared to the SD group at 6 months. However, at 
13 months, BDNF increased in both groups (SD and HD) compared 
to the levels found at 6 months. In the Hc (Figure  5C), BDNF 
concentrations diminished in the HD group compared to the SD 
group at 6 and 13 months. In summary, BDNF increased in both 
groups (SD and HD) at 13 months, as opposed to 6 months.

Novel object recognition test (NOR)

The NOR test was performed to determine the possible detrimental 
effects of neuroinflammation on cognition; the NOR test was 
performed at 6 and 13 months of age following the scheme shown in 
Figure 6A. The interaction time with the novel object is shown in 
Figure 6B; the rats in the SD and HD groups spent more time exploring 
the novel object at 6 months than at 13. However, at 13 months, the SD 
group did not differentiate between the familiar and the novel object, 
equaling the exploration time between the objects.

When evaluating the number of interactions with each object, the 
SD group at 6 and 13 months interacted similarly with both objects 
(Figure 6C). With an evident decrease in the recognition index, the 
HD rats did not discriminate the novel object from the familiar object 
at 6 months, as seen in Figure 6D, being more pronounced in both 
groups at 13 months of age, especially in the HD group, which 
presented a more significant deficit in recognizing novel objects.

Senescence markers

To evaluate the participation of senescence in cognitive 
deterioration, GLB, p21, and γH2AX were determined in the Cx and 

A B C

D E

FIGURE 3

Cerebral cortex inflammatory profile. The levels of IL1β (A), IL6 (B), MCP-1 (C), TNFα (D), and IL10 (E) were analyzed by ELISA (n = 6 SD and n = 6 HD). 
The data represent the mean ± SD and were analyzed by two-way ANOVA, followed by Tukey’s post hoc test. The significant differences between 
groups compared to the SD are marked with ∗ p < 0.05.
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Hc at 6 and 13 months of age. Figure 7A shows a significant increase 
of 1.12 times in GLB expression in the Cx of the 13-month-old HD 
group compared to the SD group at the same age. Unlike the SD 

group, where no changes in the expression of this enzyme were 
observed throughout life, changes were observed in the HD group at 
13 months of age, with an increment of 2.12 times compared to 

A B C

D E

FIGURE 4

Hippocampus inflammatory profile. The levels of IL1β (A), IL6 (B), MCP-1 (C), TNFα (D), and IL10 (E) were analyzed by ELISA (n = 6 SD and n = 6 HD). The 
data represent the mean ± SD and were analyzed by two-way ANOVA, followed by a Tukey’s post hoc test. The significant differences between groups 
compared to the SD are marked with ∗, and differences at different ages are marked with & p < 0.05.

A B C

FIGURE 5

Brain Derived Neurotrophic Factor levels. The levels of BDNF in serum (A), cortex (B), and hippocampus (C) were determined by ELISA (n = 6 SD and 
n = 6 HD). The data represent the mean ± SD and were analyzed by two-way ANOVA, followed by Tukey’s post hoc test. The significant differences 
between groups compared to the SD are marked with ∗, and differences at different ages are marked with & p < 0.05.
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6 months. No differences were observed in GLB expression in this 
region at 6 months old, regardless of the diet.

As observed in Figure 7B, GLB expression increased in the Hc at 
13 months of age in rats in the HD group compared to the SD group. 
At 6 months, no differences in GLB expression were observed in this 
brain region between the SD and HD groups. Figure 7C indicates that 
the HD group had significantly higher levels of p21  in the Cx 
compared to the SD group at 6 months and 13 months, with an 
increase of 1.93 and 1.82-fold, respectively. The p21 levels in the SD 
group were low and stable, while in the HD group, they were high and 
constant. No differences were obtained in p21 expression in the Hc at 
6 months of age (Figure 7D) between the SD and HD groups. However, 
at 13 months of age, a significant increase in p21 levels in the Hc was 
observed in the HD group compared to the SD group (1.38-fold). In 
addition, the same increase in p21 levels was found in the HD group 
at 13 months compared to the 6 months in the same group. Figure 7E 
shows that the expression of histone γH2AX in the Cx of HD rats 
increased 1.70 and 1.95 times compared to the SD group at 6 and 
13 months, respectively; the levels of this histone increased in the HD 
group at 13 months compared to the 6 months old rats. When 
evaluating the expression levels of γH2AX in the Hc (Figure 7F), a 
significant increase of 1.82 times was found in the HD group at 
13 months of age compared to the SD group. No changes in the 
expression of this histone were found at 6 months between 
both groups.

SA-β-gal assay

Senescent cells in the Cx and Hc were only evaluated at 13 months 
in SD and HD groups because we  only found changes in all the 
senescence markers at this age.

Figure  8A is an anatomical diagram illustrating the specific 
regions of the brain in which the presence of senescent cells was 
studied. The CA2 region of the hypothalamus and the region of the 
somatosensory cortex are specifically mentioned. These regions are 
essential for memory and sensory perception, respectively. The 
lysosomal β-galactosidase assay was used to detect the presence of 
senescence in these brain areas. Figure 8B shows SA-β-gal positive 

cells in Hc (CA2 specifically) and Cx (somatosensory cortex) in rats 
with SD and HD at 13 months of age. The presence of senescent cells 
is more evident in the HD group in both areas analyzed in concordance 
with the increase of senescent markers previously shown.

Figures 8C,D show the quantification of the SA-β-gal positive cells 
in the Cx and Hc. In the HD group, there was an increase of 30% in 
SA-β-gal positive cells in the Cx and 14% in the Hc compared to the 
SD group. These results suggest a higher number of senescent cells in 
subjects in the HD group compared to those in the SD group.

Discussion

Obesity is a complex condition that affects individuals both 
physically and mentally. Physically, it increases the risk of chronic 
diseases such as diabetes, cardiovascular disease, cognitive decline, 
and certain cancers. At a psychological level, it can lead to low self-
esteem, depression, and decreased quality of life. Our study focused 
on understanding the link between obesity and cognitive decline 
during long-term HD in middle-aged female rats since there is a 
higher rate of obesity in women, and they have a greater propensity to 
present dementia during advanced age (Albanese et al., 2015; Ghasemi 
Yngyknd et al., 2021).

The weight gain and the Lee index of the HD rats concord with 
previous studies (Malafaia et al., 2013; Suárez Román et al., 2013; 
Toledo-Pérez et al., 2021, p. 23), thus validating the obesity model. 
Moreover, we also found an increase in the atherogenic index, a risk 
marker for atherosclerosis and coronary heart disease (Niroumand 
et al., 2015), in the HD groups at 6 and 13 months of age. Interestingly, 
the SD group showed an increase in cholesterol and HDL levels, which 
could be due to the effect of reverse cholesterol transport, as described 
by Marques et  al., 2018, as a mechanism for removing excess 
cholesterol from peripheral tissues and redistributing it or removing 
it from the body by the gallbladder.

At 13 months of age, both groups presented an increase in 
triglycerides, glucose, and cholesterol, which could be  due to the 
transition from young adulthood to middle age, generating an 
accumulation of excess visceral fat, muscle mass, and strength loss, 
and an increase in adipocyte size in subcutaneous fat leading to 

A

B C D

FIGURE 6

Novel object recognition test. (A) Schematic representation of protocol for a novel object recognition test. Familiar and novel object interaction time 
(B), interactions number (C), and recognition index (D) determined in rats fed with SD and HD at 6 and 13 months of age (n = 12 SD and n = 12 HD). Each 
bar represents the mean ± SD. The data were analyzed by two-way ANOVA and Tukey’s post hoc test. The significant differences between groups with 
respect to the SD are marked with ∗, and differences at different ages are marked with & p < 0.05.
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C D
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FIGURE 7

Expression of molecular markers of senescence in brain. Representative Western blot analysis of GLB in the Cx (A) and Hc (B); p21 in the Cx (C) and Hc 
(D); and γH2AX in the Cx (E) and Hc (F). The graphs show the densitometric protein expression analysis from six animals per age group (each dot 
represents an animal; n = 6 SD and n = 6 HD). The data represent the mean ± SD, the data were compared using the two-way ANOVA and Tukey’s post hoc 
test. The significant differences between groups compared to the SD are marked with *, and differences at different ages are marked with & p < 0.05.
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increased release of free fatty acids (FFAs) associated with insulin 
resistance and other metabolic abnormalities, as reported by Palmer 
and Jensen, 2022. It is important to note that no significant differences 
were found when comparing the values of these parameters between 
the two groups at 6 and 13 months considering the Harlan manual 
(Giknis and Clifford, 2008).

Our results agree with previous findings, where obesity-induced 
chronic low-grade inflammation (Bing, 2015; Sindhu et  al., 2015; 
Khanna et al., 2022) generates an increase in MCP-1, IL-1β, and IL-6 
as observed in the HD group at 6 and 13 months. Serum levels of these 
cytokines are raised in obese individuals and those with chronic 
inflammatory conditions and abnormal serum lipid concentrations 
(Panee, 2012; Sindhu et al., 2015; El-Mikkawy et al., 2020), which 
aligns with the changes in the biochemical profile observed in our 
study (shown in Table 2). Additionally, IL-6 adversely impacts lipid 
metabolism by increasing triglyceride release and reducing lipoprotein 

lipase activity (Werida et al., 2021). Interestingly, we found an increase 
in the circulating levels of TNF-α in the HD groups at 6 and 13 months 
of age; however, those levels decreased at 13 months of age. This 
observation could be explained due to the individual immune system 
responsiveness and adaptability to a particular inflammatory 
condition regarding the degree of stimulation (severity) and 
persistence (chronicity; Italiani et al., 2020). The same behavior was 
observed for the anti-inflammatory cytokine IL-10, which increased 
in HD rats at 6 months and decreased in both groups at 13 months. 
This phenomenon is consistent with other studies that have reported 
that IL-10 decreases with age and obesity in animal and human 
models (Dagdeviren et al., 2017; Kondo et al., 2018), especially in 
obese women (Esposito et al., 2003).

Low-grade systemic inflammation induced by obesity also affects 
the central nervous system (CNS), generating neuroinflammation 
mainly in the Hc and Cx, impairing learning and memory (Henn 

A B

C D

FIGURE 8

Evaluation of senescent cells in brain. (A) Anatomic diagram to locate the regions analyzed. (B) Representative images of different regions with cells 
with senescence features accumulate in the Cx and Hc in animals with HD at 13 months (n = 6 SD and n = 6 HD). The percentage of SA-β-gal positive 
cells per area in each brain section in cortex (C) and hippocampus (D). The average of three brains per group is graphed. The data represent the 
mean ± SD and were analyzed by two-way ANOVA, followed by Tukey’s post hoc test. The significant differences between groups compared to the SD 
are marked with ∗ and differences at different ages are marked with & p < 0.05. Confocal fluorescence micrographs are 20× magnification. n = 3.
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et al., 2022). Accordingly, we found elevated cytokine levels in those 
brain regions in the HD groups. IL-6, TNF-α, and MCP-1 levels 
increased in the Cx of HD-rats at 6 and 13 months of age 
(Figures 3B–D), while in the Hc, we found a rise in IL-6 in the HD 
group only at 13 months, and MCP-1 at 6 and 13 months. The cytokine 
increment indicates an ongoing inflammatory response in these brain 
regions, which may contribute to developing neurological disorders 
and learning deficits (Schmitt and Gaspar, 2023). Since the Cx has a 
higher number of neurons and fewer astrocytes and microglia than 
the Hc, these differences in cell composition could contribute to the 
observed differences in response to HD and obesity.

Moreover, obesity-induced inflammation changes the blood–
brain barrier integrity, leading to increased permeability and the 
entrance of proinflammatory cytokines to the brain, which activates 
glial cells, such as microglia and astrocytes, leading to the activation 
of these cells (Salas-Venegas et al., 2022). This process can contribute 
to the harmful effects of obesity on the brain. Activated microglia 
secrete more proinflammatory cytokines, such as TNFα, IL-1β, and 
IL-6, which can perpetuate neuroinflammation and result in neuronal 
damage. Additionally, reactive astrocytes activated by proinflammatory 
signals have been linked to synaptic degeneration and glutamate 
dysregulation, contributing to neurodegeneration (Kwon and Koh, 
2020). These mechanisms highlight the complex interplay between 
obesity-induced inflammation and brain function.

Brain-derived neurotrophic factor (BDNF) is a central molecule in 
neuronal outgrowth, differentiation, repair, and synaptic connections. 
Its levels are tightly regulated in response to different stimuli (Sandrini 
et al., 2018). Here a decrease in BDNF circulating levels in the HD 
group at 6 months of age was found, which further decreased with age. 
This observation is consistent with other studies that have found lower 
levels of BDNF in obese organisms. Reduced levels of BDNF can 
impact neural development and cognitive function by diminishing 
neuroplasticity, which is essential for learning, memory, and other 
cognitive functions. In rodents and humans, high levels of BDNF have 
been detected in various regions of a normal brain, including the 
hippocampus, amygdala, cerebellum, and cortex (Miranda et al., 2019).

Moreover, BDNF increases in the murine Hc during normal aging 
but not in pathological aging (Halbach, 2010). Here, lower BDNF 
levels in the Cx and Hc were determined in the HD group at 6 months. 
According to the literature, higher BDNF levels were determined at 
13 months of age in the Cx and Hc of both animals groups when 
compared to the 6 months old rats; however, the levels observed in the 
HD group were significantly lower than the SD group in both brain 
regions, suggesting that BDNF decreased levels could contribute to the 
learning and memory deficits observed in obese individuals. Our 
results seem to align with previous studies that have reported a 
negative correlation between serum BDNF levels, obesity markers, 
and inflammation (Raharjo et al., 2021).

Research on animal models of obesity has suggested a link 
between obesity-induced inflammation and the development of 
cognitive alterations (Schmitt and Gaspar, 2023). Our results using the 
NOR test showed that rats in the HD group significantly decreased 
their ability to discriminate between the new and the familiar object 
at 6 months. That was more evident at 13 months of age. Interestingly, 
rats in the SD group also diminished their ability to discriminate the 
objects with age.

These results suggest that both diet-induced obesity and normal 
aging can impair the ability to discriminate a new object, which is an 

indicator of hippocampal-dependent learning and memory. The 
decline in performance could be due to the negative impact of obesity 
on the integrity of the Hc and other brain regions, such as the Cx, as 
well as the changes in synaptic plasticity and dendritic spine density 
associated with neuroinflammation and BDNF dysregulation. These 
findings highlight the importance of considering obesity and aging as 
risk factors for cognitive decline.

The onset of obesity is related to increased senescent cells within 
adipose tissue and other organs in response to various stressful stimuli 
(Chaib et al., 2021). Thus, the SASP is increasingly recognized as a 
critical driver of age-related pathologies, such as chronic inflammation. 
Of note, SASP components are effective proinflammatory cytokines 
capable of attracting and activating immune cells, thereby promoting 
an inflammatory tissue environment. Thus cells with a senescent 
phenotype resistant to apoptosis might provide a proinflammatory 
microenvironment sustaining the progression of neuroinflammatory 
diseases (Nelke et al., 2022).

Cellular senescence is a process in which cells change their 
characteristic phenotype in response to stress and enter a state of 
prolonged cell cycle arrest accompanied by a distinctive secretory 
phenotype which can alter the tissue microenvironment and 
contribute to inflammation, oxidative stress, and tissue dysfunction 
(Tchkonia et al., 2013; Rachmian and Krizhanovsky, 2022). It is known 
that senescent cells accumulate during obesity (Minamino et al., 2009; 
Ogrodnik et al., 2017; Schafer et al., 2017).

Senescent cells in the tissues contribute to chronic inflammation 
in two ways. First, additive or synergistic effects of paracrine 
senescence amplify the SASP and exacerbate inflammation. Mediators 
of paracrine senescence include reactive oxygen species (ROS) 
signaling through gap junctions, growth factors and chemokines, and 
small extracellular vesicles. Second, the impaired immune function 
and a reduced rate of senescent cell clearance. The resulting 
accumulation of senescent cells further reinforces the inflammation 
(Guerrero et al., 2021).

In a study realized by Ogrodnik and collaborators, they found 
that obesity results in the accumulation of senescent glial cells in 
proximity to the lateral ventricle, a region in which adult neurogenesis 
occurs, their elimination restored neurogenesis and alleviated 
anxiety-related behavior (Ogrodnik et  al., 2017). We  decided to 
evaluate the expression of senescence markers (GLB, p21, and 
γH2AX) in middle age rats (13 months old) during obesity. We found 
a significant rise in the three senescence markers at 13 months in the 
HD group in the Cx and Hc. In recent years, evidence emerged 
supporting the accumulation of senescent cells in the brain during 
several neurological disorders. This data correlated with an increase 
in the number of cells SA-β-gal positive cells in these brain regions. 
Some studies showed that the accumulation of senescent glial cells 
and neurons leads to structural and functional changes in the brain 
that result in cognitive impairment in the context of aging (Sikora 
et  al., 2021). Hence, our study’s contribution is that we  indeed 
demonstrate that obesity-related cellular senescence can contribute 
to the development of age-related cognitive decline. The increased 
expression of senescence markers in the HD group reveals a higher 
burden of senescent cells in the Cx and Hc of obese rats, which may 
contribute to the observed decline in cognitive function. Their 
clearance has been shown to delay and alleviate those 
neurodegenerative symptoms (Kirkland and Tchkonia, 2017). Further 
research is needed to understand the exact mechanisms by which 

52

https://doi.org/10.3389/fnagi.2023.1162747
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Salas-Venegas et al. 10.3389/fnagi.2023.1162747

Frontiers in Aging Neuroscience 13 frontiersin.org

senescent cells contribute to cognitive decline in obesity. Targeting 
senescence is a promising strategy to prevent obesity-related 
neuropsychiatric diseases.
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The role of sex differences in 
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defined Alzheimer’s disease
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Introduction: Sex differences in Alzheimer’s disease (AD) may contribute to 
disease heterogeneity and affect prevalence, risk factors, disease trajectories 
and outcomes. Depression impacts a large number of patients with AD and has 
been reported to be more prevalent in women. We aimed to better understand 
the interaction between sex, depression and AD neuropathology, which could 
have implications for detection of symptoms, earlier diagnosis, therapeutic 
management, and enhanced quality of life.

Methods: We compared 338 cases with clinicopathologically confirmed AD (46% 
women) to 258 control cases (50% women), without dementia, parkinsonism 
or a significant pathological diagnosis. Depression was assessed both, using 
the Hamilton Depression Scale (HAM-D), and as being reported in their medical 
history combined with treatment with antidepressant medication.

Results: In the control group, women showed a higher depression severity, and a 
higher proportion of women were found to meet the cut-off score for depression 
on the HAM-D (32 vs. 16%) and having an history of depression (33 vs. 21%), while 
these sex differences were not observed in AD. Further, in both groups, female 
sex independently predicted the presence of depression, with covariates for age 
and cognitive status. AD subjects had higher mean HAM-D scores, were more 
likely to meet cutoff scores for depression (41 vs. 24%) and have a history of 
depression than controls (47 vs. 27%). When comparing the increase in frequency 
of depression in controls versus AD, the difference was significantly greater in 
men (AD men - control men: 24%) than in women (AD women - control women: 
9%). Although subjects with depression were more likely to have higher levels of 
AD neuropathology, these differences were not observed when investigating the 
control or AD group separately.

Discussion: Control women had a higher likelihood and severity of depression 
than control men, but this sex difference was not noted when considering only 
those with pathologically defined AD, emphasizing the importance of considering 
sex in aging studies. AD was associated with higher rates of depression and men 
may be more likely to report or be diagnosed with depression once they develop 
AD indicating the importance of more frequent depression screenings in men.

KEYWORDS

gender, neuropsychaitric symptoms, behavioral and psychiatric symptoms of dementia, 
neuropathology, postmortem, sex differences, depression, Hamilton rating scale for 
depression
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1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative 
disease and cause of dementia. AD is associated with progressive 
decline in memory, executive, and other cognitive functions leading 
to functional decline and can manifest with diverse clinical 
presentations and heterogeneity (Murray et  al., 2011; Atri, 2019; 
Knopman et al., 2021). Sex differences in AD have been shown to 
contribute to this heterogeneity and affect prevalence, risks factors, 
disease trajectories, and outcomes (Nebel et al., 2018; Katabathula 
et al., 2022). Depression is a frequent neuropsychiatric symptom that 
affects many patients with AD and has been shown to be  more 
prevalent in women in the general population as well as in dementia 
(Lovheim et  al., 2009; Chi et  al., 2015). Therefore, a better 
understanding of the neuropathology of sex differences in depression 
among patients with AD may offer insights into strategies for 
prevention, diagnosis, therapy, and quality of life (Ferretti et al., 2018).

Sex differences in AD have been previously reported in terms of 
epidemiology, symptomatology, progression, risk factors, and 
biomarkers of AD (Zhu et al., 2021). The proportion of women with 
clinical AD is substantially higher than for men, and although sex 
differences in the risk of developing AD have yielded mixed findings, 
AD was found to be more prevalent in women at older ages (Mielke 
et al., 2014; Rocca, 2017; Ferretti et al., 2018; Zhu et al., 2021). Women 
were also shown to demonstrate a faster cognitive decline and greater 
clinical and pathological severity (Filon et al., 2016; Koran et al., 2017; 
Barnes et  al., 2019; Zhu et  al., 2021). Therefore, more studies are 
needed to better understand the effect of sex on disease heterogeneity 
and how they can be used in profiling disease phenotypes (Cahill, 
2006; Filon et  al., 2016; Liesinger et  al., 2018; Nebel et  al., 2018; 
Buckley et al., 2019).

Depression is one of the most common psychiatric disorders and 
impacts a large number of patients with AD, with studies reporting 
between 20 to 60% of patients affected with depression (Lyketsos and 
Olin, 2002; Chi et  al., 2015; Moustafa et  al., 2022). Depression 
considerably undermines the quality of life in patients and their 
caregivers, increases caregiver burden and aggravates psychological 
pain. In addition, depression itself has been suggested to be a risk 
factor of AD as well as a predictor of cognitive decline (Tsuno and 
Homma, 2009; Panza et al., 2010; Barnes et al., 2012; Diniz et al., 2013; 
Hudon et al., 2020; Anstey et al., 2021; Saiz-Vazquez et al., 2021). Sex 
differences have been identified in depression, with a higher 
prevalence and a greater illness severity observed in women in the 
general population (Parker and Brotchie, 2010; Salk et  al., 2017; 
Labaka et al., 2018; Eid et al., 2019; Bangasser and Cuarenta, 2021). In 
AD dementia, women were also more likely to have depressive 
symptoms, however, studies have yielded inconsistent results 
(Lovheim et al., 2009; Lee et al., 2017; Tao et al., 2018; Eikelboom et al., 
2022). Moreover, inconsistent findings have been reported regarding 
the influence of sex in the association of depression as a risk factor for 
AD (Underwood et al., 2019; Zhu et al., 2021). These discrepancies 
may be related to the use of different tests to diagnose depression and 
difficulties in diagnosing depression in AD due to the presence of 
several neuropsychiatric symptoms, overlapping symptoms between 
depression and dementia, the lack of consensus criteria to diagnose 
depression in AD and relying on the therapeutic metaphor with 
discrete psychiatric disorders (Tariot, 1999; Lyketsos et  al., 2011; 
Novais and Starkstein, 2015; Burke et al., 2019; Moustafa et al., 2022). 

Further, all these studies lack pathological confirmation of an AD 
diagnosis which creates additional uncertainties as dementia in older 
individuals may be related to non-AD or mixed pathologies in the 
brain (Beach and Malek-Ahmadi, 2021).

Hence, this study aimed to investigate sex differences in 
depression, comparing both measures of depression from a validated 
scale scored test as well as depression reported in a subject’s medical 
history combined with treatment with anti-depressant medication, 
and its link to neuropathology of AD in a well-characterized group of 
subjects with cognition ranging from unimpaired to dementia, 
derived from a longitudinal clinicopathological study.

2. Methods

2.1. Subjects

Subjects included in this study were volunteers enrolled in the 
Arizona Study of Aging and Neurodegenerative Disorders (AZSAND) 
and Brain and Body Donation Program (BBDP; www.
brainandbodydonationprogram.org), a longitudinal clinicopathological 
study at Banner Sun Health Research Institute (BISHRI) in metropolitan 
Phoenix, Arizona (Beach et  al., 2015). All subjects signed informed 
consents, approved by BSHRI Institutional Review Boards, for both 
clinical assessment and brain donation for research purposes. Subjects are 
clinically characterized with annual standardized test batteries, consisting 
of general neurological, cognitive, and movement disorders components 
that are assessed by cognitive/behavioral neurologists, movement 
disorders neurologists and neuropsychologists (Beach et al., 2008, 2015).

Subjects of the current study were chosen by searching the BBDP 
database for cases that were assigned a final clinicopathological 
consensus diagnosis of AD dementia or control (defined as clinically 
lacking dementia or parkinsonism); these subjects could have mild 
cognitive impairment or incidental pathology but did not meet criteria 
for clinical or pathological diagnosis of a neurodegenerative disease 
(Beach et  al., 2015). All subjects completed at least one clinical 
assessment of symptoms of depression using a scaled validated tool, 
before death. Data available included global cognition assessment 
using the Mini-Mental State Examination (MMSE) as well as the age 
of onset of dementia symptoms, which was used to calculate the 
duration of dementia. A total of 596 cases, between 2001 and 2021, 
including 338 (157 women/181 men) cases with AD and 258 (131 
women/ 127 men) control cases were included in this study. The age 
at death of subjects ranged from 56 to 104 years with a mean age of 
death of 87 years (report to Table 1).

2.2. Depression assessments:

Different assessment scales for depression have been used over the 
years in BBDP including the clinician-administered Hamilton Rating 
Scale for Depression (HAM-D; Hamilton, 1960), the Geriatric 
Depression Scale (GDS; Yesavage et al., 1982) and depressive symptom 
assessment as part of the Neuropsychiatric Inventory Questionnaire 
(NPI-Q; Cummings et al., 1994). Depression tests were administered 
by neuropsychologists and trained psychometrists. Of the 596 cases 
included, 590 (99%) had a least one assessment for the HAM-D and 
409 (68.6%) had at least one assessment using the GDS while 444 
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(74.5%) subjects received at least one NPIQ assessment. As the 
HAM-D was the most commonly used scale for depression in our 
program, we used the results from HAM-D (Total possible score = 52) 
for statistical analysis, but also reported mean results from other 
depression scales. If more than one test was performed before death, 
the worst score was used to capture any symptoms of depression. To 
assess the presence of clinical depression, previously recommended 
cut-off criteria for HAM-D were used as follows; a score between 0 to 
7 indicated no depression; 8 to 17 mild depression, 18 to 24 moderate 
depression, and a score over 24 indicated severe depression (Cusin 
et al., 2009; Romera et al., 2011; Zimmerman et al., 2013). Moreover, 
any previous diagnosis of depression and use of antidepressants are 
recorded as part of a subject’s medical history, using the medical 
history questionnaire performed at each BBDP visit or from the 
private medical records obtained. Therefore, in addition to scale 
scored depression, the combination of a medical history of depression 
and treatment with antidepressants was also used to define depression 
in a second set of analyses. Medication included selective serotonin 
reuptake inhibitors (SSRIs), Serotonin and norepinephrine reuptake 
inhibitors (SNRIs), nortriptyline, mirtazapine and trazodone.

2.3. Neuropathological evaluation

A complete neuropathological examination was performed after 
death, as previously described (Beach et al., 2015). Assignments for 
AD Braak neurofibrillary (NF) stages (Braak et al., 2006), CERAD 
neuritic plaque density score (Mirra et al., 1991), Thal amyloid phase 
for Aβ plaque brain distribution (Thal et  al., 2002), and alpha-
synuclein (aSyn) stage according to the Unified Staging System for 
Lewy Body Disorders (USSLBD; Beach et  al., 2009). Data also 
included regional and summary cortical brain density measures for 
tau neurofibrillary (NF) tangle and plaque load (for both, there is a 
total possible score of 15 based on summary of 0–3 scores in each of 

5 regions: frontal association cortex, parietal association cortex, 
temporal association cortex, hippocampus CA1, and entorhinal/
transentorhinal areas). Neuropathological AD diagnoses were defined 
as having “intermediate” or “high” criteria according to the National 
Institute on Aging/Reagan Institute criteria combined with a history 
of clinical dementia (Nia and Group, R. I. W, 1997; Hyman et al., 2012; 
Montine et al., 2012). Some AD subjects (183 cases; 30.7% of which 
55% were men and 45% women) had additional comorbid 
neuropathologically-diagnosed conditions, including Parkinson’s 
disease (PD; n  = 41), dementia with Lewy bodies (DLB; n  = 56), 
vascular dementia (VaD; n = 73), progressive supranuclear palsy (PSP; 
n  = 31), frontotemporal lobar degeneration with TDP-43 
proteinopathy (FTLD-TDP; n  = 9), and corticobasal degeneration 
(CBD; n = 1). These subjects were grouped as a “multiple diagnoses” 
group and were excluded in a second set of analyses to account for the 
influence of comorbid (non-AD) brain disease.

2.4. Statistical analyses

Statistical analyses were performed using SPSS software (IBM 
SPSS Statistics 23.0). Non-parametric Mann–Whitney U-test, Kruskal 
Wallis ANOVA with Bonferroni post hoc comparisons, ANCOVA, as 
well as chi-square test or Fisher exact test were used, as appropriate, 
for group and sex comparisons. Non-parametric Spearman 
correlations were used to assess correlations between depression 
severity scores and clinical and neuropathologic characteristics. A 
series of logistic regressions, with depression as the dependent variable 
(binary: presence or not of depression), was then performed to assess 
if sex was a predictor of depression, with covariates for age and MMSE 
as well as neuropathologic characteristics.

3. Results

Refer to Table 1 for basic demographic and clinical characteristics and 
Table 2 for neuropathologic characteristics of the cases included for both 
women and men in each group. Of the included subjects, 48.3% were 
women and 51.7% were men while 54.5% of women and 58.8% of men 
had a final clinicopathological diagnosis of AD, these differences were not 
significant (NS). Age at death was significantly higher in control subjects 
than in AD subjects (88.2 ± 6.7 vs. 86.5 ± 7.5; U = 49.6; p = 0.004).

Age at death was significantly greater in women (88.2 ± 7.4 vs. 
86.3 ± 6.3; U = 51.55; p < 0.001) and age at onset of dementia was also 
higher in women (81.8 vs. 79.2; U = 16.20; p = 0.002). Men had more 
education than women (U = 35.81; p < 0.001). No sex differences were 
found for duration of dementia, or last MMSE test score (U = 46.8 p = 0.08) 
prior to death. Apathy, as measured though the NPI-Q, was significantly 
more frequent and severe (U = 11808.0; p = 0.001) in AD than in controls 
(69% in AD vs. 27% in controls; χ2 = 10.37; p = 0.001; n = 444); no sex 
differences were found either in the control group (31.3% in women vs. 
22.4% in men) nor in the AD group (69% in women vs. 69% in men).

When looking at neuropathologic characteristics, brain weight 
was lower in women (p < 0.001), even when corrected for age, while 
no other sex differences were found for Braak stage, plaque density, 
total brain NF or plaque load in the overall group. In the control group 
only, plaque density was higher in women than in men (p = 0.038), but 
was not significant after age correction (p = 0.066).

TABLE 1 General, cognitive, and depression-related characteristics of all 
study subjects divided by group and sex.

Controls (258) AD (338)

Women 
(131)

Men 
(127)

Women 
(157)

Men 
(181)

Age at death 88.8 (6.9) 87.6 (6.4) 87.7 (7.7) 85.4 (7.2)* #

Dementia, age 

onset

81.8 (8.4) 79.2 (8.3)*

Dementia, 

duration

6.2 (4.1) 6.0 (4.3)

MMSE 27.7 (2.2) 27.4 (2.2) 16.2 (8.8) 15.8 (8.2)#

Education 14.8 (2.5) 15.1 (2.9) 14.0 (2.5) 15.3 (2.8)* #

HAM-D 6.2 (4.7) 4.7 (3.3)* 7.1 (4.7) 7.0 (4.4)#

GDS 4.5 (3.7) 3.9 (3.2) 4.2 (3.3) 3.9 (3.2)

NPI-Q 3.1 (3.6) 2.7 (3.8) 7.2 (5.1) 8.2 (5.6)#

Data are presented as means (SD). MMSE = last Mini Mental State Examination score; 
HAM-D = Hamilton Rating Scale for Depression; GDS = Geriatric Depression Scale (missing 
data for 203 subjects); NPI-Q = Neuropsychiatric Inventory Questionnaire (missing data for 
152 subjects).
*p < 0.05 for sex comparisons within AD subjects or controls subjects.
#p < 0.05 for comparison of all 4 groups.
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3.1. Depression as measured by the HAM-D

In the whole group, 31% of subjects met criteria for depression on the 
HAM-D, of these 92.4% met criteria for mild depression, 7% met criteria 
for moderate depression and 0.5% met criteria for severe depression. 
Group differences were observed, as AD subjects had higher mean 
HAM-D scores (7.0 ± 4.5 vs. 5.5 ± 4.1; U = 33.04; p < 0.001) and were more 
likely to meet cutoff scores for depression than controls (40.7 vs. 24.1%; 
χ2 = 17.7; p < 0.001). The proportion of women meeting the cut-off score 
for depression (105/286 = 36.7%) was not significantly different than the 
proportion of men (93/304 = 30.6%; χ2 = 2.48; p = 0.115) and no significant 
sex differences were found in mean HAM-D scores (6.7 ± 4.7 vs. 6.0 ± 4.2; 
U = 46.05; p  = 0.211) in all subjects for both groups. However, when 
looking separately in control and AD groups, sex differences in depression 
were observed in the control group, with higher mean HAM-D scores in 
women (6.2 ± 4.7 vs. 4.7 ± 3.3; U = 9360.0; p  = 0.018) and a higher 
proportion of women with depression (31.5%), when compared to 
control men (16.3%; χ2 = 8.06; p = 0.0045). In the AD group, no sex 
differences, in either mean HAM-D score (U = 14.07; p  = 0.9) or 
proportion of subjects with depression (χ2  = 0.017; p  = 0.89), were 
observed between women (41.0%) and men (40.3%; Figures 1, 2A). A 
trend was observed but no significant difference was reported between 
control women and women with AD (χ2 = 2.75; p = 0.09) while a higher 
proportion of men with AD, when compared to control men, had 
depression (χ2  = 19.98; p  < 0.001). When comparing the increase in 
frequency of depression in controls versus AD the difference was 
significantly greater in men (AD men – control men: 24.0%) than in 
women (AD women – control women: 9.5%; χ2  = 6.95; p  = 0.008; 
Figure 3).

In the control group, 35% of cases (49.4% of women, 50.6% of 
men) were found to have MCI. Of these, 24.7% met criteria for 
depression on the HAM-D, no gender differences were found in the 
proportion of cases with MCI (20.4% in men vs. 28.9% in women; 
χ2 = 0.85; p = 0.36). Moreover, no differences in proportions of cases 
with depression were observed between control cases with MCI 
(24.7%) and cognitively normal controls (23.1%; χ2 = 0.082; p = 0.77) 
while depression was more frequent in AD cases than in control-MCI 
cases (χ2 = 14.90; p = 0.0001).

Mild univariate correlations were found between HAM-D score and 
age at death (Rho = −0.100; p = 0.015), MMSE (Rho = −0.190; p < 0.001), 
age of onset of dementia (Rho = −0.180; p  < 0.001), brain weight 
(Rho = −0.143; p < 0.001), number of major neuropathological diagnoses 
(Rho = 0.190; p < 0.001), Braak NF stage (Rho = 0.099; p = 0.016), plaque 
density (Rho = 0.120; p  = 0.003), total brain NF load (Rho = 0.104; 
p < 0.012) and total brain plaque load (Rho = 0.151; p < 0.001) but HAM-D 
score did not correlate with years of education or duration of dementia. 
For subjects with more than one depression scale available, the HAM-D 
was correlated to the GDS depression score (Rho = 0.430; p < 0.001; 
n = 409), the depression severity (Rho = 0.265; p < 0.001; n = 439) and 
apathy severity (Rho = 0.241; p < 0.001; n = 439) of the NPI-Q. In controls, 
HAM-D was only correlated with brain weight (Rho = −0.218; p < 0.012). 
In the AD group only, Ham-D correlated with age at death (Rho = −0.161; 
p < 0.001) and age of onset of dementia (Rho = −0.180; p = 0.001).

In the overall group, subjects with depression were younger 
(p = 0.017), and, when adjusted for age and sex, they were more likely to 
have a lower MMSE score (p  < 0.001), a higher number of major 
neuropathological diagnoses (p  = 0.001) and a lower brain weight 
(p < 0,001), as well as a higher Braak NF stage (p = 0.025), plaque density 
(p < 0.0001), total brain NF load (p = 0.011) and total brain plaque load 
(p < 0.0001). However, when investigating the controls, only brain weight 
(p  = 0.014) was lower in cases with depression, but no significant 
differences survived age and sex correction. In the AD group, subjects 
with depression were younger but no other differences were observed. 
Further, when correcting for group (AD vs. control) none of the 
neuropathologic characteristic significantly predicted depression.

Further, logistic regression modeling found a lower MMSE score 
(p = 0.005) and female sex (p = 0.05), but not age or number of major 
neuropathologic diagnoses, to be significant predictors of depression 
[χ2 (4) = 26.84; p < 0.001; R2 = 0.062; for model]. In a model excluding 
all subjects with a second major neuropathologic diagnosis other than 
AD, i.e., including controls and subjects with AD diagnosis solely, 
both female sex (p = 0.03) and MMSE (p < 0.001) remained significant 
independent predictors of depression [χ2 (3) = 23.12; p  < 0.001; 
R2 = 0.078; for model]. When adding Braak NF stage, plaque density, 
total NF tangle and plaque brain load the model was still significant 
[χ2 (7) = 27.86; p < 0.001; R2 = 0.095], with sex (p = 0.034), MMSE 
(p = 0.002) and higher total plaque load (p = 0.016) being significant 
independent predictors of depression.

When investigating controls only, female sex was found to be the only 
independent predictor of depression, with covariates for age, MMSE, 
Braak stage and plaque density [χ2 (5) = 11.63; p = 0.04; R2 = 0.068]. A 
model including the AD group only significantly predicted depression [χ2 
(4) = 11.92; p  = 0.018; R2  = 0.048] with younger age being the only 
independent predictor of depression (p = 0.009).

Refer to Table  3A for significance, odd ratios (OR) and 95% 
confidence interval (CI) of each predictor for different models.

3.2. Depression reported in medical history 
combined with treatment with 
antidepressants

In the overall group, 38.4% of subjects had both a medical history 
of depression and received treatment with anti-depressants. A 
previous diagnosis of depression was significantly more frequent in 
AD subjects (47%) than in control subjects (27.1%; χ2  = 24.51; 

TABLE 2 Neuropathological characteristics of all study subjects divided 
by group and sex.

Controls (258) AD (338)

Women 
(131)

Men 
(127)

Women 
(157)

Men 
(181)

Brain 

weight

1112.7 (105.5) 1247.1 

(114.4)*

1055.8 (109.6) 1188.7 

(118.9)* #

Braak stage 3.5 (0.8) 3.1 (0.9) 4.8 (0.9) 4.7 (0.9)#

Plaque 

density

1.7 (1.2) 1.4 (1.2) 2.9 (0.2) 2.9 (0.3)#

Total brain 

NF load

5.9 (2.3) 5.5 (2.7) 10.6 (3.8) 10.3 (3.6)#

Total brain 

plaque load

6.8 (5.6) 5.6 (5.7) 12.7 (2.8) 13.0 (2.3)#

Data are presented as means (SD).
*p < 0.05 for sex comparisons within AD or controls subjects.
#p < 0.05 for comparison of all 4 groups.
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p < 0.001) and depression was more frequent in AD women (49.7%) 
than in control women (32.8%; χ2 = 8.33; p = 0.004) as well as in AD 
men (44.8%) when compared to control men (21.3%; χ2  = 17.35; 

p < 0.001). In the overall group, no significant statistical difference was 
reported in the frequency of depression reported by women (41.7%) 
and men (35.4%; χ2 = 2.48; p = 0.11), when excluding subjects with a 
second neuropathologic diagnosis, this sex difference was significant 
(χ2 = 4.37; p = 0.04). Similar to the results yielded using the HAM-D, 
a sex difference was observed when investigating the control group 
only, in which a higher proportion of women (32.8%) had depression 
when compared to men (21.3%; χ2 = 4.06; p = 0.044) but no statistical 
differences were found between women (49.7%) and men (44.8%) 
with AD (χ2 = 0.82; p = 0.37). The increase in frequency of depression 
in controls versus AD was not significantly different in men (AD men 
– control men: 23.5%) than in women (AD women – control women: 
16.9%; χ2 = 1.50; p = 0.22; Figure 2B).

Of control cases that had MCI, 30.3% had an history of depression, 
no significant gender differences were found in the proportion of cases 
with MCI (25.0% in men vs. 35.6% in women; χ2 = 0.173; p = 0.28). 
Moreover, no differences in proportions of cases with depression were 
observed between control cases with MCI (30.3%) and cognitively 
normal controls (25.4%; χ2 = 0.701; p = 0.4) while depression was more 
frequent in AD cases than in control-MCI cases (χ2 = 7.99; p = 0.004).

Subjects with depression were younger (p < 0.001), and, when 
adjusted for age and sex, they were more likely to have a lower MMSE 
score (p  < 0,001), a worse HAM-D score (p < 0,001) and GDS 
(p  < 0,001) depression score, a greater number of major 
neuropathological diagnoses (p = 0.001) as well as a higher Braak NF 
stage (p  = 0.005), plaque density (p  = 0.002), total brain NF load 
(p = 0.04) and total brain plaque load (p = 0.014). However, when 
investigating the control group only, no significant differences 
survived age and sex correction. In the AD group, subjects with 
depression were younger but no other group differences were 
observed. Further, when correcting for group (AD vs. control) none 
of the neuropathologic characteristic significantly 
predicted depression.

FIGURE 1

Violin plots of HAM-D depression scores between each group and 
sex. Sex difference is found only in controls, with a higher severity of 
depression in control women than men. No sex differences are 
found in AD. AD subjects have higher depression severity than 
controls. C = controls, AD = Alzheimer’s disease, HAM-D = Hamilton 
Rating Scale for Depression.

FIGURE 2

Proportions of subjects with depression in each group and sex. (A) When depression is defined by the HAM-D, proportion of cases with depression is 
higher in control women than control men and in control men than in AD men. (B) When depression is defined with history of depression and 
treatment with anti-depressant, depression is higher in control women than control men or AD women and in control men than in AD men.
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Moreover, logistic regression modelling significantly predicted the 
presence of depression [χ2 (4) = 38.97; p < 0.001; R2 = 0.087], with 
female sex (p = 0.02), younger age (p = 0.004) and a higher number of 
major neuropathologic diagnoses (p  = 0.001), but not MMSE, as 
significant independent predictors of depression. When excluding all 
subjects with a second major neuropathologic diagnosis, the model 
still predicted the presence of depression [χ2 (3) = 15.14; p = 0.002; 
R2 = 0.051], with sex (p = 0.024;), age (p = 0.048) and a lower MMSE 
(p = 0.012) being significant independent predictors. When adding 
Braak NF stage, plaque density, total NF tangle and plaque brain load, 
the model was still significant [χ2 (7) = 15.93; p < 0.026; R2 = 0.054] 
with the only independent predictors of depression remaining female 
sex (p = 0.034) and younger age (p = 0.034). In control only, the model 
was not significant [χ2 (5) = 7.45; p = 0.189; R2 = 0.042], while in the 
AD only group the model significantly predicted depression [χ2 
(4) = 10.42; p  = 0.034; R2  = 0.041] and younger age was the only 
significant independent predictor (p = 0.006; Table 3B).

4. Discussion

This clinicopathological study investigated sex differences in 
depression in pathologically well-defined subjects with AD dementia 
as well as non-demented controls. We confirm that AD dementia was 
associated with higher rates of depression than controls both when 
measured using a validated scale and by history of depression 
combined with anti-depressant treatment. Our results demonstrate 
that women had a higher likelihood of depression than men, but this 
sex difference was not observed when considering only those with AD 
dementia. Further, the increase in rates of depression, in AD subjects 
in comparison to controls, was greater in men than in women. These 
differences emphasize the importance of studying sex differences in 
AD and can have important implications for management of 
depression in AD, including more frequent depression screenings 

particularly in men who may be  less likely to self-report 
depressive symptoms.

Depression has been shown to affect a large number of subjects 
with AD, we also report increased frequency of depression in AD 
affecting 40 to 47% of subjects (measured by HAM-D and history of 
depression respectively) when compared to 24 to 27% of subjects 
affected by depression in controls. A higher prevalence and severity of 
symptoms of depression have been repeatedly reported in women 
when compared to men (Parker and Brotchie, 2010; Eid et al., 2019). 
In our sample, the proportion of all women versus all men with 
depression did not reach statistical significance (36.7 to 41.7% in 
women and 30.6 to 35.4% in men) and we  did not observe sex 
differences in severity of depression as measured by the HAM-D 
scores in the whole group. However, in logistic modelling, female sex 
was found to be a significant independent predictor of depression 
when controlling for age and cognitive status as measured by the 
MMSE. This effect remained when excluding subjects with a second 
major neuropathologic diagnosis, to account for the effect of multiple 
brain pathologies, and when controlling for AD neuropathology. 
When looking in both groups separately, we  found that this sex 
difference observed was driven by the non-demented control group 
that showed a higher proportion of women with depression and more 
severe HAM-D scores in women than in men, while no sex differences 
were detected when considering only the AD group. It is possible that 
women have greater vulnerability to network disruptions or 
neurochemical imbalances that lead to mood symptoms in prodromal 
stages and reach a ceiling affect once they reach dementia stages. 
Future studies should correlate depression in women with biological 
markers of AD pathology such as serum amyloid beta, phosphor-tau, 
CSF and imaging markers.

While most studies report sex differences in depression, when 
investigating AD specifically, inconsistencies regarding sex differences 
in depression (Lovheim et al., 2009; Lee et al., 2017; Tao et al., 2018; 
Eikelboom et al., 2022) as well as the influence of sex in the association 
of depression as a risk factor for AD have been reported (Underwood 
et al., 2019; Zhu et al., 2021). These inconsistent results in AD may 
be  related to the challenges of diagnosing depression in AD, as 
symptoms of depression and dementia overlap and there is no clear 
consensus to diagnose depression in AD (Burke et al., 2019). This 
highlights the need for more accurate tools to diagnose depression in 
AD. Moreover, these studies frequently lack pathological or biomarker 
confirmation of AD diagnosis which may also affect the results as 
distinct sex differences were reported in other frequent comorbid 
pathologies, such as Lewy body pathology, and sex differences in 
depression may present differently in other diseases affecting the brain 
(Perrin et al., 2017; Devanand et al., 2022; Chiu et al., 2023). Several 
hypotheses may be  put forward as to why we  do not find sex 
differences in AD in our study. Interestingly, when contrasting AD to 
non demented controls, we found that the AD-control increase in 
frequency of cases with depression (using the HAM-D score) was 
significantly greater in men (24%) than in women (9%). This result 
might suggest that men may be more likely to report or be diagnosed 
with depression when clinically affected with AD. One can speculate 
that these results could link to a gender bias in diagnosing mood 
disorders, in which men would be less likely to be diagnosed with a 
mood disorder in the absence of other medical conditions, such as 
dementia here (Norman, 2014; Salk et  al., 2017). Several other 

FIGURE 3

Increase between control and AD subjects in the proportion of 
subjects with depression. The increase in frequency of depression in 
controls versus AD is significantly greater in men (AD men - control 
men: 24%) than in women (AD women - control women: 9%).
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neuropsychiatric symptoms such as apathy also frequently manifest in 
AD dementia and it may be difficult to separately assess depression 
from other symptoms (Eikelboom et al., 2022). While apathy measures 
were available only for a subset of subjects, no sex differences in apathy 
frequency or severity were found in either the AD or control group. 
Some of the neuropsychiatric manifestations, such as disinhibition in 
particular, to also play a role in this observed difference between men 
control and men with AD. It could be hypothesized that if men lose 
their inhibition when developing dementia this could lead to them, or 
their caregivers, reporting more symptoms of depression. Future 
studies should investigate the possible impact of disinhibition on the 
increase of depressive symptoms of depression in men. Alternatively, 
biological sex differences in depression have been reported and 
women have been shown to present with higher levels of inflammatory, 
neurotrophic, and serotonergic markers that were correlated to 

TABLE 3 Multiple logistic regression modelling to determine predictors 
of depression.

Predictors p-value Odds 
ratios

95% CI

A: With depression (dependent variable) defined by a cut-off 

score on the HAM-D. 

All subjects

Equation <0.001

Sex 0.05 0.70 0.49, 1.00

Age 0.07 0.98 0.95, 1.00

MMSE 0.005 0.97 0.95, 0.99

Nb nptx dx 0.3 1.13 0.92, 1.38

Excluding subjects with a second major nptx dx (including 

controls and subjects with AD solely)

Equation <0.001

Sex 0.03 1.683 1.05, 2.54

Age 0.9 1.00 0.97, 1.03

MMSE < 0.001 0.909 0.87, 0.94

Adding AD pathology

Equation <0.001

Sex 0.034 1.63 1.05, 2.54

Age 0.63 1.00 0.97, 1.03

MMSE 0.002 0.95 0.92, 0.98

Braak NF stage 0.69 0.94 0.74, 1.18

Plaque density 0.12 0.73 0.88, 1.38

NF load 0.65 0.98 0.90,1.07

Plaque load 0.016 1.11 1.02, 1.21

In control subjects only

Equation 0.02

Sex 0.003 2.56 1.37, 4.79

Age 0.3 1.02 0.97, 1.06

MMSE 0.4 0.96 0.84, 1.09

Braak NF stage 0.2 0.77 0.54, 1.10

Plaque density 0.7 1.0 0.82, 1.35

In AD subjects only

Equation 0.02

Sex 0.72 1.09 0.69, 1.72

Age 0.009 0.96 0.93, 0.99

MMSE 0.19 0.98 0.96, 1.00

Nb nptx dx 0.60 0.92 0.67, 1.26

B: With depression (dependent variable) reported in a subject’s 

medical history combined with a treatment with 

antidepressants.

All subjects

Equation <0.001

Sex 0.02 1.51 1.07, 2.15

(Continued)

Age 0.004 0.94 0.94, 1.00

MMSE 0.181 0.96 0.96, 1.00

Nb nptx dx 0.001 1.39 1.14, 1.70

Excluding subjects with a second major nptx dx (including 

controls and subjects with AD solely)

Equation 0.002

Sex 0.024 1.64 1.07, 2.51

Age 0.048 0.97 0.94, 1.00

MMSE 0.012 0.97 0.94, 0.99

Adding AD pathology

Equation 0.026

Sex 0.034 1.60 1.04, 2.46

Age 0.034 0.97 0.94, 0.99

MMSE 0.217 0.98 0.95, 1.00

Braak stage 0.870 0.92 0.83, 1.30

Plaque density 0.260 1.24 0.89, 1.80

NF tangle load 0.519 1.03 0.95, 1.11

Plaque load 0.404 0.96 0.89, 1,05

In control subjects only

Equation 0.189

Sex 0.03 1.92 1.07, 3.45

Age 0.25 0.97 0.93, 1.01

MMSE 0.14 0.92 0.81, 1.04

Braak stage 0.43 0.90 0.62, 1,22

Plaque density 0.92 1.0 0.80, 1.28

In AD subjects only

Equation 0.034

Sex 0.16 1.38 0.88, 2.16

Age 0.006 0.93 0.93, 0.99

MMSE 0.94 0.99 0.97, 1.03

Nb nptx dx 0.35 1.16 0.67, 1.26

MMSE = last Mini Mental State Examination score; Nb nptx dx: number or major 
neuropathologic diagnoses. Depression was used as the dependent variable, subjects with 
depression were coded as 1 and subjects without depression as 0. Female sex was coded as 1 
while male sex was coded as 0. Significant p values are in bold.

TABLE 3 (Continued)
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severity of depressive symptoms (Labaka et al., 2018). Future studies 
could further investigate potential sex differences in depletion of 
serotonergic, dopaminergic, or noradrenergic cortical afferents 
between men and women with AD.

Depression has been suggested to be an early manifestation of AD; 
depressive symptoms have been associated with an increased risk of 
developing dementia and depression is a predictor of progression 
from normal cognition to MCI and to dementia (Panza et al., 2010; 
Barnes et al., 2012; Hudon et al., 2020; Saiz-Vazquez et al., 2021). 
Consequently, depression was suggested to be a manifestation of AD 
biological process, sometimes preceding cognitive decline. The 
concept of Mild Behavioral Impairment (MBI) describes this 
trajectory of depression and/or other debilitating neuropsychiatric 
symptoms preceding the onset of AD dementia symptoms (Ismail 
et al., 2016). In our group, only a low number of cases had MCI and 
we found no differences in depression in control cases that had MCI 
when compared to cognitively normal controls. Overall, we found 
subjects with depression to be younger and more likely to have a lower 
MMSE score, as well as a greater level of AD neuropathology both in 
terms of NF tangles and neuritic plaque burden, when compared to 
subjects without depression. Previous studies also reported a more 
severe NF pathology in depression with co-morbid AD (Rupp et al., 
2008) and early neurofibrillary pathology was associated to increased 
odd for depression and other neuropsychiatric symptoms (Ehrenberg 
et  al., 2018). Accordingly, NF tangles affect noradrenergic and 
serotonergic brainstem neurons early in AD (Braak et  al., 2006; 
Grudzien et  al., 2007). However, the literature has yielded mixed 
results and in a larger study, using data from the National Alzheimer’s 
Coordinating Center, neuropathology was not associated with 
depression in subjects that had died with MCI and early AD dementia 
(McCutcheon et  al., 2016). Our result might be  linked to higher 
proportions of AD cases with depression as it is important to note that 
we  did not find any differences in AD neuropathology when 
considering only the AD or only the control group and neither tau nor 
amyloid burden significantly predicted depression in controls. These 
results suggest that AD neuropathology markers do not explain the 
sex differences observed in the proportions of cases with depression 
found in controls and that depression in healthy aging is independent 
of NFT and Amyloid pathology, at least when measured using whole 
brain burden.

Several sex differences were reported in large pathologically well-
defined cohort of AD suggesting a higher clinical and pathological 
severity in women including a higher neurofibrillary burden and a 
greater AD – Control brain weight loss (Filon et al., 2016; Liesinger 
et al., 2018; Barnes et al., 2019). We report an older age of onset of 
dementia and age of death in women as well as a lower brain weight 
while MMSE and other neuropathologic characteristic were similar 
between the sexes when controlled for age, but this is probably a result 
of having a smaller sample size in this study. A better understanding 
of sex differences in AD will lead to better recognition of risk factors 
of AD and better therapeutic management of patients.

We acknowledge some limitations. This study examined cross-
sectional relationships between AD neuropathology and depression 
before death and causal inferences cannot be drawn. Depression 
had been reported to be recurrent and the use of medication might 
have improved the score on the HAM-D in well-controlled 

depression, thus, we used the worst HAM-D score when more than 
one test result was available, to capture any depression. Even though 
the HAM-D is a validated and widely used depression rating scale, 
it is designed as a semi-structured interview that requires a trained 
interviewer as well as a fair amount of judgement and interaction 
with the patient which makes this test likely to be an imperfect 
measure to use with demented patients (Cusin et al., 2009). Though, 
neuropsychologists and trained psychometrists routinely 
administers these tests in BBDP. Another limitation is that only one 
scale was used to assess depression, even though the GDS and 
NPIQ measures of depression were available for a subset of patients, 
it would significantly reduce the sample size and tests were not 
administered in the same time frame which would make it less 
likely to capture depression on two separate tests. Future studies 
using similar comparable measures would be  more beneficial. 
Moreover, the use of medication is an important limitation of this 
study that should not be  overlooked; a considerable number of 
subjects (38%) had received antidepressant medication that might 
have affected the test result. Information on depression treatment 
were limited, and subjects with dementia might have been 
prescribed less commonly used medications for depression such as 
mood stabilizers, while other types of treatment strategies such as 
cognitive behavioral therapy, might have not been captured in our 
dataset. To account for this, one strength of this study is that 
we  used two complementary ways to define depression, both a 
validated clinician administered scale and history of depression in 
the subject’s medical history combined with treatment with anti-
depressants, which have yielded similar results. Another possible 
confounder that wasn’t assess in this study is that the use of 
antidepressants may be  associated with an increased risk of 
dementia (Wang et al., 2018; Kodesh et al., 2019).

In conclusion, in a large sample of subject with pathologically 
defined AD and controls, we found higher rates of depression in AD 
dementia. Female sex was a significant predictor of depression and 
women had a higher likelihood of depression than men in controls, 
while this difference was not noted when considering only AD 
subjects. This difference observed in controls was not explained by 
levels of AD neuropathology markers. The increase in rates of 
depression, in AD subjects in comparison to controls, was greater in 
men than in women which might suggest that men may be more likely 
to report or be diagnosed with depression when clinically affected 
with AD.
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Introduction: Alzheimer’s disease (AD) and Type 2 diabetes (T2D) are both age-
associated diseases. Identification of shared genes could help develop early 
diagnosis and preventive strategies. Although genetic background plays a crucial 
role in these diseases, we  noticed an underrepresentation tendency of North 
African populations in omics studies.

Materials and methods: First, we conducted a comprehensive review of genes 
and pathways shared between T2D and AD through PubMed. Then, the function 
of the identified genes and variants was investigated using annotation tools 
including PolyPhen2, RegulomeDB, and miRdSNP. Pathways enrichment analyses 
were performed with g:Profiler and EnrichmentMap. Next, we analyzed variant 
distributions in 16 worldwide populations using PLINK2, R, and STRUCTURE 
software. Finally, we performed an inter-ethnic comparison based on the minor 
allele frequency of T2D-AD common variants.

Results: A total of 59 eligible papers were included in our study. We  found 231 
variants and 363 genes shared between T2D and AD. Variant annotation revealed 
six single nucleotide polymorphisms (SNP) with a high pathogenic score, three 
SNPs with regulatory effects on the brain, and six SNPs with potential effects on 
miRNA-binding sites. The miRNAs affected were implicated in T2D, insulin signaling 
pathways, and AD. Moreover, replicated genes were significantly enriched in 
pathways related to plasma protein binding, positive regulation of amyloid fibril 
deposition, microglia activation, and cholesterol metabolism. Multidimensional 
screening performed based on the 363 shared genes showed that main North 
African populations are clustered together and are divergent from other worldwide 
populations. Interestingly, our results showed that 49 SNP associated with T2D and 
AD were present in North African populations. Among them, 11 variants located in 
DNM3, CFH, PPARG, ROHA, AGER, CLU, BDNF1, CST9, and PLCG1 genes display 
significant differences in risk allele frequencies between North African and other 
populations.

Conclusion: Our study highlighted the complexity and the unique molecular 
architecture of North African populations regarding T2D-AD shared genes. 
In conclusion, we  emphasize the importance of T2D-AD shared genes and 
ethnicity-specific investigation studies for a better understanding of the link 
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behind these diseases and to develop accurate diagnoses using personalized 
genetic biomarkers.

KEYWORDS

pathogenic variants, pathways, ethnicity, PRISMA, admixure, multidimensional scaling 
plot, miRNA

Introduction

The world is experiencing the oldest living population (United 
Nations Department of Economic and Social Affairs, Population 
Division, 2020). The increase in lifespan and unhealthy habits 
coincides with an increase in age-related diseases, such as dementia 
and type 2 diabetes (T2D) (Hayden, 2019). Globally, more than 57.4 
million adults live with dementia, and this number is estimated to 
increase to 152.8 million by 2050 (Nichols et al., 2022). Similarly, 537 
million T2D patients, and this figure is expected to increase to 780 
million (Magliano et al., 2021).

Alzheimer’s disease (AD) is the most common form of dementia 
worldwide, accounting for more than 70% of all cases (2022 
Alzheimer’s Disease Facts and Figures, n.d.). Currently, more than 6.2 
million adults above the age of 65 years live with AD in the 
United States alone (2022 Alzheimer’s Disease Facts and Figures, n.d.). 
The increasing prevalence of AD imposes a heavy socioeconomic 
burden on families and societies (Shu et al., 2022). AD is a complex 
disease, and the absence of modifying treatments adds another 
constraint. Therefore, a shift from a curative to a preventive approach 
is essential (Silva-Spínola et al., 2022). One approach is to work on the 
causes and risk factors of disease. For example, genetic investigation 
of AD risk factors could help shape our understanding of the disease 
and provide a promising tool for identifying presymptomatic AD (de 
Rojas et al., 2021). Furthermore, T2D is a major risk factor for AD 
development (Thomassen et  al., 2020), and compelling evidence 
supports the interaction between these diseases (Barbagallo and 
Dominguez, 2014). T2D and AD share several molecular mechanisms 
including insulin resistance, oxidative stress (De Sousa et al., 2020), 
inflammation, and mitochondrial dysfunction (Silzer and Phillips, 
2018). Thus, well-established genetic variants and pathways that are 
common between T2D and AD are of great significance for AD 
prevention and early diagnosis.

Advances in omics technologies, such as Genomics and 
Transcriptomics, have greatly enhanced our knowledge of the 
pathophysiology of T2D and AD at a detailed molecular level 
(Karczewski and Snyder, 2018). Several omics results have paved the 
way for new findings regarding the interactions between these diseases.

Although omics technologies represent great promise for science 
revolution and precision medicine implementation, a vast number of 
omics research cohorts are of European ancestry (Popejoy and 
Fullerton, 2016). This could lead to a serious research gap since 
European ancestry findings do not necessarily replicate across other 
populations (Martin et al., 2019). Genetic background is an important 
element when studying common diseases, such as AD and T2D 
(Huang et al., 2017). Consequently, there is an urgent need to integrate 
more underrepresented populations to maximize the potential of 
discovering genes and pathways that are common between T2D and 
AD (Popejoy and Fullerton, 2016) and to fulfill the promise of 
precision medicine.

North African populations have highly diverse and complex 
genetic structures. It is characterized by a rich genetic background 
due to the admixture between Berber (early settlers in North 
Africa) and Eurasiatic and Sub-Saharan components (Kefi et al., 
2015). Like a mosaic, the North African genetic background 
represents a valuable and unique source for genetic investigations 
(Ben Halima et al., 2017; Jmel et al., 2018; Arauna et al., 2019; 
Romdhane et al., 2021; Dallali et al., 2022) and the implementation 
of precision medicine.

Abbreviations: ABC transporter, ATP Binding Cassette transporter; AD, Alzheimer’s 

disease; ADORA2A, Adenosine A2a receptor; AGER, Advanced glycosylation 

end-product specific; AGPAT1, 1-acylglycerol-3-phosphate O-acyltransferase 1; 

AGT, Angiotensinogen; AMR, American; ANK1, Ankyrin 1; ApoB, Apolipoprotein 

B; APOE, Apolipoprotein E; ASW, African ancestry in the South Western USA; Aβ, 

Amyloid-beta; BBB, Blood–brain barrier; BDNF1, Brain derived neurotrophic factor; 

BMI, Body mass index; CEU, Northwestern and Western European ancestry 

populations of Utah from the CEPH collection; CFH, Complement factor H; CHB, 

Han Chinese in Beijing, China; CHD, Chinese population of metropolitan Denver, 

Colorado, USA; CLU, Clusterin; CNS, Central nervous system; CST3, Cystatin C; 

CST9, Cystatin C9; DMRT3, Doublesex and mab-3 related transcription factor 3; 

DNM3, Dynamin 3; EAS, East Asian; EFCAB5, EF-hand calcium binding domain 5; 

EIF2S2P3, Eukaryotic translation initiation factor 2 subunit 2 beta pseudogene 3; 

EPHX2, Epoxide hydrolase 2; EUR, European; GLUT4, Solute carrier family 2; 

H3K27ac, Histone 3 lysine 27 acetylation; H3K4me1, Monomethylation of lysine 

4 on histone H3 protein subunit; HbA1c, Glycated hemoglobin; HHEX, 

Hematopoietically expressed homeobox; hIAPP, Human islet amyloid polypeptide; 

HWE, Hardy–Weinberg equilibrium; ICAM1, Intercellular adhesion molecule 1; 

JPT, Japanese in Tokyo, Japan; LD, Linkage disequilibrium; LDL, Low-density 

lipoprotein; LOAD, Late-onset Alzheimer’s disease; LPL, Lipoprotein lipase; MADD, 

MAP kinase activating death domain; MAF, Minor allele frequency; MDS, 

Multidimensional scaling plot; MEX, Mexican ancestry living in Los Angeles, 

California, USA; miRNA, Micro ribonucleic acid; Morocco_N, North Morocco; 

Morocco_S, South Morocco; Myc, MYC proto-oncogene, bhlh transcription 

factor; NAF, North African populations; NECTIN2, Nectin cell adhesion molecule 

2; NR2C2, Nuclear receptor subfamily 2 group C member 2; PLCG1, Phospholipase 

C gamma 1; PPARG, Peroxisome proliferator activated receptor gamma; ROHA, 

Ras homolog family member A; SNP, Single nucleotide polymorphism; Spain_BASC, 

Spain Basic populations; Spain_N, North Spain; Spain_NW, North West of Spain; 

Spain_S, South Spain; T2D, Type 2 diabetes; TC, Total cholesterol; TCF3, 

Transcription factor 3; TFB, Transcription factor binding motif; TN_Ber, Tunisia 

Douiret; TP53, Tumor protein p53; TSI, Toscani people of Italy; USF1, Upstream 

transcription factor 1; USF2, Upstream transcription factor 2, c-fos interacting; 

VEP, Variant effect predictor.
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In this study, we aimed to identify the most common variants and 
pathways shared between T2D and AD and to explore their genetic 
variability in North African populations compared to other 
populations worldwide.

Materials and methods

To attend our objectives, (1) we developed the present workflow 
(Figure 1), in which we conducted in the first step a general review of 
the literature to collect genes and variants previously identified in 
common between T2D and AD, (2) Then, in the second step, 
we performed in silico functional analysis and pathway enrichment 
analysis of the collected variants and genes shared betweenT2D and 
AD, and (3) In the third step, we  conducted a multidimensional 
scaling plot (MDS) and Structure analysis of these variants on 
genotyping data available publicly in order to explore the genetic 
landscape of T2D-AD shared genes in North African populations and 
in comparison, to other populations.

Step 1: T2D-AD shared genes and variants 
collection

To collect T2D-AD shared genes and variants from the literature, 
we developed a study protocol using the PRISMA statement (Page 
et al., 2021). The public database PubMed1 was searched from August 
2001 to the 4th of September 2022. The search terms were limited to 
“Type 2 diabetes” AND “Alzheimer’s disease” AND “gene” OR 
“biomarker” OR “Proteomic” OR “Methylation.” Initially, 
we established a systematic screening for all articles published during 
that period according to their title and abstract relevance. Articles on 

1 https://pubmed.ncbi.nlm.nih.gov/

animal models, in vivo studies, and mitochondrial DNA were 
excluded. The final selection criteria were as follows: (1) relevant 
articles, (2) available in English, (3) studies conducted on human 
samples, and (4) genetic, transcriptomic, proteomic, and 
methylation studies.

Step 2: In silico functional variant 
annotation and pathway enrichment 
analysis

Variant annotation and functional effect 
prediction

The collected single nucleotide polymorphism (SNPs) from the 
selected studies were annotated using the VEP (Variant Effect 
Predictor) tool from Ensembl (McLaren et  al., 2016) and the 
SNPnexus web server (Oscanoa et  al., 2020). Next, we  used two 
databases to annotate the functionalities of the variants, depending on 
their locations. Variants in the coding region have been functionally 
annotated using Polyphen-2 (Adzhubei et al., 2010). Polyphen-2 is a 
web-based software that can predict the possible impact of amino acid 
substitutions on the structure and function of human proteins using 
physical and evolutionary comparative considerations (Adzhubei 
et al., 2010). The PolyPhen2 scores range between 0 and 1, with 1 
being the most likely deleterious variant. Similarly, RegulomeDB2 was 
used to prioritize non-coding and modifier variants. RegulomeDB is 
an open-access database that annotates variants in the intergenic 
region based on ENCODE releases, Gene Ontology, Chromatin States 
from the Roadmap Epigenome Consortium, and updates to DNase 
footprinting. The RegulomeDB probability score is ranging from 0 to 
1, with 1 being the most likely to be a regulatory variant (Boyle et al., 
2012). Top-ranked SNPs (RegulomeDB score = 1) were further 

2 https://regulomedb.org/regulome-search/

FIGURE 1

Detailed research work flow. Type 2 Diabetes (T2D); Alzheimer’s disease (AD), Minor allele frequency (MAF).
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investigated using the GTEx portal (Stanfill and Cao, 2021) and 
FeatSNP to assess their association with epigenetic effects in the 
human brain (Ma et al., 2019). Additionally, SNPinfo, a web-based 
server, was used to detect SNPs with potential miRNA-binding sites 
(Xu and Taylor, 2009). Variants with predicted effects on miRNA-
binding sites were explored using miRdSNP (Bruno et al., 2012). The 
list of miRNAs was then used to generate a heat map of pathways 
affected by this miRNA using miRPathDB 2.0 (Kehl et al., 2020).

Pathway enrichment analysis and visualization
Pathway enrichment analysis is an efficient method for gaining 

mechanistic insight into a specific gene list by identifying biological 
pathways enriched in that gene set (Reimand et al., 2019). We performed 
pathway enrichment analysis for the replicated genes among studies using 
the g:Profiler tool (Raudvere et al., 2019). It searches a collection of gene 
sets representing Gene Ontology (GO) terms and pathways (KEGG 
pathway, Reactome, and WikiPathway). The Bonferroni correction was 
applied as the significance threshold for all enrichment analyses. The user 
threshold was set to 0.05. However, pathway enrichment analysis often 
highlights several versions of the same pathway (Reimand et al., 2019). 
Visualization tools can help facilitate the interpretation of analysis results. 
Hence, we used EnrichmentMap (Merico et al., 2010) to visualize the 
non-redundant pathways.

Step 3: Genetic landscape analysis of 
T2D-AD shared genes

Genotyping data and quality control analysis
Genotyping data of 829 individuals from 16 populations were 

downloaded from the International 1,000 Genome Project phase III 
(1000 Genome, n.d)3 and published data (Li et al., 2008; Henn et al., 
2012). The studied populations included those of American: African 
ancestry in the South Western USA (ASW) and people of Mexican 
ancestry living in Los Angeles, California, USA (MEX); European 
ancestry: Northwestern and Western European ancestry populations 
of Utah from the CEPH collection (CEU), Toscani people of Italy 
(TSI), South Spain (Spain_S), North Spain (Spain_N), North West of 
Spain (Spain_NW) and Spain Basic populations (Spain_BASC); 
individuals from East Asian ancestry: Han Chinese in Beijing, China 
(CHB), the Chinese population of metropolitan Denver, Colorado, 
USA (CHD) and Japanese in Tokyo, Japan; (JPT), Individuals from 
North Africa: Algeria (Algeria), Egypt (Egypt), Libya (Libya), Tunisia 
Douiret (TN_Ber), South Morocco (Morocco_S), North Morocco 
(Morocco_N).

We used the PLINK v2 software (Chang et al., 2015) to extract 
variants of the selected common genes between T2D and AD, from 
the genotyping data.

First, to study the genetic landscape of all variants (common and 
rare), we  excluded variants deviating from the Hardy–Weinberg 
equilibrium (HWE) (p-value < 10−4) and those with a genotyping 
rate ≤ 95% for each of the studied populations. Second, we retrained 
variants with minor allele frequency (MAF) >10−2 to explore the genetic 

3 www.internationalgenome.org

landscape of common variants given their importance in the development 
of complex diseases (de Rojas et al., 2021; Shoily et al., 2021).

Statistical analysis

Merged data were pruned based on the physical distances between 
adjacent markers and linkage disequilibrium (LD). High-density 
markers that did not provide additional information were excluded. 
Next, pruning data were used to create a multidimensional scaling plot 
(MDS) to study the landscape of the selected common T2D-AD gene 
regions. To this end, a symmetric matrix of identity-by-state (IBS) 
distances for all pairs of individuals was based on the proportion of 
shared common alleles. This analysis was performed using the Plink 
and R software (R: The R Project for Statistical Computing, n.d).4

After calculating the allele frequencies of the T2D-AD shared 
variants, the populations were clustered according to their geographic 
origins. Four groups were generated: North African (NAF), East Asian 
(EAS), American (AMR), and European (EUR). The Chi-square test 
was used to compare the risk allele frequencies of candidate variants 
between NAF populations and other populations. Bonferroni’s 
adjustment was applied to the level of significance set at a value of p 
threshold of 5% divided by the number of studied variants. All 
analyses were conducted using the R software.

Analyses of population genetic structures

We used a Bayesian clustering algorithm, STRUCTURE Ver. 2.3.4 
software (Pritchard et al., 2000; FALUSH et al., 2007) to explore the 
variability of the common T2D and AD variants in terms of 
population structure. The algorithm assigns samples within a 
hypothetical K number of ancestries. We  set a range of possible 
numbers of clusters ranging from K = 2 to K = 10, and four trials were 
run for each K. The Markov Chain Monte Carlo iteration for each 
structure analysis was run for 10,000 after an initial burn-in period of 
10,000 steps. To assess the most likely number of clusters, we calculated 
Delta K, as proposed by Evanno et al. (2005). The similarity of the runs 
at each K level was evaluated using CLUMPP software as implemented 
online (Jakobsson and Rosenberg, 2007). Distruct software was used 
to visualize the best alignment of subpopulations, inferring population 
substructure and individual assignment across the best runs at each 
K level.

Results

Step 1: T2D-AD shared genes and variants 
collection

The PubMed search based on our defined search terms yielded 
226 results. Studies with irrelevant results and those conducted 
using animal models (n = 163) were excluded. Additionally, four 
relevant studies were excluded due to access issues. The PRISMA 

4 https://www.R-project.org/
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flow diagram for the selected studies is represented in Figure 2. 
Finally, 59 publications were included in the present study 
(Supplementary file 1; Table 1).

The majority of the studies used data from American (Native 
American, Latino American, African American, and Mexican), Asian 
(Han Chinese, Japanese, and Korean), and European ancestry populations.

The literature search revealed 231 variants and 363 genes shared 
between T2D and AD identified by these studies. The 363 genes 

include those mapped to the 231 variants. A total of 46 genes were 
replicated in different studies (Supplementary file 1; Tables 2, 3).

Step 2: In silico functional variant 
annotation and pathway enrichment 
analysis

Variant annotation and functional effect 
prediction

Variant annotation of the 231 common SNPs showed that 
chromosome 19 had the highest number of SNPs (n = 32), followed by 
chromosome 17 (n = 24 SNPs), and chromosome 11 (n = 20 SNPs). 
The results of the variant annotation are shown in Supplementary file 2; 
Tables 1, 2. The shared SNPs were mapped to 106 genes. The top 6 
genes with the highest number of SNPs were MAP kinase activating 
death domain (MADD) (chromosome (CHR) 11, 9 SNPs); EF-hand 
calcium binding domain 5 (EFCAB5) (CHR 17, 9 SNPs); nectin cell 
adhesion molecule 2 (NECTIN2) (CHR 19, 6 SNPs); cystatin C (CST3) 
(CHR 20, 6 SNPs), apolipoprotein E (APOE) (CHR 19, 5 SNPs) and 
1-acylglycerol-3-phosphate O-acyltransferase 1 (AGPAT1) (CHR 6, 5 
SNPs). Variant annotation revealed the association of nine SNPs with 
drug response (Table 1) and 10 variants were annotated as clinically 
likely pathogenic/pathogenic (Table 2).

A total of 66 variants located in 52 genes were identified as missense 
or stop-gain mutations. Among these, 24 SNPs were predicted to 
be possibly damaging by PolyPhen2. We identified six SNPs (rs7412, 
rs2070600, rs4762, rs11540654, rs1799969, and rs751141) located in the 
APOE, advanced glycosylation end-product specific (AGER), 
angiotensinogen (AGT), tumor protein p53 (TP53), intercellular adhesion 
molecule 1 (ICAM1), and epoxide hydrolase 2 (EPHX2) gene, that had 

TABLE 1 Summary of T2D-AD shared variants associated with drug response.

CHR PB Mapped 
gene

rs ID Drug

1 11,796,321 MTHFR rs1801133 l-methylfolate, Vitamin B-complex, Incl. Combinations, methotrexate, bevacizumab, carboplatin, cisplatin, 

cyanocobalamin, folic acid, pemetrexed capecitabine, fluorouracil, leucovorin, oxaliplatin, clozapine, 

olanzapine, nitrous oxide

15 78,590,583 CHRNA5 rs16969968 nicotine, cocaine, bupropion, Drugs used in nicotine dependence, varenicline, ethanol, Opium alkaloids and 

derivatives

19 44,905,579 APOE rs405509 Selective serotonin reuptake inhibitor

19 44,908,684 APOE rs429358 acenocoumarol, warfarin, hmg coa reductase inhibitors, Antivirals for treatment of HIV infections, 

combinations, ritonavir, simvastatin

19 44,908,822 APOE rs7412 atorvastatin, warfarin, Antivirals for treatment of HIV infections, combinations, ritonavir, fenofibrate, 

fluvastatin, pravastatin

19 44,911,194 APOE rs439401 Warfarin

22 19,963,748 COMT rs4680 nicotine, naloxone, oxycodone, fentanyl, methadone, antipsychotics, opioids, entacapone, propranolol, 

modafinil, Analgesics, Antiinflammatory agents, non-steroids, Ergot alkaloids, sumatriptan, clozapine, 

venlafaxine, buprenorphine, fluvoxamine, remifentanil, risperidone

4 88,131,171 ABCG2 rs2231142 rosuvastatin, cyclophosphamide, doxorubicin, fluorouracil, imatinib, gemcitabine, dolutegravir, simvastatin, 

tenofovir, sunitinib, methotrexate, atorvastatin, apixaban, efavirenz, sulfasalazine, fluvastatin, lamotrigine, 

allopurinol, Opioid anesthetics, Other general anesthetics, volatile anesthetics, gefitinib, capecitabine, 

fluorouracil, leucovorin, oxaliplatin

6 31,575,254 LTA-TNF rs1800629 etanercept, carbamazepine, sorafenib, carboplatin, gemcitabine, ethambutol, isoniazid, pyrazinamide, rifampin, 

cyclosporine, mycophenolate mofetil, Tumor necrosis factor alpha (TNF-alpha) inhibitors, atorvastatin

FIGURE 2

PRISMA flow diagram of selected studies. *Excluded papers are those 
with irrelevant results.
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the highest pathogenicity score (PolyPhen2 score = 1). Polyphen2 results 
are provided in Table 3 of Supplementary file 2.

Most SNPs extracted from the included studies were located 
in the non-coding region and have a “modifier” impact. Please 
correct the following sentence Functional annotation using the 
RegulomeDB identified three variants (rs1544210, rs12679834, 
and rs515071) located in the hematopoietically expressed 
homeobox (HHEX), lipoprotein lipase (LPL), and ankyrin 1 
(ANK1) gene which were the most likely regulatory SNPs 
(Table  3). The full list of RegulomeDB outputs is provided in 
Table 4 of Supplementary file 2.

To better assess the role of these variants in genetic cis-regulation 
in the brain, we explored the GTEx pathway. We found an association 
between the minor allele A rs1544210 and the under-expression of the 
EIF2S2P3 pseudogene in the substantia nigra and hypothalamus. 
Similarly, the minor allele G of the variant rs515071 was associated 
with decreased ANK1 expression in the cerebellum and the cerebellar 
hemisphere. The search for rs12679834 revealed no ci-regulation of 
this SNP in the brain tissues (Table 3).

To further explore the regulatory effects of these variants, the 
FeatSNP database was searched to evaluate the possible epigenetic 
effects in different brain regions. We  identified four potential 
transcription factor (TF)-binding motifs associated with allele A of 
rs1544210: USF1, Myc, USF2, and DMRT3. However, histone 
modification signals associated with the selected SNP were 
not detected.

A search of the FeatSNP database showed one potential 
TF-binding motif (NR2C2) associated with the A allele of rs12679834. 
Our results showed a strong correlation between NR2C2 (nuclear 
receptor subfamily 2 group C member 2) expression and LPL 
expression in two different brain regions: putamen (r = 0.736) and 
caudate (r = 0.651). Furthermore, we found that the region tagged with 
SNP rs12679834 was enriched for strong active histone modification 
signals, including H3K4me1 and H3K27ac, in all three brain tissues.

Finally, the results for rs515071 showed that one TF-binding motif 
(TCF3) was associated with the G allele of this variant. The region 

tagged by this SNP was enriched for the active histone modification 
H3K27ac in the inferior temporal lobe, angular gyrus, and anterior 
caudate region.

The SNPinfo results showed that only seven variants were 
predicted to have a potential effect on miRNA-binding sites (Table 4). 
All the identified SNPs, except one (rs6997), affected miRNAs such as 
rs6859 that affect hsa-miR-378 (Supplementary file 2; Tables 5, 6). Our 
results showed that the majority of miRNAs were mapped to several 
pathways involved in different diseases such as cancers,T2D, AD, and 
insulin signaling pathways (Figure 3).

Pathway enrichment analysis and visualization
To gain a deeper understanding of T2D and AD common genes 

we conducted a pathway enrichment analysis using g:Profiler. In order 
to obtain accurate results in terms of the relationship between these 
diseases, the gene set was limited to genes replicated among the 
selected studies. The g:Profiler pathway enrichment analysis results are 
shown in Table 5 and Supplementary files 3 and 4. The obtained 
results were then visualized using EnrichmentMap (Figure 4). The 
main enriched pathways were: lipid subunit organization, positive 
regulation of protein binding, positive regulation of amyloid fibril 
formation, microglial cell activation, (value of p =0.01). Furthermore, 
analysis of the KEGG pathway Reactome, and WikiPathway revealed 
enrichment of cholesterol metabolism (p-value = 2.584 × 10−3) plasma 
lipoprotein assembly (p-value = 7.260 × 10−3), and Statin inhibition of 
cholesterol production (p-value = 1.041 × 10−3).

Step 3: Genetic landscape analysis of 
shared T2D-AD genes

Statistical analysis
All variants located in in T2D-AD common genes were extracted 

from the genotyping data of 829 individuals from the studied 
populations (Supplementary file 5). A total of 212,688 variants were 
identified after merging of the genotyping data. Among them, we did 

TABLE 2 Summary of T2D-AD common variants clinically likely pathogenic.

CHR Position Mapped 
gene

rs ID Phenotype associated in ClinVar

1 11,796,321 MTHFR rs1801133 Homocystinuria Due To Methylene Tetrahydrofolate Reductase Deficiency

17 7,676,040 TP53 rs11540654 Li-Fraumeni Syndrome, Hereditary Cancer-Predisposing Syndrome

19 44,908,684 APOE rs429358 Familial Type 3 Hyperlipoproteinemia, APOE3 ISOFORM

19 44,908,822 APOE rs7412 Familial Type 3 Hyperlipoproteinemia, Hyperlipoproteinemia Due To APOE1

20 23,637,790 CST3 rs1064039 Macular Degeneration, Age-Related

3 39,265,671 CX3CR1 rs3732378 Coronary Artery Disease, Resistance To, Human Immunodeficiency Virus Type 1, Rapid Progression To AIDS, 

Age Related Macular Degeneration 12

6 26,090,951 HFE rs1799945 Hereditary Hemochromatosis, Alzheimer disease Type 1 Familial Porphyria Cutanea Tarda Variegate Porphyria 

Hemochromatosis Type 1 Microvascular Complications Of Diabetes, Transferrin Serum Level Quantitative Trait 

Locus 2, Cardiomyopathy, Abnormality Of Iron Homeostasis, Variegate Porphyria

6 26,092,913 HFE rs1800562 Hereditary Hemochromatosis Type 1, Hereditary Cancer-Predisposing Syndrome, Abdominal Pain, Peripheral 

Neuropathy, Pain, Abnormal Peripheral Nervous System Morphology, Abnormality Of The Male Genitalia, 

Behavioral Abnormality, Abnormality Of The Nervous System, Cardiomyopathy, Hemochromatosis Type 2, HFE-

Related Disorder, Hemochromatosis, Juvenile, Digenic, Alzheimer disease

7 150,999,023 NOS3 rs1799983 Susceptibility To Metabolic Syndrome

71

https://doi.org/10.3389/fnagi.2023.1114810
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Boukhalfa et al. 10.3389/fnagi.2023.1114810

Frontiers in Aging Neuroscience 07 frontiersin.org

not find the rare variants of interest reported in the literature. Then, 
we generated a second set of common variants after excluding SNPs 
with MAF < 10−2. In total, 123,115 common variants were retrained. 
MDS analysis describing the genetic landscape of these genetic 
variants was generated for the two sets of variants (set 1 with 
MAF < 10−2 = 212,688 variants, and set 2 without 
MAF < 10−2 = 123,115). There was no difference between the MDS 
plots generated by the two sets of variants. The MDS plot showed that 
the North African populations (Algeria, Egypt, Libya, Morocco-N, 
Morocco-S, Tunisia) were clustered within the European populations 
(CEU, Spain-S, Spain-Basic, Spain-NW, and TSI) and distinguished 
from the American (ASW, MEX) and Asian (CHB, CHD, JPT) 
populations (Figures 5A,B). Better individualization was observed in 
MDS performed across continents. In addition, there is great 
divergence among the North African (NAF), American (AMR), and 
East Asian (EAS) groups. However, slight proximity was found 
between the NAF and EUR clusters (Figure 5C).

Among the 231 variants of interest, only 49 risk alleles 
variants were identified in the studied populations. Interethnic 
comparison based on the selected MAF variants revealed 
significant differences at the level of 11 SNPs between North 
African, European, and East Asian populations. The 11 SNPs 
were located in DNM3, CFH, PPARG, ROHA, RAGE, CLU, 
BDNF1, CST9, and PLCG1 genes (Supplementary file 6). No 
significant differences were found for the risk allele frequency of 

candidate genes between the North African and American 
populations (Supplementary file 7).

Analyses of population genetic structures
To determine the distribution of common T2D-AD variants 

between the studied populations, we  adopted a Bayesian iterative 
algorithm using the STRUCTURE software. In accordance with 
Evanno’s ΔK method for STRUCTURE, the hypothetical K number of 
ancestries was set at three (K = 3) to detect the most likely number of 
genetic clusters (Supplementary file 8). The Bar plot shows three 
components: Africa, Asia, and Europe. STRUCTURE analysis 
confirmed the ancestral diversity of the North African populations 
with evidence of the predominance of European components 
(Figure 6A). The Triangle of the structure shows that the NAF cluster 
is close to the European cluster and distinct from the EAS cluster 
(Figure 6B).

Discussion

In the present study, we collected T2D-AD common variants and 
genes from the literature. Then, we  analyzed their functional 
predictions and pathways. Finally, we explored the genetic variability 
of the collected variants among North African populations in 
comparison with other populations worldwide.

TABLE 3 Regulatory T2D-AD shared SNPs.

Gene rsID RegulomeDB 
rank

GTEx e-QTL in brain 
tissues

TFB motifs Histone modifications

HHEX rs1544210 1b EIF2S2P3 in Substantia nigra (value 

of p = 9.4e−7) and Hypothalamus 

(value of p = 0.000025)

USF1, Myc, USF2, 

DMRT3

LPL rs12679834 1b ZNF354C, NR2C2, 

NKX2-8

Located in Substantia Nigra region marked by 

H3K4me1 and H3K27ac histone modifications

ANK1 rs515071 1b ANK1 in Cerebellum (value of 

p = 1.9e−54) and in Cerebellum 

Hemisphere (value of p = 7.5e−49)

Tcf3 Located in Inferior Temporal Lobe, Angular 

Gyrus and Anterior Caudate regions marked by 

H3K27ac histone modifications

Expression quantitative trait loci (e-QTL), Genotype Tissue Expression (GTEx), Transcription factor binding motif (TFB motifs).

TABLE 4 Summary of variants with potential effect on miRNAs binding sites.

Position Mapped 
gene

SNP miRNA Disease

1: 109275684 CELSR2 rs629301 hsa-miR-338-3p, hsa-miR-224, hsa-miR-214, hsa-miR-186, hsa-miR-193b, hsa-miR-

193a-3p, hsa-miR-193, hsa-miR-103, hsa-miR-107, hsa-miR-485-5p, hsa-miR-9, 

hsa-miR-125b, hsa-miR-125a-5p, hsa-miR-125a, hsa-miR-431, hsa-miR-17-5p, hsa-

miR-106a, hsa-miR-20a, hsa-miR-106b, hsa-miR-93, hsa-miR-519d, hsa-miR-20b, 

hsa-miR-17, hsa-miR372, hsa-miR-20, hsa-miR-1,271, hsa-miR-96

19: 44878777 PVRL2 rs6859 hsa-miR-378 Late onset Alzheimer’s Disease

3: 49357401 GPX1 rs1050450 hsa-miR-1,233, hsa-miR-129-3p Breast cancer, Lung cancer, 

Kashin-Beck disease

3: 9757089 OGG1 rs1052133 hsa-miR-1,256 Lung cancer, Colorectal cancer, 

Gallbladder cancer

6: 32180626 RNF5 rs8365 has-miR-196a, has-miR-196b, has-let-7b, has-let-7d, has-let-7i, has-let-7a, has-let-7f, 

has-let-7c, has-let-7e, has-let-7 g, has-miR-98

7: 75986787 POR rs17685 hsa-miR-603
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Common variants and genes between T2D 
and AD

Our literature search revealed 231 variants and 363 genes in 
common between T2D and AD. Annotation of the 231 shared SNPs 
showed that MADD and EFCAB5 harbored the highest number of 
these variants (nine SNPs). MADD gene, also known as IG20, plays a 
critical role in the development of glucose intolerance (Dupuis et al., 
2010; Hu et al., 2010; Strawbridge et al., 2011; Wagner et al., 2011) and 
AD (Del Villar and Miller, 2004; Hassan et al., 2021). In accordance 
with our findings, a large-scale genome-wide cross-trait study 
identified MADD as the only gene significantly associated with AD 
and fasting glucose exclusively in pituitary tissue; it is also the only 
shared gene found in both cross-trait Meta-analysis and 
Transcriptomic-wide association studies. Thus, the pituitary gland 
may link T2D and AD by regulating glucose metabolism and neuronal 
viability through MADD (Zhu et al., 2019).

Regarding the EFCAB5 gene, it encodes the EF-hand calcium-
binding domain 5. Our results are in accordance with those of Karki 
et al. (2020) highlighting the importance of this gene inT2D and AD 
development. Among the nine identified variants in this gene, two 
SNPs (rs9902453 and rs7221743) are associated with coffee 
consumption (Cheung et  al., 2012; Cornelis et  al., 2015). In this 
context functional studies showed the protective role of coffee 
consumption against AD (Kwok et al., 2016; Zhou et al., 2018) and 
T2D-associated memory impairment through adenosine A2 receptor 
(ADORA2A) blockage (Duarte et al., 2019). Thus, we suggest that 
variants in EFCAB5 could affect memory impairment in T2D subjects.

We found six SNPs located in NECTIN2, which encodes the nectin 
cell adhesion molecule 2 protein involved in T-cell signaling (Zhu et al., 
2016). These variants have been previously reported to be shared between 
T2D and AD (Wang et al., 2017). Indeed, these variants are associated 
with lipid metabolite measurements, emphasizing their critical role in the 
development of AD in T2D patients (Xiao et al., 2022).

CST3 encodes cystatin C inhibitors of cysteine proteases 
(Maniwa et al., 2020). It is one of the genes harboring the highest 
number of common SNPs, between T2D and AD (Karki et  al., 
2020). A recent study showed that CST3 protein aggregation 
abolishes its function and slightly increases amyloid-beta 1–40 
(Aβ1-40) fibril formation, enhancing neurodegeneration (Sheikh 
et  al., 2021). Furthermore, the exogenous Cystatin C induces 
impairment of insulin signaling in hippocampal neurons, which 
could promote cognitive decline and AD development (Luo et al., 
2018). In contrast, other studies have suggested that Cystatin C 
exerts neuroprotective effects by inhibiting cysteine proteases, 
rescuing neurodegeneration, inhibiting Aβ oligomerization and 
amyloid fibril formation, inducing autophagy, and neurogenesis 
(Mathews and Levy, 2016). This discrepancy may be explained by 
Cystatin C conformation or its levels in the brain. Indeed, the 
shared T2D-AD variant (rs1064039) was previously associated 

with reduced Cystatin C levels owing to impaired signal peptide 
cleavage (Benussi et al., 2003). We hypothesized that CST3 plays a 
crucial role in the development of T2D-induced AD pathology 
through the regulation of cerebral amyloid angiopathy and insulin 
signaling in a dose dependent manner. Further studies are needed 
to determine its exact function in T2D-inducing AD condition.

We found five shared SNPs between T2D and AD within the 
APOE gene. These findings are in line with the literature. APOE is a 
leading factor for AD development in T2D subjects (Zhen et al., 2018; 
Shinohara et al., 2020). Three variants among the five were associated 
with body mass index (Yengo et al., 2018). Our findings support the 
synergic effect of obesity and APOE genotype on the development of 
T2D and AD (Jones and Rebeck, 2018).

AGPAT1 encodes for 1-acylglycerol-3-phosphate O-acyltransferase 1. 
It harbors five SNPs among the 231 T2D-AD shared variants identified in 
this study. Deletion of this gene induces low glucose and lipid plasma 
levels, as well as neurological disturbances (Agarwal et al., 2017). These 
findings emphasize the importance of AGPAT1 in the regulation of glucose 
homeostasis and neuron viability. Further studies are needed to investigate 
its role in T2D and AD.

The functional annotation of the coding variants revealed six 
probably damaging SNPs located in APOE, AGER, AGT, TP53, 
ICAM1, and EPHX2 gene. All the variants have been identified by the 
Karki et al. (2020), study. Interestingly the two variants rs7412 and 
rs2070600 have been reported by other studies (Wang et al., 2016; Kim 
et  al., 2022). Minor allele (T) carriers of the variant rs7412 are 
classified as APOEε2 carriers. It has been largely proven that APOEε2 
has a protective effect against AD (Shinohara et  al., 2016). 
Controversially, Shinohara et  al., (2020) showed that APOEε2 
accelerates cognitive decline in diabetic patients by 4 years. This could 
be explained by the synergic effect between diabetes (Hardigan et al., 
2016; Peng et  al., 2021) and the APOEε2 genotype in enhancing 
neurovascular impairment and tauopathies (Kim et al., 2022).

The second SNP (rs2070600) located in AGER (advanced 
glycosylation end-product specific receptor), causes a conversion at 
position 82 from glycine to serine (G82S) responsible for a decrease 
of AGER proteolyze and increase of AGEs plasmatic levels 
(Serveaux-Dancer et al., 2019). Several studies shed the light on the 
role of AGEs in T2D and AD through oxidative stress and amyloid 
regulation mechanisms (Michailidis et  al., 2022). As a result, 
we hypothesize that T2D patient carriers of these risk allele variants 
have a greater risk to develop AD.Likely, the functional annotation 
of non-coding variants revealed three top-ranked SNPs rs1544210, 
rs12679834, and rs515071 located, respectively, in HHEX, LPL, and 
ANK1 gene. The minor allele A of the variant rs1544210 is linked 
to an under-expression of EIF2S2P3 pseudogene in the substantia 
nigra and hypothalamus regions. EIF2SS2P3 is a pseudogene 
located in chromosome 10. Transcriptomic-wide association studies 
revealed a significant enrichment of EIF2S2P3 for depressive 
symptoms, T2D (Génin, 2020) and T2D patients skipping breakfast 

TABLE 5 Molecular pathways enriched by shared genes between T2D and AD.

Category Term ID Description Adjusted_p_value Genes

KEGG KEGG:04979 Cholesterol metabolism 0.0025837551982072883 LPL, ABCA1, APOC1, APOE

REAC REAC:R-HSA-8963898 Plasma lipoprotein assembly 0.0072601471697531315 ABCA1, APOC1, APOE

WP WP:WP430 Statin inhibition of cholesterol production 0.0010409155290130897 LPL, ABCA1, APOC1, APOE

Alzheimer’s disease (AD), Kyoto Encyclopedia of Genes and Genomes (KEEG), Reactome (REAC), Type 2 Diabetes (T2D), Wikipathway (WP).
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(Chen et  al., 2022), but its function remains unclear. Available 
evidence showed an increased risk for dementia development in 
T2D patients with depression (Katon et al., 2012). These findings 
highlights the role of EIF2S2P3 pseudogene in the development of 
T2D-induced dementia through enhancing depression. Further 
studies should be conducted to assess the role of EIF2S2P3 in T2D 
and AD development.

The same allele was associated with TFB motif “USF1,” that 
regulates APOE gene a major linking factor between T2D and AD 
(Isotalo et al., 2012).

The second top-ranked SNP is rs12679834 located in the LPL gene. 
We found a TBF motif (NR2C2) with a high score associated with the G 
allele of this variant. NR2C2, also known as TR4, is an orphan nuclear 
receptor targeting many genes involved in metabolism including APOE 

FIGURE 3

Heatmap of T2D_AD miRNAs enriched pathways. Our results showed that the majority of miRNAs were mapped to several pathways involved in different 
diseases such as cancer, T2D, AD and insulin signaling pathways. Type 2 Diabetes (T2D); Alzheimer’s disease (AD),micro Ribonucleic Acid (miRNA).

FIGURE 4

Pathway enrichment analysis of T2D and AD common genes. The main enriched pathways were: lipid subunit organization, positive regulation of 
protein binding, positive regulation of amyloid fibril formation, microglial cell activation (p-value = 0.01).
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(Fogarty et al., 2013). This variant was also marked by H3K4me1 and 
H3K27ac histone modification in three brain regions. Furthermore, an 
increased expression of LPL in microglia appears to have a protective 
effect against AD (Keren-Shaul et al., 2017) and obesity (Gao et al., 2017). 
We suggest that rs12679834 possesses a protective effect against T2D and 
AD development via increasing lipid and lipoprotein uptake in the 
Central nervous system (CNS).

The third SNP was rs515071 located in the ANK1 gene. The minor 
allele G of this variant was associated with decreased expression of ANK1 
gene in the cerebellum and cerebellar hemisphere regions. In agreement 
with our results, the GG genotype of the rs515071 variant is associated 

with a greater risk for T2D (Sun et al., 2017, p. 1) and AD (Chi et al., 
2016). A reduced expression of ANK1 gene could enhance T2D and AD 
development by affecting mediated metabolism, signal transduction (Sun 
et al., 2017), and inflammatory process (Morris et al., 2019).

Shared miRNA and pathways between T2D 
and AD

Six SNPs reported in our study were found to affect miRNA 
molecules implicated in LOAD, insulin signaling, and T2D 

FIGURE 5

Multidimensional scaling plot of T2D and AD shared variants landscape in worldwide populations. The plot shows that North African populations 
(Algeria, Egypt, Libya, Morocco-N, Morocco-S, Tunisia) are clustered within the European populations (CEU, Sapin-S, Spain-Basic, Spain-NW, and TSI) 
and distinguished from the American (ASW, MEX) and Asian (CHB, CHD, JPT) populations (A,B). Better individualization was observed in MDS 
performed across continents. In addition, there is a great divergence among the North African (NAF), American (AMR) and East Asian (EAS) groups. 
However, slight proximity was observed between the NAF and European EUR clusters (C). *Rare variants are those with MAF < 10−2. **Comment variants 
are those with MAF > 10−2. Type 2 Diabetes (T2D); Alzheimer’s disease (AD).

FIGURE 6

STRUCTURE analysis of the genetic relationship between the three group of populations. (A) The Bar plot shows three components: Africa, Asia and 
Europe. STRUCTURE analysis confirmed the ancestral diversity of the North African populations with evidence of the predominance of European 
component. (B) The Triangle of the structure shows that the NAF cluster is close to the EUR cluster and distinct from the EAS cluster. North African 
(NAF), European (EUR), and East Asian (EAS).
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pathways. miR-1965-5p was enriched in the AD, T2D, and insulin 
signaling pathways. It has a positive effect on insulin biogenesis 
by enhancing insulin activity (Panda et al., 2014). miR-196b-5p 
down regulation has been implicated in innate immune response, 
apoptosis, and depression (Zhang et  al., 2018). Inconsistent 
results have been found to be associated with the regulation trend 
in patients with AD (Pichler et  al., 2017). We  suggest that 
miR-196b-5p may play a protective role against T2D and AD 
development through insulin, immune response, and apoptosis 
regulation. However, further studies are required to elucidate 
their role in T2D and AD. Controversially, miR-378, previously 
associated with LOAD (Lusardi et al., 2017), was also enriched in 
the insulin-signaling pathway. Interestingly, miR-378 induces 
insulin resistance by targeting P110a and SIRT7 (Deng and Guo, 
2019). Furthermore, genetic depletion of miR-378a-3p 
ameliorates inflammatory stress and insulin resistance via protein 
kinase R inhibition (Wang et al., 2021). Likewise, upregulation of 
this miRNA has also been found in patients with AD (Dong et al., 
2021; Li and Cai, 2021). This evidence emphasizes its role in 
T2D-induced AD through Central insulin signaling impairment 
(Gabbouj et al., 2019).

A previous study showed that miR-125a-5p and miR-125b-5p 
shared between T2D and the insulin pathway could ameliorate 
gluconeogenesis, glycogen synthesis (Xu et al., 2018), and insulin 
sensitivity (Yu et al., 2019). Interestingly, the same miRNA was 
found to be downregulated in the gray matter of patients with AD 
(Wang et al., 2011). We found that miR-98-5p was enriched in the 
insulin-signaling pathway. Decreased expression of this miRNA 
has been observed in T2D patients (Kokkinopoulou et al., 2019). 
The same study also reported a negative correlation between 
miR-98-5p and insulin levels in patients. Interestingly, Chen et al. 
(2019) found that in AD mice, miR-98 binds to HEY2 inducing a 
decrease of Aβ production, improve oxidative stress, and 
mitochondrial dysfunction through activating the Notch 
signaling pathway. We hypothesized that low levels of miR-98-5p 
could serve as a biomarker for insulin resistance and Aβ 
aggregation. A recent study found a significant downregulation 
of miR-214-3p blood levels in T2D patients (Avgeris et al., 2020). 
Similarly, miR-124-3p is downregulated in patients with AD and 
animal models (Kou et al., 2020), suggesting its potential role as 
a biomarker and therapeutic target for insulin resistance (Cheng 
et al., 2020) and cognitive defects (Zhang et al., 2018).

For a more in-depth understanding of the shared genes, 
we  conducted a pathway enrichment analysis. The results 
revealed that the replicated genes were mainly enriched in lipid 
subunit organization, positive regulation of protein binding, 
positive regulation of amyloid fibril formation, microglial cell 
activation, cholesterol metabolism, plasma lipoprotein assembly, 
and Statin inhibition of cholesterol production pathways. Our 
findings are supported by those of previous studies. Plasma 
protein binding (PPB) has been implicated in several mechanisms, 
particularly drug binding and pharmacokinetics (Smith et al., 
2010). A recent study identified an enrichment of positive 
regulation of PPB in 3 × Tg-AD mice fed rosmarinic acid, a 
preventive molecule against AD (Yamamoto et  al., 2021). 
Rosmarinic acid is a potent suppressor of Aβ and an inhibitor of 
phosphorylated tau accumulation (Yamamoto et  al., 2021). 
Interestingly, Rosmarinic acid possesses a therapeutic effect 

against T2D through the remodeling of amyloid aggregates (Wu 
et al., 2021). We identified, for the first time, the implication of 
positive regulation of PPB in T2D and AD. We hypothesized that 
the regulation of the PPB pathway could serve as a potential 
therapeutic target for these diseases.

The accumulation of amyloid fibrils is a hallmark of several 
degenerative diseases including T2D and AD. Insulin resistance 
promotes the oxidative stress generation and proinflammatory 
cytokines secretion in beta-cells inducing mitochondrial dysfunction 
and accumulation of protein aggregates, including human islet 
amyloid polypeptide (hIAPP) (Rocha et  al., 2020). The latter can 
across the blood–brain barrier (BBB) inducing AD pathology 
(Lupaescu et al., 2022; Marrano et al., 2023).

Furthermore, amyloid deposition causes microglial and astrocyte 
activation leading to cytotoxic molecules release (Lupaescu et al., 2022). 
Recent study has demonstrated that hyperinsulinemia impaired GLUT4 
translocation inducing mitochondrial fission, microglial M1 polarization, 
and neuroinflammation (Yang et al., 2022). Moreover, long-term high fat 
diet induces microglial M1 polarization which explains obesity/diabetes-
associated cognitive impairment (Wu et al., 2020).

Cholesterol metabolism involves energy metabolism, cell 
membrane composition, and myelination. Dysregulation of these 
biological processes induces several pathologies, mainly T2D and 
AD. Reports suggested that a long-term high-fat diet could 
induce AD by enhancing Aβ and phosphorylated tau 
accumulation (Czuba et al., 2017). Downregulation of cholesterol 
biogenesis has been observed in diabetic (Suzuki et al., 2010) and 
AD (Varma et al., 2021) brains. Cholesterol is biosynthesized in 
astrocytes via the Bloch pathway and is transported to neurons 
by APOE via the ABC transporter. For utilization by neurons, 
APOE-containing cholesterol should be absorbed by LRP1/LDLR 
(Czuba et al., 2017). A previous study successfully demonstrated 
that insulin resistance suppresses LRP1 expression, which may 
further compromise insulin signaling and cholesterol metabolism 
in neurons (Liu et  al., 2015). Thus, our pathway enrichment 
analysis confirmed previous findings supporting the role of 
cholesterol metabolism and lipoprotein processes as linking 
factors between T2D and AD.

T2D-AD genetic landscape in North African 
populations

It is likely that genetic background plays an important role in 
the development of preventive strategies targeting modifier risk 
factors, such as T2D. Despite the high prevalence of T2D 
(Magliano et al., 2021) and AD (Nichols et al., 2022) in North 
African populations, we noticed an under or non-representation 
of these groups in the consortiums investigating these diseases 
(Martin et  al., 2019). Taking all these evidences into 
consideration, it is important to dissect the genetic landscape of 
T2D-AD shared genes in North Africa in comparison with other 
well-studied populations. We determined the genetic landscape 
of T2D-AD shared genes in 829 individuals from 16 different 
populations whose genotyping data are publicly available 
[African ancestry in the South Western USA(ASW), Mexican 
ancestry living in Los Angeles, California, USA (MEX), Western 
European ancestry populations of Utah from the CEPH collection 
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(CEU), Toscani people of Italy (TSI),South Spain (Spain_S), 
North Spain (Spain_N), North West of Spain (Spain_NW), Spain 
Basic populations (Spain_BASC), Han Chinese in Beijing, China 
(CHB),Chinese population of metropolitan Denver, Colorado, 
USA (CHD), Japanese in Tokyo, Japan; (JPT), Individuals from 
North Africa: Algeria (Algeria), Egypt (Egypt), Libya (Libya), 
Tunisia Douiret (TN_Ber), South Morocco (Morocco_S), and 
North Morocco (Morocco_N),],. MDS analysis showed genetic 
similarity among North African populations (Algeria, Egypt, 
TN_Ber, Morocco_N, Morocco_Sand Libya), reflected by a 
consistent cluster. A better individualization of the North African 
populations was identified when the MDS analysis was conducted 
at the population group level. A slight similarity between North 
African and Southwestern European populations (CEU, Spain-S, 
Spain_NW, and TSI) was detected. However, a great divergence 
between North African and East Asian populations was observed 
in the two MDS representations. These results were further 
confirmed by STRUCTURE analysis conducted on four clusters 
of populations: North African, European, East Asian, and 
American. STRUCTURE representation shows a high admixture 
of the genetic structure of North African populations consisting 
mainly of European and African components, with minimum 
penetrance of East Asian components. Our findings are consistent 
with those of previous studies. Indeed, several genes/
polymorphisms in T2D (Chande et  al., 2020) and AD (Rubin 
et  al., 2021) are highly variable among ethnic groups. Similar 
genetic positioning was observed among North African, 
European, and Asian populations regarding Metabolic Syndrome 
(MetS) pharmacogenes (Jmel et al., 2018). It is important to note 
that genes explored by Jmel et al. (2018) were also investigated in 
our study because MetS share several mechanisms with T2D and 
AD (Hayden, 2019). The genetic positioning of the North African 
cluster could be explained by the high ethnic heterogeneity of 
these populations. North Africans are multi-ethnic populations 
with several ancestral components: Middle Eastern, Sub-Saharan 
African, European, and autochthonous (Arauna et al., 2019). The 
high heterogeneity of the T2D-AD genetic background in North 
African populations reflects previous historical events such as 
invasion and migration (Botigué et al., 2013; Arauna et al., 2017; 
Fregel et al., 2018). Our results also support the conserved and 
ancient divergence between the North African and East Asian 
populations going back 550 centuries ago (Tateno et al., 2014). 
Thus, the non-replication of some genetic biomarkers of T2D 
(Baroudi et al., 2009; BaroudiOuederni et al., 2009; Ezzidi et al., 
2009; Turki et al., 2012) and AD (Smach et al., 2011, p. 1; Rassas 
et al., 2013; Landoulsi et al., 2018) in the North African group 
could be due to its high heterogeneity and unicity. Indeed, among 
231 risk variants studied, only 49 SNPs were present in the North 
African group. This could be  the result of ethnic selection 
because some AD variants are also ethnicity-specific biomarkers 
(Huang et  al., 2017) or due to the limited size of the North 
African populations investigated.

Furthermore, the inter-ethnic risk allele frequency comparison of 
the 49 variants between North African populations and other 
population groups revealed significant differences in allele frequency 
of 11 SNPs between North African, European, and East Asian 
populations located in DNM3, CFH, PPARG, ROHA, AGER, CLU, 
BDNF1, CST9, and PLCG1 genes.

MAF of two variants, rs4504922 and rs7539972, located in the 
dynamin 3 (DNM3) gene, was significantly different between 
North African and European populations and between North 
African and East Asian populations. DNM3 is enriched in the Fc 
gamma R-mediated phagocytosis pathway associated with AD 
and T2D (Hao et al., 2015; Caputo et al., 2020). These variants 
were previously identified as SNPs shared between T2D and AD 
(Caputo et al., 2020). We suggest that North African carriers of 
these risk allele variants may be at increased risk of T2D and AD.

The rs800292 G > A SNP, located in the complement factor H 
(CFH) gene, has been previously reported to be associated with a 
higher risk of age-related macular degeneration (Guindo-Martínez 
et al., 2021) and diabetic retinopathy (Wang et al., 2013).

Furthermore, the inter-ethnic comparison of risk alleles 
revealed a significant difference in the MAF of three variants 
(rs6809832, rs6997, and rs11715915) located in peroxisome 
proliferator activated receptor gamma (PPARG) and Ras homolog 
family member A (RHOA) genes between North African and East 
Asian populations. These variants have been associated with 
increased BMI and HbA1c levels (Merino et  al., 2017; Yengo 
et  al., 2018; Barton et  al., 2021; Jurgens et  al., 2023). 
We hypothesized that North African carriers of risk alleles of 
these variants may have an increased risk of developing obesity 
and insulin resistance pathologies, such as T2D and AD  
(Magliano et al., 2021; Nichols et al., 2022).

Moreover, we identified significant differences in the MAF of three 
SNPs (rs2070600, rs11136000, and rs6265) located in AGER, clusterin 
(CLU), and brain derived neurotrophic factor (BDNF1) between North 
African and East Asian populations. These variants have been previously 
associated with MCI/AD development in T2D subjects (Cai et al., 2016; 
Wang et al., 2016; Daily and Park, 2017; Stepler and Robinson, 2019; 
Bradley, 2020). The high MAF of these variants in North Africans could 
partly explain their greater risk of developing T2D-AD pathology, 
(Magliano et al., 2021;  Alzheimer’s Disease Facts and Figures, n.d.).

The variant rs3004145 C > G, located downstream of the 
Cystatin C9 (CST9) gene, presents a significant MAF difference 
between North African and East Asian populations. This variant 
has previously been associated with elevated cystatin C levels in 
the European population (Jurgens et  al., 2023). High serum 
cystatin C levels have been previously associated with an 
increased risk of T2D (Yuan et al., 2022), T2D-related neuropathy 
(Hu et al., 2014), and AD (Straface et al., 2005). Thus, we suggest 
that North African carriers of the rs3004145 G allele may have an 
increased risk of T2D-induced AD.

Finally, our statistical analysis revealed a significant MAF 
difference in the exonic variant rs753381 T > C between North 
African and European populations. This variant is located in the 
phospholipase C gamma 1 (PLCG1) gene, recently identified as a 
potential therapeutic target for T2D (Ganekal et al., 2023). It has 
previously been associated with metabolic syndrome (Brown and 
Walker, 2016) and elevated serum cholesterol, LDL, and ApoB 
levels in individuals of African, East Asian, European, Hispanic, 
and South Asian ancestry (Graham et al., 2021). We suggest that 
the differences in rs753381 C allele frequency in North Africa 
explain the low plasma levels of TC, LDL-C, and ApoB compared 
to European populations (Najah et al., 2013). Further studies are 
required to elucidate the relationship between this variant and 
T2D-induced AD development in North Africa.
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Study highlights and testable 
hypotheses

The present study generates several hypotheses: (1) MADD and 
AGPAT1 genes regulate glucose homeostasis and neuronal viability. (2) 
EFCAB5 could be a potential pharmacogene for ADORA2A agonist 
anti-AD therapies. (3) NECTIN2 plays a critical role in T2D-induced AD 
through regulating lipid metabolism. (4) CST3 regulates cerebral amyloid 
angiopathy and insulin signaling in a dose dependent manner. (5) 
Individuals carrier of rs7412, rs1800562, rs2070600 rs1544210, 
rs12679834, and rs515071 risk alleles are of great risk to develop T2D and 
AD. (6) miR-378, miR-125a-5p, miR-125b-5p, miR-196b-5p, miR-98-5p, 
and miR-214-3p are potential therapeutic target for T2D-induced AD. (7) 
Plasma protein binding pathway could serve as a potential therapeutic 
target for T2D-induced AD. (8) North African’s carrier of minor alleles of 
variants located in, DNM3, CFH, PPARG, ROHA, AGER, CLU, BDNF1, 
CST9, and PLCG1 genes are of great risk to develop T2D and AD.

Study limitations

Although our study’s results give rise to several hypotheses consistent 
with the published literature, we also have some limitations. First, our 
search strategy has been limited to one database “PubMed” with one 
query for search builder. This strategy can lead to information leakage. 
Therefore, other datasets and search terms should be  examined to 
consolidate our findings. Second, the restricted size of the studied 
populations, especially in North Africa, could lead to fewer genetic 
variations present in these populations. Finally, the predicted results 
should be  supported by further experimental studies. Despite these 
limitations, our study findings are relevant and pave the way to further 
investigation because of their general consistency with previous results.

Conclusion

Our study contributes to efforts made to better understand the 
genetic variability and molecular mechanisms shared between T2D and 
AD. It is well established that the determination of the genetic component 
of these diseases could help develop new diagnostic and therapeutic 
strategies in the context of precision medicine. However, the promise of 
precision genomic medicine cannot be  fulfilled without a broad 
representation of the global population. Here, we identified pathogenic 
variants and regulatory pathways shared between these diseases. Our 
study is the first to investigate the genetic landscape of shared T2D-AD 
genes in North African populations in comparison to other worldwide 
populations. Our results support the high heterogeneity and the unicity 
of North African populations regarding T2D and AD common genes. 
The inter-ethnic comparison between North African populations and 
worldwide populations revealed significant difference of eleven risk allele 
frequency variants. This finding might be one of the contributing factors 
to the higher prevalence of T2D and AD in North African populations. 
Furthermore, our results could pave the way for new target gene 
sequencing or functional follow-up of putative loci to investigate the exact 
role of these variants in North African populations. Finally, we emphasize 
the importance of further ethnicity-specific contributions in omics studies 
for a better understanding of the link between T2D and AD, and for 
developing an accurate diagnosis using personalized genetic biomarkers.
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Women’s contributions to science have been consistently underrepresented 
throughout history. Despite many efforts and some progresses being made 
to reduce gender inequity in science, pursuing an academic career across 
disciplines, including Alzheimer’s disease (AD) and other dementias, remains 
challenging for women. Idiosyncratic difficulties of Latin American countries 
likely accentuate the gender gap. In this Perspective, we celebrate outstanding 
contributions from Argentinian, Chilean, and Colombian colleagues in dementia 
research and discuss barriers and opportunities identified by them. We  aim to 
acknowledge Latin American women’s work and bring visibility to the challenges 
they face throughout their careers in order to inform potential solutions. Also, 
we highlight the need to perform a systematic assessment of the gender gap in 
the Latin American dementia community of researchers.

KEYWORDS

women, gender, inequity, diversity, dementia, Alzheimer’s disease, Latin America

Introduction

Throughout the history of science, women’s contributions have been consistently 
underrepresented, creating a misleading and unfair mindset: women are just not interested in 
scientific research (Saini, 2017). Such a simplistic point of view overlooked the many cultural, 
religious, and social hurdles that women had to overcome to produce new knowledge, including 
the lack of access to higher education and gender stereotypes that cause them to be perceived as 
less talented for science (Leslie et al., 2015) and more inclined toward care-taking roles (Ellemers, 
2018). Despite many efforts and some progresses being made to reduce gender inequity in 
science, pursuing an academic career remains challenging for women.

Across disciplines, the women-to-men ratio is known to decrease from early to advanced 
career stages (Llorens et al., 2021). Several reasons have been proposed to explain such a trend. 
Women are less likely to occupy key (first and last) authorship positions in high profile journals 
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(West et al., 2013) and are cited less than men (Dworkin et al., 2020). 
These biases can lead to lower productivity metrics and hinder 
opportunities for funding acquisition and promotion to higher-level 
roles. Even in the case of equal outcomes, women often receive 
poorer evaluations of their performance (Moss-Racusin et al., 2012), 
fewer grants (Burns et  al., 2019), and fewer prestigious awards 
(Lincoln et  al., 2012) compared to men, indicating a systemic 
undervaluing of their contributions. Importantly, childcare and 
household responsibilities are mostly taken on by women, limiting 
opportunities for mobility, work presentations at scientific 
conferences, and networking. Taken together, these disadvantages 
hamper academic growth, recognition, and impact of the female 
scientific workforce.

This landscape is mirrored in Alzheimer’s disease (AD) and other 
dementias’ research. Women comprise 42.1% of all authorships in this 
field and only 32.8% of the last authorships (Menzel et al., 2019). Also, 
women have lower citation rates compared to men, publish fewer 
articles, and less often have prestigious authorships in collaborative 
papers with multiple authors (Menzel et  al., 2019). Data from 
Alzheimer’s Research UK revealed that women hold only 33% of 
major grants, contrasting with 64% of successful early career grants 
(Andreou et al., 2022), suggesting a loss of female researchers in the 
junior-to-senior transition as reported for other disciplines.

The outlook for Latin American countries is even more intricate. 
These countries face idiosyncratic difficulties related to the scarce 
availability of government funds for scientific research, the political 
instability, and patriarchal sociocultural norms that likely accentuate the 
gender gap (García-Holgado et  al., 2019; Silva et  al., 2022). While 
specific data on female researchers in the dementia field across Latin 
America is wanting, insights from related neuroscience field reveal that 
less than 20% of women attain the highest position (full professor), in 
comparison with 30% of men, despite female neuroscientists being 
overrepresented at the graduate level (Silva et al., 2022). Also, Latin 
American neuroscientists women report higher levels of career 
dissatisfaction (44%) than men (28%) (Silva et al., 2021).

Beyond the inequity concerns intrinsic to these numbers, 
gender diversity in teams is now recognized as a key driver of 
creativity, innovation, and scientific discovery (Nielsen et al., 2018). 
Female perspectives become particularly relevant in dementia 
research partially because dementia affects more women than men 
both in terms of higher prevalence (GBD 2019 Dementia 
Forecasting Collaborators, 2022) and care burden (Erol et al., 2016) 
worldwide. Latin America is not the exception; dementia is more 
prevalent in women (8.97%) than men (7.26%) (Ribeiro et  al., 
2022), and patterns of female-to-male ratio are projected to 
continue (GBD 2019 Dementia Forecasting Collaborators, 2022). 
In Latin American countries caregiving is also disproportionally 
delivered by women [with numbers as high as 80% in Chile 
(Slachevsky et al., 2013)] who mostly experience the emotional, 
social, and financial costs in contexts of poor governmental support 
(Ibanez et al., 2021). Achieving gender equity in dementia research, 
specifically in highly impacted regions such as Latin America where 
prevalence is expected to increase 200% by 2050 (GBD 2019 
Dementia Forecasting Collaborators, 2022), is necessary to amplify 
the voices of key actors in this global health issue.

One of the first steps toward achieving this goal is to acknowledge 
women’s work and bring visibility to the challenges they face 
throughout their careers in order to inform potential solutions. In this 

Perspective, we aim to celebrate outstanding contributions from Latin 
American women in dementia research and discuss barriers and 
opportunities identified by them. We  surveyed 14 national 
Argentinian, Chilean, and Colombian female researchers from our 
local networks who (a) are currently working in the region, and (b) 
have significantly advanced our understanding of AD and other 
dementias with a local impact to mitigate the burden this condition 
(Figure 1). We included early-, mid-career, and senior researchers 
focused on both basic and translational science. Their trajectories are 
described below, followed by a discussion of barriers, opportunities, 
and future directions.

Argentina

Agustina Legaz, BS
Ph.D. student, Cognitive Neuroscience Center (CNC), 

Universidad de San Andres, Buenos Aires.
The research program of Ms. Legaz involves the study of socio-

contextual modulations on memory and emotions in Latin American 
samples of AD, behavioral-variant frontotemporal dementia 
(bvFTD), and Parkinson’s disease. Her work combines novel 
experimental paradigms with electrophysiological and structural and 
functional MRI techniques. In a recent work (Legaz et al., 2022), 
which has been highlighted among new developments in 
frontotemporal dementia by the editor-in-chief of Brain journal 
(Husain, 2022), Legaz and colleagues showed differential multimodal 
deficits in the ability to learn from social feedback in AD, bvFTD, and 
Parkinson’s disease. In another work (Salamone et al., 2021), they 
showed how interoception (the sensing of visceral signals) primes the 
processing of emotions, and how this process is compromised in 
different neurodegenerative diseases. Her contributions allow a better 
characterization of dementia subtypes in underrepresented Latin 
American populations, with relevant theoretical and clinical 
implications in the realms of diagnosis and treatment.

Diana Bruno, PhD
Director, Instituto de Investigaciones en Psicología Básica y 

Aplicada (IIPBA), Facultad de Filosofía y Humanidades, Universidad 
Católica de Cuyo, San Juan.

Dr. Bruno is a neuropsychologist and researcher interested in the 
detection of and intervention in cognitive impairment and dementia. 
She has validated the Addenbrooke’s Cognitive Examination III (ACE-
III), a widely used cognitive screening, for the Argentinian and 
Chilean populations (Bruno et al., 2020), bringing local professional 
communities a sensitive instrument for the detection of dementia. A 
review on the psychometric properties and usability of the ACE-III 
was critical to identify difficulties associated with its use in the region 
(Bruno and Schurmann Vignaga, 2019). Dr. Bruno has also validated 
the Cognitive Complaints Questionnaire (CCQ) aimed to assess 
multidomain cognitive complaints (Nuñez and Bruno, 2021). 
Crucially, Dr. Bruno has published “Saber Acompañar,” a toolkit to 
support caregivers and families of persons with dementia and other 
brain diseases (Torralva et al., 2021). The work of Dr. Bruno is relevant 
for professionals and the community. This is the result of her 
conviction that science must transcend academic boundaries to solve 
societal problems, improve quality of life, and guarantee an equative 
access to new developments.
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Lucía Crivelli, PhD
Head of Neuropsychology, Department of Cognitive Neurology, 

Neuropsychology, and Neuropsychiatry, FLENI Neurological 
Institute, Buenos Aires.

Dr. Crivelli is committed with the prevention and early detection of 
cognitive decline and dementia in developing countries. She serves as 
Principal Investigator on LatAm-FINGERS, the first multi-domain 
lifestyle intervention in the region (Crivelli, 2020). Her role has been 
crucial for designing the project and reuniting the most prestigious 
centers and leaders from Latin America. In addition, during the last 2 
years, she has studied the consequences of COVID-19 on cognitive 
functions in adults with no prior history of cognitive impairment, 
revealing that even asymptomatic cases show cognitive sequelae (Crivelli 
et al., 2022a). The pandemic has also driven her work on the field of tele-
neuropsychology, where she published the first recommendations for 
Latin America, identifying barriers and challenges unique to the region 
and potential solutions to overcome them (Crivelli et al., 2022b).

Silvia Kochen, PhD
Researcher, Hospital El Cruce and National Scientific and 

Technical Research Council (CONICET), Buenos Aires.
Dr. Kochen’s work is focused on the study of cognition in older 

adults and the development of effective interventions for dementia in 
vulnerable populations from suburbs of Buenos Aires province. She 
has run a prospective longitudinal study in the memory clinic of the 
Neurosciences and Complex Systems Unit (EnyS, Hospital El Cruce, 
Florencio Varela, Buenos Aires) which revealed critical needs of users 
in terms of cognitive assessment and treatment (Kochen et al., 2018). 
Her research has also contributed to a better understanding of 
memory-enhancing strategies in healthy older adults (Tassone et al., 
2020). Overall, Dr. Kochen’s work has implications for the 
development of public policies around dementia prevention, 
diagnosis, treatment, care, and support in populations in need from 
Argentina. Dr. Kochen describes herself as a “feminist scientist” 
committed to the integration of a gender perspective in her activities.

FIGURE 1

Latin American women featured in this Perspective. Female scientists who are currently developing high-impact research on Alzheimer’s Disease and 
other dementias in Argentina (blue), Chile (yellow), and Colombia (pink).
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Teresa Torralva, PhD
Neuropsychologist and researcher, Institute of Cognitive and 

Translational Neuroscience (INCYT) and INECO Foundation, 
Buenos Aires.

Dr. Torralva has devoted her career to clinical neuropsychology 
and research, with a focus on the study of the frontal lobes and 
executive functions in frontotemporal dementia. In one of her most 
impactful publications (Torralva et al., 2009a), she showed that an 
Executive and Social Cognition Battery was more sensitive than 
classical cognitive measures to detect specific deficits in early 
bvFTD. This work was pioneering in revealing the relevance of 
ecological tests to assess early bvFTD, which can sometimes be very 
challenging. Dr. Torralva and her team have also developed the 
INECO Frontal Screening (IFS), a brief, sensitive, and specific tool to 
detect frontal executive impairment in neurodegeneration (Torralva 
et al., 2009b), which has been translated and adapted for multiple 
countries. Dr. Torralva has also made significant contributions in the 
field of social cognition in dementia, particularly showing patterns of 
alterations of theory of mind in bvFTD (Torralva et al., 2015). Dr. 
Torralva has published more than 80 papers in peer-reviewed journals, 
including Brain and Neuropsychologia, book chapters, and books on 
these topics, including “Saber Acompañar” (Torralva et al., 2021), and 
“Upgrade Cerebral” (Torralva, 2022).

Chile

Andrea Slachevsky, PhD
Associate Professor, Faculty of Medicine, Universidad de Chile, 

Santiago.
Dr. Slachevsky is a neurologist specialized in cognition and 

dementia. She is the clinical director of the Geroscience Center for 
Brain Health and Metabolism (GERO) which runs the largest 
longitudinal cohort of aging in Latin America (Slachevsky et  al., 
2020). Together with health professionals and caregivers, she founded 
the Professional Cooperation for Alzheimer’s and Other Dementias 
(COPRAD), a non-profit, non-governmental organization dedicated 
to promoting public policies to address the needs of people living 
with dementia and face the challenges associated with the rapid 
increase of dementia prevalence. She has also participated in the 
preparation of the National Dementia Plan in Chile and in the 
creation of one of the three memory units that were implemented in 
the context of said Plan. Her research line focuses on neuropsychology 
and functionality in dementia and healthy aging. Dr. Slachevsky has 
developed and validated a new version of the Activities of Daily 
Living Questionnaire (ADLQ) that incorporates a subscale to assess 
the use of information and communication technologies, contributing 
to the evaluation of functionality in cognitive disorders (Muñoz-
Neira et al., 2012). She is now working on the development of new 
methods to assess executive functions using serious games. Dr. 
Slachevsky has also participated in studies aimed to estimate the cost 
associated with dementia (Hojman et al., 2017) and the burden of 
care (Slachevsky et al., 2013) in Chile. Taken together, Dr. Slachevsky’s 
work is relevant for the evaluation of dementia in Latin America and 
the estimation of its economic impact, and has policy implications.

Brigitte van Zundert, PhD
Full Professor, Universidad Andrés Bello, Santiago.

Dr. van Zundert is specialized in the molecular and cellular basis 
of learning and memory in health and neurodegenerative diseases. 
The laboratory of Dr. van Zundert analyzed the PSD95 epigenetic 
landscape in developing hippocampus and designed a PSD95 
epigenetic-targeting strategy for AD. They established that epigenetic 
editing of the synaptic protein PSD95 prevented and even recovered 
hippocampal dysfunction and memory deficits in mouse models of 
AD, thus validating PSD95 as a key player in memory (Bustos et al., 
2017). Dr. van Zundert and colleagues have also studied the effect of 
urban air pollution in epigenetic gene regulation and AD hallmarks 
in the brain of humans and mice. They found that young healthy 
humans chronically exposed to urban air pollution exhibit reduced 
repressive epigenetic marks, increased DNA damage, and presence of 
AD hallmarks. In addition, mice exposed for 7 months to intermediate/
high air pollution (Santiago, Chile) displayed similar brain impacts 
(Calderon-Garciduenas et al., 2020). These findings established the 
role of epigenetic mechanisms in learning and memory in 
neurodegenerative diseases. Dr. van Zundert has published >50 
scientific papers in prestigious journals such as Brain and Neuron.

Maria Isabel Behrens, PhD
Full Professor, Faculty of Medicine, Universidad de Chile, 

Santiago.
Dr. Behrens studies the molecular mechanisms of dementia, with 

a focus on the inverse relationship between AD and cancer. 
Remarkable, using a cohort of 600 patients from the Memory and 
Aging Program, Dr. Behrens and his co-worker, Dr. Catherine Roe, 
found that AD has a protective role against the future development of 
cancer. Moreover, patients with cancer are apparently protected from 
the development of AD. This finding was replicated in the 
Cardiovascular Health Study–Cognition Substudy cohort with 3,000 
patients and in many other publications (Roe et al., 2005). Additionally, 
Dr. Behrens studied the genetic cause of Kufor-Rakeb syndrome 
(KRS), a rare juvenile hereditary disease. KRS patients develop the 
typical signs of Parkinson’s disease, but also show symptoms of 
dementia. Dr. Behrens associated the origin of this syndrome with the 
loss-of-function mutation of the neuronal ATPase gene ATP13A2 
(Ramirez et  al., 2006). Overall, Dr. Behrens has contributed to 
understanding the mechanism of neurodegenerative diseases, paving 
the way to the development of effective therapies.

Natalia Salvadores, PhD
Assistant Professor, Universidad Mayor, Temuco.
The main interest of Dr. Salvadores is contributing to the 

understanding of neurological diseases. Her studies are focused on the 
molecular and cellular mechanisms underlying AD pathogenesis. Dr. 
Salvadores’ work involves adapting and validating protein misfolding 
cyclic amplification (PMCA) technique as a new potential diagnosis 
tool for neurodegenerative diseases. In a recent study, Dr. Salvadores 
was able to distinguish AD patients from control individuals with high 
sensitivity and specificity using cerebrospinal fluid samples (Salvadores 
et  al., 2014). Dr. Salvadores also studied the participation of 
necroptosis (a programmed form of cell death) in the pathomechanism 
of AD. She found that oligomeric Aβ aggregates (Aβo) correlate with 
necroptosis activation in human AD brains. She also showed that 
genetic and pharmacological inhibition of necroptosis ameliorates 
neurodegeneration and memory loss in an AD model based on 
intracerebral administration of Aβo (Salvadores et  al., 2022). Dr. 
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Salvadores demonstrated for the first time the involvement of Aβ 
pathology in the activation of this death pathway.

Rommy von Bernhardi, PhD
Full Professor, Faculty of Medicine and Science, Universidad San 

Sebastián, Santiago.
Dr. von Bernhardi investigates the participation of glial cells in the 

development of neurodegenerative diseases. She is currently focused 
on the glial functional changes of aging that promote cytotoxic 
activation and neurodegeneration. She demonstrated that 
inflammatory stimuli induce the production of reactive oxygen 
species (ROS) in older mice, favoring oxidative damage during aging. 
The increase in ROS also induces neuroinflammation, generating a 
vicious circle, resulting in functional deficiencies such as memory and 
behavior alterations (von Bernhardi et al., 2015). She also studied the 
role of glial cells receptor Scavenger Receptor class A (SR-A) in 
AD. Dr. von Bernhardi reported the downregulation of SR-A 
expression in the hippocampus of aged animals and the APP/PS1 AD 
animal model. Additionally, Microglia and astrocytes lacking SR-A 
displayed impaired oxidative response and nitric oxide production 
(Cornejo et al., 2018). Taken together, Dr. von Bernhardi contribution 
allows understanding the correlation between microglial response 
and neurodegeneration.

Colombia

Claudia Ramos, M.D.
Psychiatrist, Neuroscience Group of University of Antioquia, 

Medellín.
Dr. Ramos serves as psychiatrist and researcher at the mental 

health program for patients with neurodegenerative diseases of the 
Neuroscience Group of University of Antioquia. She participated in a 
study assessing mental disorders in young adults from families with 
the presenilin-1 gene mutation e280a in the preclinical stage of AD 
(Villalba et al., 2019). Also, she conducted a review of different genetic 
variants that cause AD or frontotemporal dementia in Latin America 
(Ramos et al., 2020). In her more recent work (Ramos et al., 2022), she 
investigated the association between substance use and cognitive 
decline in carriers of the PSEN1-E280A genetic variant showing that 
cigarette and alcohol were associated with an improvement of some 
cognitive assessments, possibly by a survival bias. Taken together, Dr. 
Ramos’ work helps to characterize mental health disorders in patients 
with dementia and develop prevention strategies.

Diana Matallana, PhD
Full Professor, Faculty of Medicine, Pontificia Universidad 

Javeriana, Bogotá.
As neuropsychologist and researcher, Dr. Matallana’s work has 

focused on clinical studies aimed to improve the diagnosis and 
treatment of neurodegenerative diseases. She also uses 
neuropsychological measures to study the cognitive impairments 
associated with psychiatric disorders and mild traumatic brain injury. 
One of her recent studies (Cruz-Sanabria et al., 2021) compared the 
neuropsychological profiles, brain morphometry, and structural 
connectivity patterns between patients diagnosed with bvFTD and 
older-age bipolar disorder patients. She has also participated in 
genetic studies in neurodegenerative diseases identifying 21 

pathogenic variants in AD-FTLD related genes in the Colombian 
population (Acosta-Uribe et al., 2022). Dr. Matallana is member of 
the Multi-partner consortium to expand dementia research in Latin 
America (ReDLat), a multi-site network aimed to understand the 
genetic and environmental factors influencing dementia in Latin 
America. In a recent work of this consortium, authors reported a 
survey to explore the ongoing work, needs, interests, potential 
barriers, and opportunities for future studies related to biomarkers in 
the region (Parra et  al., 2022). Dr. Matallana has remarkably 
contributed to the characterization of neuropsychological profiles 
and clinical and genetic assessments of Colombian patients with 
neurodegenerative diseases.

Natalia Acosta Baena, BS
Ph.D. student, Neuroscience Group of University of Antioquia, 

Medellín.
Ms. Acosta Baena is clinical epidemiologist, and her work is 

focused on the genetics of neurodegenerative diseases, mainly AD. She 
also investigates the relationship between neurodevelopment and 
dementia. She has carried out one of the largest studies assessing 
descendants of individuals with a mutation in presenilin 1 (PSEN1) 
that causes familial AD, with the aim of identifying distinct stages of 
clinical progression to AD dementia (Acosta-Baena et al., 2011). She 
participated in the Alzheimer’s Prevention Initiative Colombia Trial 
(Rios-Romenets et al., 2018), in which authors reported a participant 
retention of 94%, highlighting that this adherence plan plays a crucial 
role in maintaining treatment compliance and may offer guideposts 
for other prevention trials. Overall, Ms. Acosta Baena’s work aims to 
improve the quality of life of patients with dementia, clarifying the 
diagnosis, informing about the characteristics of these diseases, and 
discovering options for possible future therapies.

Natalia Trujillo, PhD
Full professor, University of Antioquia, Medellín.
Dr. Trujillo studies cognitive and social processing and its 

intervention in neurological patients and populations characterized 
by disruptive behavior. In ReDLat multisite project, she evaluates the 
role of social determinants of health on the progression of AD and is 
involved in the transcultural validation of functional scales. She 
employs neuropsychological and electrophysiological methods for 
assessing patients with neurodegenerative diseases. She contributed to 
relevant works showing early action-verb production and action 
semantics in patients with Parkinson’s disease (Bocanegra et al., 2015), 
and proposing an automated analysis of spontaneous discourse for the 
classification of Parkinson’s disease patients (Garcia et al., 2016). Also, 
she participated in a study supporting the validity of the visual short-
term memory binding test and their neural correlates in the early 
detection of AD (Pietto et al., 2016). Her work has implications for 
early detection and monitoring of neurodegenerative conditions.

Empowering Latin American women in 
dementia research: barriers and 
opportunities

In this Perspective, we celebrated the work of Latin American 
women in the field of dementia research. Using animal models, 
neuropsychological tools, and neuroimaging techniques, among 
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others, they have made remarkable contributions to improve the 
characterization, assessment, diagnosis, and treatment of 
neurodegenerative conditions, including AD, bvFTD, and Parkinson’s 
disease. They have contributed to a better understanding of memory 
and other cognitive and sociocognitive domains in healthy adults and 
persons with dementia. In addition, they have characterized different 
genetic variants associated with dementia in Latin America, created 
and validated neuropsychological tests with local utility, led 
prevention initiatives, and developed recommendations for 
assessment and intervention in dementia targeting professionals, 
caregivers, and policy makers. Their work proves critical for the 
development of strategies to reduce the burden of dementia with local 
impact in a global context.

The barriers faced by women included in this article along their 
career are not essentially different from those reported in the literature. 
Struggles with work-life balance, childcare duties, expectations of 
traditional female roles, prejudice, discrimination, and difficulty in 
securing funding were recognized as disproportionally affecting them 
compared to men, as previously acknowledged by Latin American 
neuroscientists (Silva et al., 2021, 2022). Taken together, these barriers 
represent a “glass ceiling” that unequally makes harder for women to 
advance their careers (Cotter et al., 2001).

While much has been written about barriers of women in science, 
less is known about opportunities from the perspective of the persons 
involved. When asked to identify opportunities during their careers that 
empowered and energized them to stay on track, women surveyed for 

this article mainly mentioned: (1) working with female scientists that 
inspired them, (2) belonging to supportive networks that allowed them 
to overcome economic resources’ limitations, (3) securing funding/
awards specifically tailored to women from middle-and low-income 
countries, and (4) being aware of increased visibility of the gender gap 
and actions toward reducing it at the national and international sphere. 
Thus, despite barriers, positive female role models, networking, and the 
development of policies and programs aimed at increasing women in 
science, in particular from underrepresented backgrounds, are 
identified as opportunities to change.

Regardless of the discipline, promoting the engagement and 
retention of women in science requires systemic changes at different 
levels, including individual (e.g., education, bias awareness), 
institutional (e.g., fair promotion and family leave policies), and 
cultural/societal (e.g., reduction of explicit and implicit prejudice, 
legislations) dimensions. While a comprehensive proposal of solutions 
is beyond the scope of this work and can be found elsewhere (Schrouff 
et al., 2019; Llorens et al., 2021; Sibener et al., 2022; Silva et al., 2022). 
Table 1 summarizes some potential solutions and resources to address 
the main barriers and opportunities that were identified by women 
surveyed here.

We specifically highlight the need to perform a systematic 
assessment of the gender gap in the Latin American dementia 
community of researchers. Recent reports from the Interamerican 
Development Bank (López-Bassols et al., 2018) and the Latin America 
Regional Committee of International Brain Research Organization 

TABLE 1 Potential solutions and resources to address gender-related barriers and opportunities identified in the present work.

Barriers Potential solutions

Struggles with work-life balance and 

childcare duties

 • Institutions should consider maintaining a flexible and family-friendly work schedule and subsume childcare expenditures 

during work-related travel.

 • Institutions and conference organizers could provide free or affordable childcare options/lactation rooms.

 • Funding agencies and reviewers should take into account parenthood and care-related delays in the academic career when 

assessing candidates for a job, a grant, or an award (e.g., “stop the clock” policies).

Expectations of traditional female 

roles, prejudice, and discrimination

 • All individuals should educate themselves regarding biases, stereotypes and prejudices, evaluate their own behavior, and be an 

active bystander against discrimination and harassment.

 • Institutions should consider offering regular (un)conscious bias training workshops for employers and employees.

 • Conference organizers should guarantee a balanced speaker’s gender ratio.

 • Institutions and conference organizers should adopt zero-tolerance policies for discrimination, harassment, and abuse, and a 

code of conduct with clear consequences for such behaviors.

Difficulty in securing funding  • Authors and scientific journals should balance gender in references’ lists to allow for more equitative academic success metrics.

 • Funding agencies and institutions should guarantee gender balance among reviewers, editorial panels, and awardees as well as 

double-blind review processes.

 • Institutions could actively outreach, suggest, and support applications for grants or promotions from female scientists.

Opportunities Resources

Positive female role models and 

networking

 • Repositories such as Women in science, Anne’s list, and 500 Women Scientists feature female neuroscientists, allowing them to 

gain visibility.

 • Networking initiatives such as the Alliance of Women Alzheimer’s Researchers (AWARE) hosted by the Alzheimer’s Association 

connect female researchers.

Funding/awards specifically tailored to 

women from middle-and low-income 

countries

 • The International Brain Research Organization (IBRO), the Society for Neuroscience (SfN), and the ALBA network offer 

tailored funding programs.

Visibility of the gender gap  • Initiatives such as BiasWatchNeuro (a website that tracks gender diversity in neuroscience conferences), public reports of grant 

success rates by gender, and the use of “Inclusion and diversity statement” in manuscripts allow to oversight gender (im)balance 

in science.
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(IBRO LARC) and the Economic Commission for Latin America and 
the Caribbean (ECLAC) (Tomassini et al., 2020) offer an analysis of 
the gender imbalance in (neuro)science, technology, and innovation 
across the region. However, women’s situation specifically in the field 
of dementia research remains unexplored. Thus, additional work 
should be  performed to systematically explore the participation, 
barriers, and opportunities of Latin American women researchers on 
dementia. Quantitative gender measures are needed to develop 
interventions aimed at reducing the gap and monitoring their impact.

The list of women featured in the present Perspective by no means 
intends to be exhaustive and we acknowledge that it is not representative 
of the entire Latin American research landscape on dementia. It consists 
of a selective sample from the authors’ networks in Argentina, Chile, 
and Colombia as a recognition of all colleagues from Latin America 
who are devoting their careers to advance dementia research in the 
region. We also acknowledge that additional disparities might contribute 
to women’s challenges in science, such as sexual orientation, ethnicity, 
religion, and socioeconomic status, among others, which need to 
be further examined in the Latin American context. We hope this work 
will inspire others and serve as a starting point to address these critical 
issues. Gender diversity and equity in research are critical to the global 
and local effort to tackle dementia.
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More women have Alzheimer disease (AD) than men, but the reasons for this 
phenomenon are still unknown. Including women in clinical research and studying 
their biology is key to understand not just their increased risk but also their 
resilience against the disease. In this sense, women are more affected by AD than 
men, but their reserve or resilience mechanisms might delay symptom onset. The 
aim of this review was to explore what is known about mechanisms underlying 
women’s risk and resilience in AD and identify emerging themes in this area that 
merit further research. We  conducted a review of studies analyzing molecular 
mechanisms that may induce neuroplasticity in women, as well as cognitive and 
brain reserve. We also analyzed how the loss of steroid hormones in aging may 
be linked to AD. We included empirical studies with human and animal models, 
literature reviews as well as meta-analyses. Our search identified the importance 
of 17-b-estradiol (E2) as a mechanism driving cognitive and brain reserve in 
women. More broadly, our analysis revealed the following emerging perspectives: 
(1) the importance of steroid hormones and their effects on both neurons and 
glia for the study of risk and resilience in AD, (2) E2’s crucial role in women’s brain 
reserve, (3) women’s verbal memory advantage as a cognitive reserve factor, and 
(4) E2’s potential role in linguistic experiences such as multilingualism and hearing 
loss. Future directions for research include analyzing the reserve mechanisms of 
steroid hormones on neuronal and glial plasticity, as well as identifying the links 
between steroid hormone loss in aging and risk for AD.

KEYWORDS

steroid hormones, resilience, Alzheimer’s disease, macroglia, microglia, BDNF, plasticity, 
verbal memory

1. Introduction

Although abundant research has documented sex disparities in Alzheimer’s disease (AD; 
World Health Organization, 2021), the sources of these sex differences remain disputed. Women 
live longer than men and this has been suggested as one of the reasons. Indeed, old age is the 
most common risk factor for AD, but age alone cannot explain the fact that two-thirds of the 
AD global cases are women (Snyder et al., 2016). There are likely other factors involved such as 
sex chromosomes, steroid hormones, brain structure differences, and varying life experiences. 
Moreover, there are several forms of AD, and they may affect women and men differently 
(Snyder et  al., 2016). AD can be  classified into early (≤65 years) or late, familial-sporadic 
(>65 years) onset. Early onset AD is rare (only 5% of all AD cases) and has a genetic background. 
Late onset AD represents most AD cases and has a less clear background (Bekris et al., 2010).
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Consider the first case of AD identified which we would now call 
early onset – that of a 51-year-old woman named Auguste Deter. In 
1906, Dr. Alois Alzheimer noticed that Auguste had abnormal 
behaviors such as short-term amnestic problems, disorientation, and 
dysphasia. He diagnosed the case as ‘presenile dementia’ and later 
brain biopsy showed senile plaques, neurofibrillary tangles, and 
atherosclerotic alteration. Since then, numerous studies have 
confirmed this constellation of signs as AD and the disease has 
become one of the most intractable, worldwide problems in medicine. 
AD is complex, there are different subgroups throughout the lifespan 
(Lima et al., 2022), and its trajectory and phenotypes are typically 
influenced by multiple pathological processes such as 
α-synucleinopathologies, vascular pathology, non-AD-tauopathies, 
etc. (Dubois et  al., 2021). Despite its complexity, it is crucial to 
understand sex differences because biological sex may have a 
distinctive role in the cause and trajectory of AD.

In this respect, postmortem studies have shown that women have 
more severe neurodegeneration than men (Filon et al., 2016); and 
transgenic animal models of AD-like brain amyloidosis have found 
that female mice have increased plaque load burden and higher levels 
of soluble and insoluble Aβ40/Aβ42 than age-matched males 
(Callahan et  al., 2001). In humans, it was initially thought that 
apolipoprotein ε4 (APOE ε4) may place women at higher risk than it 
does men (Altmann et al., 2014). However, a meta-analysis with data 
on nearly 60.000 participants revealed that only women with APOE 
ε4 who are younger than 55 are at increased risk of developing AD 
(Neu et al., 2017). Recent evidence suggests that sex differences in AD 
may be more strongly related to regional tau pathology (Buckley et al., 
2020) with a longitudinal PET study revealing that women have an 
increased accumulation rate of tau pathology, even when adjusting for 
baseline tau load (Smith et al., 2020). These findings demonstrate that 
clinical research needs to explore sex differences in order to discover 
specific pathways to AD (e.g., AD tauopathies vs. non-tauopathies, 
early vs. late onset, etc.).

Indeed, these studies have focused on only some of the theories 
that explain the cause of AD such as beta amyloid and tau, but female 
sex has a crucial role in most theories about AD. For instance, the 
mitochondrial cascade hypothesis posits that mitochondrial DNA 
(mtDNA) affects a person’s risk of AD (Swerdlow et al., 2014), in this 
case mothers would have a bigger contribution to risk in their 
offspring, as mtDNA is maternally inherited. Moreover, estradiol loss 
due to menopause leads to a reduced mitochondrial function (Scheyer 
et al., 2018); which in turn may lead to cognitive impairment (van der 
Windt et al., 2012). Alternatively, AD may be  the result of mixed 
disease pathology given multiple co-pathologies are present in AD 
patients. A typical AD co-pathology is vascular (Pasquier et al., 1998) 
as neurovascular dysfunction contributes to cognitive decline 
(Tarantini et  al., 2017). Importantly, neurovascular function is 
influenced by gonadal hormones (Honarpisheh and McCullough, 
2019); in particular, E2 improves blood flow (Collins et al., 1995). In 
this sense, the decrease in E2 production at menopause is a known 
risk factor for women’s cardiovascular disease (Vogel et al., 2021). 
Moreover, the presynaptic protein α-synuclein (αSyn), mainly 
associated with synucleinopathies may be  involved in the 
pathophysiology of AD. For instance, dementia with Lewy bodies 
(DLB) is one of the disorders referred to as a-synucleinopathies and, 
while the disease is more prevalent in men (Kane et al., 2018), once 
manifested, it has a more aggressive course in women (Van de Beek 

et al., 2020). Post-mortem examinations reveal that women generally 
present mixed pathology (DLB + AD) while men show ‘pure’ DLB 
pathology (Barnes et al., 2019; Van de Beek et al., 2020).

If there are possible sex differences in risk, cause, and trajectory of 
AD, it is intuitive that there might also be  sex differences in 
resilience–a general term used to refer to several mechanisms that 
increase reserve and maintain function in the face of AD pathology 
(Stern et  al., 2020). There is both cognitive and brain reserve. 
Individuals with high cognitive reserve show better than expected 
cognitive performance given the degree of pathology (Stern, 2002). 
Brain reserve is the neurobiological state of the brain, such as number 
of neurons. It can be measured by the connectivity, response, and 
structural integrity of key brain areas like the hippocampus. Brain 
maintenance, another type of resilience, refers to reduced age-related 
brain changes over time based on biological factors or lifestyle; factors 
that lead to brain maintenance can add to brain reserve (Stern et al., 
2020). Since women live longer than men, it is important to consider 
these resilience mechanisms that are also involved in women’s aging. 
Specifically, there might be  sex differences in resilience related to 
steroid hormones and sex chromosomes. For instance, a second X 
chromosome may offer resilience to women (Davis et al., 2020) and 
steroid hormones might also influence plasticity (Jacobs and 
Goldstein, 2018) shaping women’s cognitive and brain reserve.

The first report of resilience, while it did not analyze data by sex, 
was a study with a cohort that was 81% women. The authors examined 
post-mortem brains of 137 older adults and found extensive AD 
pathology in some of these patients, but also greater number of 
neurons, and higher brain weight when compared to age matched 
controls (Katzman et al., 1988). When considering this study from the 
perspective of brain reserve, one can imagine that these patients might 
have had some resilience mechanism that helped them to avoid 
neuron loss. An example of cognitive reserve comes from one of the 
most famous longitudinal studies of aging, a cohort of all women 
(Snowdon, 1997). The authors studied the written autobiographies of 
678 novitiate nuns from the Notre Dame congregation, using linguistic 
density (ability to produce complex human communication) to 
predict resilience. The results showed that early life texts lacking 
linguistic density were correlated with increased late-life AD. This was 
one of the first studies using verbal processing to measure resilience. 
Nowadays, a verbal advantage is suggested as a form of cognitive 
reserve in women (Sundermann et  al., 2016), but the underlying 
mechanisms are still not clear.

The purpose of the present review is to explore the possible 
mechanisms underlying risk and resilience in women especially as 
they might be mediated by steroid hormones. Note that we limited our 
searches to studies considering biological sex. The Canadian Institute 
of health research (CIHR) defines sex as female or male but 
recognizing variation in the biological aspects that comprise sex and 
how those aspects are expressed. Gender, on the other hand, refers to 
the socially constructed roles, behaviors, and expressions of gender 
diverse people. In this manuscript, we focus on sex instead of gender 
because we review articles that have investigated biological aspects 
(e.g., sex hormones, chromosomes) related to risk and resilience. First, 
we review the role of steroid hormones loss in aging as risk factor for 
AD. Then, we review the evidence that steroid hormones play a role 
in the plasticity of neuronal as well as nonneuronal brain cells 
considering plasticity’s contribution to resilience. We also focus on 
other possible factors that may further confer cognitive and brain 
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reserve against AD in women. Finally, we highlight existing gaps in 
the literature, and new avenues for future research.

2. Literature search

We undertook a wide search of the literature in order to 
understand the interconnectedness of steroid hormones, risk for AD, 
plasticity, and resilience. To do this, we used a combination of all the 
following key words or phrases for the search: aging, AD, brain 
plasticity, steroid hormones, sex differences, glial cells, estrogens, 
estradiol, estrogen replacement therapy, cognitive reserve, brain 
reserve, verbal memory in women, and linguistic experience. Main 
searches were conducted using PubMed, and PsychINFO databases. 
A manual search of the reference lists of included studies was also 
used to identify relevant articles–Google Scholar was used for these 
specific searches. Articles published between 1990 and April 2023 
were included. We  included articles starting in 1990 because the 
National Institutes of Health (NIH) Revitalization Act that required 
the inclusion of women in NIH-funded clinical research was done in 
1993.We conducted a synthetic review of the literature and followed 
PRISMA guidelines for the selection of articles. We then organized 
articles into themes and subthemes to make results clearer. This 
combined approach allows for the integration of many different types 
of articles, the creation of new theoretical perspectives, the 
identification of gaps in the literature and the implementation of 
rigorous methodology for the selection of articles. Thus, we included 
empirical studies with human and animal models, literature reviews 
as well as meta-analyses to enhance our knowledge of the literature 
and be able to identify new emerging perspectives. Inclusion criteria 
were: 1990 and later, articles that were written in English. Exclusion 
criteria were: articles primarily focused on neurodegenerative diseases 
other than AD (e.g., Huntington), neuronal or nonneuronal 
associations with dementias other than AD, and studies focusing on 
gender instead of biological sex. We also excluded gray literature such 
as theses or conference proceedings. Initially, a total of 4,808 articles 
were identified as potentially relevant, but after screening only 158 full 
articles were selected (see Figure  1). Note that we  also drew on 
foundational papers that were not part of the search – such as Hebb 
(1949)–but that formed the conceptual foundation of our questions. 
Where these are used, they are marked with + to designate that they 
were not part of the search. Moreover, our search led to the referencing 
of other disorders – such as fronto-temporal dementia (FTD); strictly 
speaking these are not part of the results but we do address them in 
the discussion.

We extracted data for all 158 studies. We then entered these data 
into an Excel file with the following headers: data source, study title, 
methods and main findings. Based on the full-article texts, the articles 
were divided into 2 categories: (1) Steroid hormone effects on 
neuronal/glial cells and risk for AD, and (2) Resilience in women. 
These categories were not mutually exclusive–meaning that articles 
addressing risk could also address resilience. We further evaluated 
articles in each category and identified main themes. To do this, 
we looked for ideas discussed across and in most articles. Thus, each 
article was assigned to at least one of the following main themes: (a) 
the positive or negative effect of steroid hormones on neurons, (b) the 
positive or negative effect of steroid hormones on glia, (c) 
neuroplasticity, steroid hormones and brain reserve, (d) verbal 

cognitive reserve, (e) sex differences and linguistic experience 
(Figure  2). A narrative synthesis method was used to describe 
the results.

3. Results

3.1. Steroid hormone effects on neuronal/
glial cells and risk for AD

The average adult brain contains approximately 100 billion cells 
including neurons and glia cells (nonneuronal). Both neurons and glia 
are influenced by progesterone, estrogens, and androgens 
(testosterone) (Chowen and Garcia-Segura, 2021). These steroid 
hormones modulate neural activity, synaptic plasticity, growth factor 
expression, neuronal survival (Pike et  al., 2009), and cognition 
(Sherwin, 1997; Boyle et al., 2021). Steroid hormones also interact 
with certain genes located on the X and the Y chromosomes 
(Raznahan and Disteche, 2021), and they affect glial cells (Mellon and 
Vaudry, 2001; Garcia-Ovejero et al., 2005). Recent evidence indicates 
that steroid hormones may protect the brain against AD pathology 
(Pike et al., 2009; Vegeto et al., 2020); and thus may explain the sex 
differences in AD (Einstein, 1999; Nebel et al., 2018; Vegeto et al., 
2020; Guo et al., 2022). However, most of the evidence comes from 
studies analyzing steroid action on neurons, showing sex specific 
patterns of disease manifestation and differences in the rates of 
cognitive decline and pathology (for a review see Ferretti et al., 2018). 
The question of how glia cells contribute to sex differences in AD is 
less clear. The focus of this section is to review what is known about 
the impact of steroid hormones at the cellular level in both neurons 
and glia to better understand how they might contribute to sex 
differences in risk for AD.

3.1.1. The positive or negative effect of steroids 
hormones on neurons

Estrogens (estradiol, estriol and estrone), pregnanes (progesterone 
and allopregnanolone) and androgens (testosterone and 
dihydrotestosterone) are steroidal hormones produced by the gonads, 
adrenal glands and other tissues; perhaps most importantly, the brain 
(Ruiz-Cortés, 2012). All steroid hormones are present in both 
biological sexes, but at different levels (Miller et al., 2017). There are 
multiple and different receptors for estrogens (ER, subtypes α and β), 
progesterone (PRs, subtypes A and B), and androgens (AR). These 
receptor’s interaction with steroid hormones can affect the nervous 
system directly or indirectly(Ruiz-Cortés, 2012).

For the most part, research exploring the mechanisms underlying 
sex differences in AD have focused on the effects of E2 on neurons. 
For instance, in an animal study, Miranda et al. (1999) showed sex 
differences in estrogen deprivation on aged rodent dentate granule 
cells. The authors deprived and restored estrogens to young and old 
gonadectomized female and male rats and explored whether the 
secretion of gonadal steroids led to morphological changes to neurons 
in the hippocampus–an important brain region for memory and 
learning and affected early in AD (Mielke et al., 2012). Results showed 
that dentate granule cells of estradiol-deprived female rats had lower 
spine density than that of testosterone-deprived males or young 
females with short term estrogen deprivation. Similar effects were 
reported in female macaques after surgical menopause, showing spine 
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density loss in multiple cortical regions including hippocampal CA1 
neurons (Dumitriu et al., 2010). In humans, steroid patterns were 
reported for postmenopausal women in a study exploring the effects 
of estrogen in AD. In this case, the authors studied estrogen use in a 
cohort of 1,124 elderly women in a longitudinal study of aging. E2 use 
was associated with a delay in the onset as well as a lower risk for AD 
(Tang et al., 1996). However, the question of hormone replacement 
therapy (HRT) for older women and in AD is a controversial one. The 
hypothesis behind this question is that the use of exogenous hormones 
(e.g., E2) may ameliorate cognitive decline in menopause. The 
question has critical implications for clinical treatment but human 
research has reported mixed findings.

Several studies replicated the findings by Tang et al. (1996) using 
prospective approaches (Baldereschi et al., 1998; Jacobs et al., 1998; 
Zandi et al., 2002; Shao et al., 2012), cross-sectional (Steffens et al., 
1999; Lau et al., 2010), and case control studies (Henderson et al., 
1994, 2005). Indeed, a recent meta-analysis including studies using 
different approaches (prospective, retrospective, etc.) confirmed the 
benefits of postmenopausal use of E2 and concluded that it 
significantly decreased the risk of onset and/or development of AD 
(Song et al., 2020). This meta-analysis; however, did not include the 
largest randomized clinical trial linking HRT to AD which found the 
opposite effect. The Women’s Health Initiative (WHI; Shumaker 
et  al., 2003) was a complex study exploring strategies for the 
prevention of heart diseases in postmenopausal women. In brief, the 

results showed that HRT did not benefit and might even 
be detrimental with respect to heart disease, stroke, blood clots, 
breast cancer and cognitive decline. Notably, the Women’s Health 
Initiative Memory Study (WHIMS; Shumaker et al., 1998, 2004) 
replicated these findings–specifically for cognition. Taken together, 
these studies led to ceasing recommending conjugated equine 
estrogens (CEE) plus medroxyprogesterone acetate (MPA) to 
postmenopausal women. Debate about the methodology and cohort 
of the WHI and its ancillary studies (WHIMS) suggested that these 
studies were not assessing prevention as most of the women included 
in the cohort were many years past menopause (Lobo, 2013). The 
question of the benefits of estrogen replacement therapy (ERT as 
opposed to CEE) still needs answering because E2 loss after 
menopause has been correlated with cognitive decline and hence, 
risk for AD. Also, the question of when hormone replacement begins 
is important. A recent study found that earlier age at menopause and 
late initiation of HRT were significantly associated with increased 
regional tau in the context of high β-amyloid (Coughlan et al., 2023). 
If women began HRT exactly at the onset of menopause, they did 
not have higher tau proteins in the brain. However, AD markers 
were elevated if they delayed the treatment to more than 5 years 
after menopause.

The possible positive effects of estrogens can also be studied in 
women who have had bilateral salpingo-oophorectomy (BSO) which 
leads to a rapid and deep decrease level of E2; they show increased risk 

FIGURE 1

PRISMA flow diagram of the study selection process. The diagram describes all articles included in section 3.
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of cognitive impairment in late life (Rocca et al., 2007) as well as up to 
5 years post-BSO (Gervais et al., 2020), sleep disturbances (Kaunitz 
et al., 2021), and increased inflammation (Au et al., 2016). Women 
who underwent BSO before 50 years old have shown smaller amygdala 
volumes, thinner parahippocampal-entorhinal cortices, and lower 
entorhinal white matter fractional anisotropy values than women who 
kept their ovaries (Zeydan et al., 2019). Women with BSO before 
spontaneous menopause also have an increased risk of MCI and 
decreased performance on global cognition, attention, executive 
functions, and short Mental status test (Rocca et al., 2021). Taken 
together, these findings show that early life BSO is a risk factor for AD 
which highlights the importance of understanding the unique effects 
of each menopause and steroid hormones loss (Edwards et al., 2019). 
There is a more generally acknowledged importance of E2 production 
in staving off cognitive decline and eventual AD (Pike, 1999; Koski 
et al., 2004; Quinn et al., 2022) with proposed mechanisms including 
inducing and maintaining hippocampal spine density (Woolley and 
McEwen, 1994; Miranda et al., 1999; Leranth et al., 2002; Wallace 
et al., 2006; Hajszan and Leranth, 2010; Bowman et al., 2015) as well 
as by controlling β-amyloid accumulation (Gandy and Petanceska, 
2000; Qin et al., 2020).

Progesterone as well as estrogens regulate brain-derived 
neurotrophic factor (BDNF) which influences survival, growth, and 
maintenance of neurons (Chan and Ye, 2017), and thus the effects of 
progesterone should also be studied. In animal studies, progesterone 
has been linked to the survival rate of newborn hippocampal neurons 
in rats (Deniselle et al., 2007). Progesterone also has a neuroprotective 
effect, but it seems to be  E2-dependent as it reduces E2-induced 
BDNF (Bimonte-Nelson et al., 2004). More specifically, long-term 

progesterone treatment in aged ovariectomized female rats has been 
found to block the beneficial effects of E2 on neurotrophic factor, 
nerve growth factor, and neurotrophin 3 (Bimonte-Nelson et  al., 
2004). Thus, the effects of progesterone on neurons should be carefully 
analyzed considering its interaction with estrogens. Indeed, the few 
studies that have been conducted in non-human animals indicate that 
progesterone alone may have some benefits on neuronal activity, but 
it may also have an antagonistic effect when combined with estrogens 
(Pike et al., 2009). Understanding the interaction between estrogens 
and progesterone is crucial because it may lead to a more accurate 
interpretation of research and clinical trials. For instance, the WHI 
trial mentioned above reported that CEE therapy leads to an increased 
risk of AD, but current empirical work suggests that interactions with 
progesterone may have obscured estrogen’s effects on AD in that study 
(Pike et al., 2009).

Testosterone is important to consider as it, too, may regulate 
BDNF (Gao et al., 2019). In non-human animals, androgens reduce 
neurite outgrowth (Zelleroth et al., 2021), but they may also promote 
neuron viability (Creta et  al., 2010), and offer protection against 
apoptosis in hippocampal neurons (Nguyen et al., 2010). Humans 
with prostate cancer treated by androgen deprivation have an 
increased risk for AD (Seruga and Tannock, 2008). Thus, androgens 
may also play a contributing role in supporting neurons against AD 
degeneration. In both women and men, low testosterone may increase 
the risk of AD. However, only a few studies have explored testosterone 
as an AD therapy; unsurprisingly, most of these studies are in men 
(Pike et al., 2009). To our knowledge, no study has explored the effects 
of testosterone therapy or its interaction with E2 therapy for AD 
in women.

FIGURE 2

Overview of the analytic process and the categories, themes and subthemes that emerged from the analysis.
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3.1.2. The positive or negative effect of steroid 
hormones on glia

Glial cells include macroglia (oligodendrocytes and astrocytes) 
and microglia; together these non-neuronal cells transport nutrients 
and carry out other metabolic processes, influence synaptic 
communication, protect neurons from oxidative stress, and modulate 
neuronal activity (Heneka et al., 2010; Chowen and Garcia-Segura, 
2021). In particular, oligodendrocytes provide insulation through the 
production of myelin, allowing for high-speed transmission of signals. 
They support and maintain the integrity of axons (Larson, 2018). 
Oligodendrocyte function depends on both astrocytes and microglia. 
Indeed, oligodendrocytes connect intracellularly with astrocytes to aid 
in the removal of myelin debris (Raff et  al., 1988). Astrocytes 
contribute to brain homeostasis, regulate synaptic plasticity, 
neurotransmission (Ferrer, 2017), and have long been considered 
crucial in sleep, and local blood flow (Ramon y Cajal, 1895; Howarth, 
2014). Microglia are considered “surveillance cells” and are in charge 
of maintaining brain homeostasis, protecting against disease and 
infection (Graeber and Streit, 2010). They regulate CNS processing 
both via their connections with astrocytes and by interacting with 
synapses (Wake et al., 2009). Microglia can be protective by clearing 
cellular debris or deleterious by driving inflammation depending on 
their state of activation and the influence of steroid hormones 
(Larson, 2018).

Glia cells are also linked with steroid hormones. Oligodendrocytes 
secrete progesterone, and astrocytes secrete progesterone, testosterone, 
and estradiol-among other steroids (Gago et al., 2001; Garcia-Ovejero 
et al., 2005). Microglia have receptors for some of these steroids and 
are thus steroid-sensitive (Garcia-Ovejero et  al., 2005). Recent 
evidence indicates that there might be more pronounced age-related 
changes in cell state, gene expression, and localization of glia cells than 
in neurons (Allen et al., 2023). Thus, the effects of steroid hormones 
on nonneuronal cells are of utmost importance to understand sex 
differences in aging. Sex differences in glia may affect the etiology of 
pathological conditions, and thus may also contribute to the possible 
sex differences in risk.

There are sex differences in macroglia. For instance, female 
rodents’ oligodendrocytes have a shorter lifespan than those in males 
but increased proliferation (Cerghet et al., 2006), and better migratory 
ability (Yasuda et  al., 2020). With respect to neurodegenerative 
disease, an analysis of 80,660 single-nucleus transcriptomes from the 
postmortem prefrontal cortex of 48 individuals with AD revealed that 
higher AD pathology correlated with more global transcriptional 
activation in male oligodendrocytes than in female. Indeed, female 
oligodendrocyte precursors exhibited a down-regulation shift in 
response to pathology, a pattern that was not found in male cells 
(Mathys et  al., 2019). These results offer new avenues to study 
myelination-related processes in AD pathogenesis. Given that E2 
promotes oligodendrocytes myelin protein survival (Takao et  al., 
2004), these findings suggest that E2 play an important role in 
maintaining women’s white matter. Sex differences have also been 
shown for astrocyte function, number, and morphology (Sofroniew 
and Vinters, 2010; Chowen and Garcia-Segura, 2021). In non-human 
animal models, astrocyte proliferation is higher in females than in 
males (Llorente et al., 2009). Notably, estrogens acting on astrogliosis 
may lead to neural regeneration (Le Prince et  al., 1993), and 
neuroprotection against AD (Liang et al., 2002). Progesterone may 
also provide neuroprotection against Aβ-induced neuroinflammation 

in astrocytes (Hong et al., 2016). A recent study has shown astrocytic 
dysfunction in AD (Serrano-Pozo et al., 2022), but the question of 
steroid hormones and sex differences related to astrocytes during AD 
awaits further research.

Microglial sex differences have been reported in number (Mouton 
et al., 2002), gene expression (Villa et al., 2019), and morphology 
(Lenz et al., 2013). Aging impacts microglia in that it affects gene 
expression and their reaction to stimulation (Chowen and Garcia-
Segura, 2021). Critically, microglia have been suggested as the 
predominant cell to target AD pathology (Hu et al., 2023) and female 
microglia may age faster (Olmedillas del Moral et al., 2020). Greater 
expression of inflammation-related transcripts of microglia has been 
found in aged females than in males (Mangold et al., 2017). Moreover, 
microglia may contribute to the higher AD risk associated with APOE 
ε4 in females (Stephen et al., 2019). In this respect, a recent study has 
shown an effect of APOEε4 on medial temporal microglial activation 
leading to AD progression, this effect was independent of Aβ plaques 
and tau tangles (Ferrari-Souza et al., 2023). The study controlled for 
sex, but did not look at sex differences. This is important because their 
cohort of cognitively impaired individuals was 78% women, while the 
MCI individuals were almost 70% men. Finally, it has also been 
suggested that microglia are vulnerable to death by ferroptosis-a type 
of cell death that involves iron-dependent lipid peroxide accumulation 
(Dixon et al., 2012). Ryan et al. (2023) hypothesized that ferroptosis 
in microglia may drive neurodegeneration. Using a novel tri-culture 
system to create neurons, astrocytes and microglia, the authors found 
that microglia were the most responsive to iron and that ferroptosis in 
response to iron overload had a unique transcriptional signature 
found in neurodegeneration. These results are important because they 
may explain crucial mechanisms underlying neurodegenerative 
diseases. Indeed, E2 depletion in women after menopause may result 
in significant transcriptomic changes related to inflammation (Sárvári 
et al., 2012), and thus steroid action on microglia may explain the 
possible sex differences in AD.

3.2. Resilience in women

The concept of resilience is used to explain inter-individual 
variability in the trajectories of cognitive decline and AD (Stern, 
2002). However, this term represents multiple concepts: cognitive 
reserve, brain reserve, compensation; and each of these concepts have 
different definitions. Here, we follow the current consensus framework 
and refer to resilience as a general concept that includes any term 
related to the ability of the brain to maintain cognition and function 
against normal or pathological aging (Stern et al., 2020). Following 
this approach, we  focus on cognitive reserve as the flexibility of 
cognitive processes in the face of normal aging or disease, and brain 
reserve as the neurobiological state of the brain at any point in time: 
number of neurons, synapses, white matter integrity, etc. (Stern 
et al., 2020).

Indeed, much attention has been devoted in the last decades to 
studying resilience against AD and arrive at a consensus definition, 
but little attention has been devoted to elucidating the resilience 
proxies for women (Subramaniapillai et  al., 2021) which might 
be different to those found in men. It is hypothesized that women may 
have had less access than men to some reserve-building factors such 
as education or work opportunities, and this, might in turn, lead to 
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less cognitive reserve (Subramaniapillai et al., 2021). However, steroid 
hormones like estrogens and progesterone may affect brain plasticity 
and, in this way, contribute to brain reserve. A verbal advantage is also 
generally reported in women compared to males–even in MCI 
(Sundermann et  al., 2016); thus, women’s verbal advantage can 
be considered a cognitive reserve proxy only among women. Crucially, 
the relationship between loss of estrogens and cognitive decline is a 
well-established phenomenon (Bove et al., 2014), and it may be the 
link needed to understand plasticity and resilience in older women.

3.2.1. Neuroplasticity, steroid hormones, and 
brain reserve

Neuroplasticity is the result of functional and molecular changes 
within the CNS due to either experience/learning, injury, disease, or 
cell death (Hebb, 1949; Fuchs and Flügge, 2014). Steroid hormones 
play an essential role in neuroplasticity because they evoke changes in 
neuronal excitability that may induce synaptic plasticity (Baudry et al., 
2013). Moreover, major hormonal shifts throughout the lifespan–
puberty, pregnancy, menopause, and aging–typically trigger 
neuroplastic processes (Been et al., 2022). Aging is characterized by 
gonadal functional loss and is accompanied by subtle cognitive decline 
and frailty. These fluctuations of steroid hormones due to aging occur 
in both men and women, but the fluctuations in men are a gradual 
process and occur slowly with advancing age (Morley, 2003). In 
women, changes are more sudden, profound, drastic, and variable. For 
instance, motherhood is a period marked by deep neuroplastic 
changes (Pawluski et  al., 2022; Orchard et  al., 2023). Similarly, 
menopause may induce plasticity and neural reorganization (Jacobs 
and Goldstein, 2018); but there are several types of menopauses with 
the ovarian cycle ceasing for varied reasons – aging, ovarian surgery, 
cancer treatment–and at different ages (Edwards et al., 2019). Thus, it 
is important to also consider the reasons for menopause to determine 
the extent to which it induces neural plasticity. Despite this variability, 
neural plasticity – including regions that mediate memory–seems to 
be a constant in the lifespan of women (Sheppard et al., 2019). In 
humans, E2 shapes memory circuits in women by promoting 
hippocampal plasticity (Jacobs and Goldstein, 2018); in non-human 
animals it is been shown to control hippocampal and prefrontal 
cortical (PFC) dendritic spine proliferation (Hara et al., 2015). Indeed, 
the different type of estrogens may affect neuroplasticity and cognition 
in different ways; they may modulate hippocampal plasticity via cell 
proliferation and this effect is dependent on type, time and dose 
(Barha and Galea, 2010). Low levels of E2 may lead to better 
performance on spatial working memory and contextual fear 
conditioning, while high levels may impair spatial working memory, 
spatial reference memory, and contextual fear conditioning. Estrone 
also seems to impair contextual fear conditioning (Barha et al., 2010).

E2 has also been related to women’s PFC neural efficiency. For 
instance, in healthy young women, optimal cortical dopamine (DA) 
activity was linked to overall reduced PFC activity. However, PFC 
activity enhanced with greater demands for cognitive control in 
accordance with the neural efficiency hypothesis (Jacobs and 
D’Esposito, 2011). Thus, E2 may enhance cortical dopamine activity 
and alter PFC-dependent cognitive functions such as spatial memory 
and executive function. Moreover, E2 may be linked to hippocampal 
neurogenesis (Sager et  al., 2018), essential to preserve cognition 
(Klempin and Kempermann, 2007). Importantly, in female rodents E2 
seems to modulate neurogenesis while in male rodents it is androgens 

(Yagi and Galea, 2019). In addition, repeated administration of E2 to 
female rodents was related to increased cell proliferation and 
decreased cell death in the dentate gyrus (Barker and Galea, 2008). A 
transgenic AD mouse model showed that perturbed neurogenesis may 
result in new neurons having hyperphosphorylated tau, reduced 
hippocampal circuitry, and cognitive deficits like those seen in AD 
(Hollands et al., 2017).

Microglia cells show the highest level of CNS plasticity (Augusto-
Oliveira et al., 2022). Of note, females have higher microglia density 
in the hippocampus during early development than males (Yanguas-
Casás, 2020). In menopause, E2 depletion has a significant impact on 
microglia which results in an increased inflammatory phenotype 
(Yanguas-Casás, 2020). Interestingly, a recent study has shown that 
resilience is highly heritable in both sexes, but there might be sex 
specific genetic drivers of resilience. Genetic predisposition toward 
resilience may be linked to less genetic risk for autoimmune conditions 
among females (Eissman et  al., 2022). In this sense, there is a 
dysregulation in immune response in AD pathogenesis, inflammatory 
process may play a primary role (Sardi et al., 2011), and E2 action in 
microglia may help elucidate the mechanisms underlying 
inflammation, AD and resilience in women.

The effects of progesterone on plasticity are not fully understood. 
Only a few studies have researched this question and the evidence 
shows contradictory results. One study showed that in CA1 slices 
from 4-week-old rats progesterone had no effect in long term 
potentiation (Ito et al., 1999), while others have shown an effect of 
progesterone on hippocampal synaptic transmission, likely mediated 
by GABAA receptors (Foy et al., 2008). Progesterone may influence 
synaptic plasticity (Baudry et al., 2013), but its effects in resilience 
against AD for women are yet to be explored. As noted previously, 
interpretation about the effects of progesterone should carefully 
consider E2 activity. With mitochondria as a new perspective on 
women and AD (Nilsen and Brinton, 2004), a mouse model exploring 
the effects of progesterone and E2 on mitochondrial function is 
important. One study showed progesterone and E2 in opposition; 
both steroids improve mitochondrial function when administered 
separately but attenuate it when replaced in combination (Irwin 
et al., 2008).

Similarly, testosterone has been related to synaptic plasticity (Jia 
et al., 2016) but sex differences in resilience related to testosterone 
have not been fully explored. Benefits for men have been reported at 
the cognitive level. High testosterone may result in better long-term 
memory in men than in women (Barrett-Connor et al., 1999) and its 
decrease in men has been linked to poor performance in visual and 
verbal memory as well as visuospatial processing (Moffat et al., 2002). 
Thus, testosterone may also induce lifelong plasticity. However, the 
role of testosterone in cognitive decline for old adult men is not clear. 
In elderly men with low-normal gonadal status, a comprehensive 
neuropsychological evaluation showed no effect of low-normal 
testosterone status on cognition (Haren et al., 2005). A resilience effect 
of testosterone in women has been reported when analyzed in 
conjunction with genetic profile. A study of the 172 participants (113 
men and 59 women) aged 55–90 years in the ADNI database showed 
that the effects of low testosterone are particularly detrimental to 
cognition in women who are APOE ε4carriers (Sundermann et al., 
2020). The cohort included 15% cognitively normal participants, 56% 
with MCI and 23% with AD. In this case, the authors studied separate 
and interactive effects of testosterone levels and APOE ε4 on 
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cerebrospinal fluid p-tau level. Sex difference in p-tau level was also 
considered before and after adjusting for testosterone. The results 
showed that women had higher p–tau levels than men among APOE 
ε4 carriers, and this difference was eliminated when adjusting for 
testosterone. Thus, testosterone may induce plasticity in both men and 
women. Moreover, it may be protective against p-tau among women 
who are APOE ε4 carriers. Importantly, women have typically less 
testosterone than men during the lifespan, and thus may be more at 
risk for AD due to higher levels of pathological Tau.

3.2.2. Verbal cognitive reserve
Women have a verbal memory advantage as they age and as noted, 

this lasts into the pre-AD stage of MCI (Sundermann et al., 2016). The 
reasons for this are still unknown, but verbal memory in women is 
highly dependent on steroid hormone levels. Women show variations 
in verbal processing during pregnancy (Glynn, 2010), postpartum (de 
Groot et al., 2006), and menopause (Schaafsma et al., 2010). Fine 
motor coordination and verbal fluency depend on stage of the ovarian 
cycle with women at the early follicular (low estrogen and 
progesterone) performing worse than those at midluteal (high 
estrogen and progesterone; Maki et  al., 2002). Mental rotation in 
women also depends on the menstrual cycle phase: mental rotation 
skills decreased during the midluteal phase but are on a par with men’s 
at early follicular (Hampson et al., 2014; Peragine et al., 2020). On the 
other hand, verbal fluency improves at high estradiol phases (Maki 
et al., 2002).

Verbal memory also improves in some postmenopausal women 
after taking estradiol hormone therapy (ET). Women taking estrogens 
had better verbal memory performance than those without (Kampen 
and Sherwin, 1994). This finding has been replicated in numerous 
studies (Sherwin, 1988; Jacobs et al., 1998; Wolf et al., 1999; Zec and 
Trivedi, 2002). Deficits in verbal memory are also reported in women 
after acute loss of ovarian function (Ryan et  al., 2014; Soni and 
Hogervorst, 2014), and these effects can also be reversed with ET 
(Phillips and Sherwin, 1992; Newton et al., 1996; Sherwin and Tulandi, 
1996; Craig et al., 2008). Similarly, verbal memory deficits have been 
reported in subjective cognitive decline which may lead to an 
increased risk for AD (Reuben et al., 2021). Attention and memory 
complaints of young women also vary across the menopausal 
transition. Data from 120 women who were either premenopausal, 
perimenopausal or postmenopausal showed attention complaints 
during perimenopause, and verbal memory problems directly related 
to SCD and menopause (Schaafsma et al., 2010). A study of SCD in a 
cohort of cognitively unimpaired individuals with autosomal-
dominant AD who will develop dementia revealed that the women 
reported more SCD than men, and among female mutation carriers 
SCD was associated with worse verbal memory (Martinez et al., 2022).

The complaints in verbal memory among older women may 
be related to the loss of estradiol during menopause. However, once 
pathological cognitive decline begins, verbal memory may act as a 
form of reserve in some women. In an analysis of 742 participants 
with normal cognitive aging (NC), and early mild cognitive 
impairment (eMCI), the relationship between biological sex, verbal 
memory, hippocampal volume (HV) and florbetapir PET (an agent 
used to bind amyloid plaques for the potential detection of AD) 
showed that women with NC had a robust verbal advantage even in 
the face of amyloid positivity. On the other hand, women in the eMCI 

group, only showed decreased verbal memory in the face of amyloid 
positivity. The authors interpreted this finding as a verbal memory 
advantage for women with earlier stages of AD, but not in a stage of 
prodromal AD (Caldwell et al., 2017). Similarly, women with low to 
moderate Aβ burden (but not high Aβ burden) had increased verbal 
memory while men did not. Interestingly, this effect was specific to 
MCI (Sundermann et al., 2018). The relationship between biological 
sex, tau and verbal memory was explored in two different databases 
(National Alzheimer’s Coordinating Center, and the Alzheimer’s 
Disease Neuroimaging initiative) which revealed that in both, women 
had higher verbal reserve and were able to maintain this verbal reserve 
in the face of greater tau pathology than men (Digma et al., 2020). 
More recently, an analysis of sex differences in verbal memory and the 
distribution of tau pathology in MCI and AD patients showed a strong 
association between left hemisphere tau and verbal memory mainly 
in women with MCI (Banks et al., 2021).

The left hippocampus has been related to verbal memory, while 
the right hippocampus to spatial memory (de Toledo-Morrell et al., 
2000). Both sides play a central role in the consolidation of memories 
and both suffer AD pathology. A study analyzing verbal memory in 
old adults found that the left hippocampal head may be the region 
directly associated with verbal memory (Hackert et al., 2002). E2 also 
modulates the metabolism of this as well as other brain regions 
(frontal, parietal, and temporal regions), and a few studies have shown 
that acute ovarian loss function may be  linked to a decreased 
activation in the left inferior frontal gyrus (LIFG) during verbal 
memory encoding (Craig et al., 2009). Taken together, it’s important 
to consider that the maintenance of skills associated with the 
hippocampus and PFC such as verbal memory may be  related to 
resilience in women.

3.2.3. Sex differences and linguistic experiences
Given that there might be women’s verbal advantage linked to 

estradiol, leading to cognitive reserve, it is essential to analyze different 
linguistic experiences and how they may provide resilience to 
cognitive aging. For instance, multilingualism has also been suggested 
as a cognitive reserve proxy (Bialystok et al., 2007). Multilinguals with 
dementia can tolerate greater brain atrophy than monolinguals with 
similar clinical dementia levels (Schweizer et al., 2012). This pattern 
has been confirmed worldwide (Klein et al., 2016), and in different 
stages of neurodegeneration such as MCI (Duncan et al., 2018), 
conversion from MCI to AD (Calvo et al., 2023), and AD (Chertkow 
et al., 2010). A study of sex differences in bilingual and monolingual 
healthy old adults using the Wisconsin card sort test (WCST) revealed 
that women had more cognitive decline than men, but their 
performance improved with bilingualism (Subramaniapillai et  al., 
2019). Although the authors did not relate their finding to reserve, 
these results suggest a relationship between biological sex and 
multilingualism that may affect resilience mechanisms. These results 
should be taken with caution as the authors did not measure steroid 
hormones which is crucial for an analysis of this relationship.

Hearing loss is another linguistic experience worth considering to 
understand sex differences in risk of AD and plasticity (Bruce et al., 
2019). Hearing impairment leads to problems in understanding 
spoken language and cognitive processing (Pichora-Fuller, 2003). Men 
are more affected by hearing loss than women in old age (Curhan 
et al., 2019) and recent studies indicate that estradiol may support the 
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auditory system (Reavis et al., 2023). Indeed, a study investigating 
hearing threshold during the menstrual cycle found that the highest 
threshold in women is when estradiol levels are at its highest level (Da 
Da Souza et al., 2017). Moreover, premenopausal women have shown 
better extended high frequency hearing than postmenopausal women 
(Zhang et al., 2018), which emphasizes the need to consider estradiol 
effects in hearing loss or deafness in the elderly.

4. Discussion

The first person diagnosed with AD was a woman and also some 
of the most significant reports of resilience were done in cohorts 
including mostly women (Katzman et  al., 1988; Snowdon, 1997). 
However, the higher risk of AD in women has only gradually come to 
recognition (Einstein, 1999). Historically, women have been excluded 
from clinical research because their biology was considered more 
complicated than that of men. This applied to both human and 
non-human animal research (Beery and Zucker, 2011; Shansky, 2019). 
In non-human animal models, female rats would typically be removed 
from experimentation because they were considered more “variable” 
and more expensive than males since they had to be tested at each 
stage of their estrous cycle. This assumption has been tested and 
refuted empirically (Prendergast et  al., 2014). Nonetheless, most 
animal models of AD continue excluding females from their research 
(Beery and Zucker, 2011). In humans, policies have been implemented 
to ensure that women are included in clinical research. This has led to 
an expansion of research about women’s health and sex differences in 
health and disease. Importantly, more women are now enrolled in 
randomized clinical trials for AD than males which makes the analysis 
of sex differences in AD more feasible. However, only 12.5% of 
published articles have reported sex-stratified results (Martinkova 
et al., 2021). Thus, the full possibilities of sex differences in etiology, 
progression, treatment response, risk, and resilience in AD remain 
unexplored. Addressing sex differences in risk and resilience for AD 
is crucial for advancing successful interventions for the majority of the 
sufferers. By including empirical studies, reviews and meta-analyses 
looking at the effects of steroid hormones on aspects of AD and 
resilience, the current review is one step in that direction.

4.1. Neuronal effects

Our literature review indicated that steroid hormones could affect 
the etiology and progression of AD. Animal studies showed that 
estrogen deprivation results in spine density loss in crucial regions 
such as the hippocampus. In humans, it has been suggested that use 
of estrogens may decrease cognitive decline in postmenopausal 
women. The issue of HRT in AD is a critical one that has suffered from 
a scientific paradigm shift. Current evidence shows that the question 
of when HRT begins is crucial. Future research should also explore the 
benefits of ERT instead of CEE as most of the current evidence 
indicates that E2 loss after menopause may lead to AD. Importantly, 
the effects of E2 in women who have had BSO is a unique window to 
understand risk and resilience mechanisms in midlife.

Moreover, estradiol’s effect on hippocampal plasticity and 
neurogenesis (Jacobs and Goldstein, 2018; Yagi and Galea, 2019) may 

shape cognitive reserve in functions such as verbal memory 
(Sundermann et al., 2016; Digma et al., 2020). Progesterone may also 
have a beneficial effect but these positive effects may be lost when 
combined with estrogens (Pike et al., 2009). Testosterone may play a 
role in neurodegeneration in males; however, it may have a crucial role 
in guarding against p-tau in women who are APOE ε4 carriers 
(Sundermann et al., 2018).

4.2. Non-neuronal effects

At the non-neuronal level, oligodendrocytes may aid resilience by 
protecting women’s white matter but the relationship with sex steroids 
has not yet been clarified. Astrocytes may depend on estradiol and 
progesterone for function and its presence may be related to resilience 
in AD (Liang et al., 2002; Serrano-Pozo et al., 2022), but no study has 
analyzed sex differences related to astrocytic function in AD. Microglia 
are more affected by aging in women than in men (Olmedillas del 
Moral et al., 2020). Microglia may also affect hippocampal neurogenesis 
(De Lucia et  al., 2016). A few studies suggest that microglia may 
be associated with APOE ε4 and higher risk for AD in women (Stephen 
et al., 2019). However, there is a dearth of studies that would illuminate 
the interaction of steroid hormones and microglia and its impact on 
microglial function in the etiology and progression of AD. This may 
be an important direction to pursue as inflammation is associated with 
AD, inflammation increases in menopausal women, and microglia play 
a role in brain inflammation. Thus, the effect of E2 decreases in 
microglia for postmenopausal women may help elucidate their role and 
the risks associated with inflammation in AD.

4.3. Factors leading to resilience

With regards to resilience, steroid hormones may impact both 
cognitive and brain reserve. For instance, verbal memory performance 
is one proxy of cognitive reserve for women. Brain regions crucial to 
verbal memory are the hippocampus, the PFC and the LIFG and they 
are all sensitive to E2. Indeed, E2 may be  related to the neural 
efficiency of verbal memory in women (Jacobs and D’Esposito, 2011). 
Conversely, E2 loss has been associated with decreased activation in 
the LIFG during verbal memory encoding (Craig et al., 2009) as well 
as decrements in executive function and spatial memory performance, 
mediated by the PFC. Understanding the role of verbal memory as a 
reserve factor in women is crucial because most of the 
neuropsychological tests used to diagnose AD involve verbal 
processing. If verbal memory is, indeed, a cognitive reserve factor in 
women, and women have preserved verbal function compared to 
men, more sensitive tools may be needed to diagnose AD in women. 
Moreover, multilingualism should be considered as this has also been 
suggested as a proxy for cognitive reserve. Verbal memory and 
multilingualism may have an additive effect on cognitive reserve for 
women, and thus multilingual women may, in fact, be diagnosed so 
long into the disease that neural degeneration has progressed long past 
rescue. Further research is needed to understand the complex 
relationship between verbal memory and bilingualism in resilience for 
women. Importantly, studies assessing this question should focus on 
E2 effects in multilingual women to truly address reserve mechanisms 
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in this cohort. Hearing loss is another linguistic experience that 
should be carefully considered. It seems to be more prevalent in men 
than in women (Curhan et al., 2019). Importantly, more men work in 
professions that affect hearing (e.g., armed forces; Thompson et al., 
2016) and there is some thought that E2 is beneficial for maintaining 
the auditory system (Reavis et al., 2023). However, only a few studies 
are starting to explore these associations.

The analysis of estradiol on different linguistic experiences leads 
to reflection about other disorders in which language is affected. For 
instance, some neurodegenerative diseases are marked by language 
disturbances and thus the effects of estradiol in linguistic processing 
are crucial to understand the cause and course of these diseases. 
Consider the language variant of frontotemporal dementia (FTD) or 
primary progressive aphasia (PPAs). PPAs are typically sub-classified 
according to different linguistic criteria (Gorno-Tempini et al., 2011): 
a non-fluent/agrammatic variant (naPPA), a semantic variant (svPPA), 
and a logopenic variant (lvPPA). Few recent studies indicate sex 
differences in FTD in that women may be more affected by PPAs than 
men (Pengo et al., 2022). Indeed, women may have greater reserve to 
face FTD (Illán-Gala et  al., 2021). However, to the best of our 
knowledge, no study has investigated estradiol effects in 
frontotemporal dementia. This is a critical new avenue to pursue as it 
may lead to the discovery of biomarkers that may help in the diagnosis 
and treatment of FTD as well as AD. It may also lead to the discovery 
of resilience mechanisms that are specific to FTD but not AD, and 
vice-versa.

4.4. Strengths and weaknesses

The strength of the current review is that it is synthetic, 
highlighting themes arising from the AD literature on the role of 
steroid hormones in AD mechanism as well as in risk and resilience. 
There are, however, some limitations. All women age and some 
experience severe drops in steroid hormone but only some of them 
get AD. The reasons for this are still unknown. It might be that AD 
pathology is dependent on levels of E2, years of E2 exposure or that 
E2 levels interacting with other biologically related variables – such 
as contraceptives, past hormone therapy, parity: affect AD 
pathology differently. Our review did not address this question, and 
future studies should include these variables to fully understand the 
role of E2 behind risk and resilience. Moreover, life circumstances 
such as access to education, complex occupation, high socio-
economic standing, and misogyny are social factors embedded in 
gender which may also affect biology and hence, the risk of 
AD. We  limited our question to biological sex and specifically 
pituitary-gonadal steroid hormone levels and thus, did not include 
studies analyzing the role of gender in AD. However, as noted, 
gender is crucial for the advancement of health equity. Another 
weakness is that we reviewed both human and non-human animal 
models and the ovarian cycle as well as menopause are different. 
Typically, women have a 30-day menstrual cycle and rodents have 
a 4–5-day estrous cycle. As well, rodents do not go into ‘menopause’; 
their aging ovarian state is either constant diestrous or constant 
estrous. Although the studies reviewed here suggest that E2 has a 
beneficial role in both humans and non-human animal modes, 
these differences in the estrous cycle and ovarian cessation should 
be considered carefully as they might have different impacts on 
cognitive decline.

5. Conclusion

Overall, the current review followed a synthetic approach to create 
a new theoretical perspective by rigorously analyzing patterns in the 
results of previous studies. We first explored new associations – steroid 
hormones, glia, AD–to identify how the loss of steroid hormones in 
aging may be  related to risk in AD. We  then investigated factors 
leading to AD resilience in women and identified new avenues for 
future research. Although more targeted studies are needed to 
understand these associations, the emerging themes summarized in 
this review highlight the importance of incorporating the analysis of 
steroid hormones in AD pathology. Specifically, the findings suggest 
that E2 loss after menopause may be  one of the reasons for the 
increased risk of AD in women. Conversely, adequate levels of E2 are 
related to the brain and cognitive reserve mechanisms that may both 
lead to women’s unique pathways toward resilience against AD. One 
of the features of AD is cell death and E2 prevents neuronal death. It 
also shapes hippocampal plasticity, modulates neurogenesis and 
promotes neural efficiency in the PFC. Studying the effects of E2 on 
multiple brain systems can help to elucidate the complex nature of 
women’s risk and resilience and allow for the study of different types 
of reserve–brain and cognitive–in healthy or pathological aging. It 
may also help to identify new biomarkers with which to elucidate the 
risk, cause, trajectory, and resilience of women to many 
neurodegenerative diseases.
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Introduction: Menopausal hormone therapy (MHT) is used to alleviate the 
symptoms associated with menopause, despite the lack of recommendations 
for MHT in preventing dementia. Recent nationwide studies have explored the 
association between MHT and dementia risk, but the findings remain limited. 
This study aims to investigate the association between MHT and the incidence 
of Alzheimer’s disease (AD) and non-AD dementia using national population data 
from Korea.

Methods: We conducted a retrospective study using data from the National 
Health Insurance Service in Korea between January 1, 2002, and December 31, 
2019. Women over 40  years were eligible for this study and classified into the MHT 
or non-MHT groups. The MHT group consisted of women who used Tibolone 
(TIB), combined estrogen plus progestin by the manufacturer (CEPM), estrogen, 
combined estrogen plus progestin by a physician (CEPP), and transdermal 
estrogen during menopause. We  compared the risk of dementia between the 
MHT and non-MHT groups.

Results: The study included 1,399,256 patients, of whom 387,477 were in the MHT 
group, and 1,011,779 were in the non-MHT group. The median duration of MHT 
was 23  months (range: 10–55  months). After adjusting for available confounders, 
we  found that different types of MHT had varying effects on the occurrence 
of dementia. TIB (HR 1.041, 95% confidence interval (CI) 1.01–1.072) and oral 
estrogen alone (HR 1.081, 95% CI 1.03–1.134) were associated with a higher risk 
of AD dementia. In contrast, there was no difference in the risk of AD dementia by 
CEPM (HR 0.975, 95% CI 0.93–1.019), CEPP (HR 1.131, 95% CI 0.997–1.283), and 
transdermal estrogen (HR 0.989, 95% CI 0.757–1.292) use. The use of TIB, CEPM, 
and oral estrogen alone increased the risk of non-AD dementia (HR 1.335, 95% 
CI 1.303–1.368; HR 1.25, 95% CI 1.21–1.292; and HR 1.128, 95% CI 1.079–1.179; 
respectively), but there was no risk of non-AD dementia in the other MHT groups 
(CEPP and topical estrogen).

Conclusion: Our findings indicate that MHT has varying effects on the incidence 
of AD and non-AD dementia. Specifically, TIB, CEPM, and oral estrogen alone 
increase the risk of non-AD dementia, while transdermal estrogen is not 
associated with dementia risk. It is essential to consider the type of MHT used 
when assessing the risk of dementia in women.
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1. Introduction

Dementia is characterized by a decline in cognition involving 
one or more of the following cognitive domains: memory and 
learning, language, executive function, complex attention, or social 
cognition (McKhann et  al., 2011). The number of people with 
dementia worldwide was estimated at 47.47 million in 2015 and is 
expected to reach 135.46 million in 2050. Due to the increasing 
number of older adults, dementia and age-related cognitive disorders 
present a significant challenge for health services and an increasing 
global problem (Ferri et  al., 2005; Livingston et  al., 2020; Tam 
et al., 2021).

This trend seems more rapid in South Korea (hereafter Korea). 
Based on the government-led data, it is estimated that the number of 
people aged ≥65 years will reach 8.53 million in 2021 and is expected 
to exceed 12.98 million by 2030 and 19 million (accounting for 39.8% 
of the older adult population) by 2050 (Jang et al., 2021; Kim J.H. et al., 
2022). Additionally, the burden of dementia in Korea is an important 
issue and is expected to increase considerably, and the annual 
management cost per patient was approximately 20.72 million won in 
2019 (Kong and Park, 2022). The cost of managing dementia at the 
national level is estimated to be  16.5 trillion won (approximately 
0.86% of GDP), which is expected to increase to 63 trillion won by 
2040 (Park et al., 2013; Kong and Park, 2022).

Most studies have shown that women have a higher prevalence of 
dementia than men. This trend, which is generally explained by 
differences in sex hormones, education, and life expectancy, becomes 
more evident as age increases, because the prevalence of Alzheimer’s 
disease (AD) is higher in women aged >80 years than in men (Ferri 
et al., 2005; McKhann et al., 2011). These demographic characteristics 
suggest an anticipated increase in the burden of dementia in women. 
Identifying women at a higher risk of dementia and correcting 
modifiable risk factors are essential (Derreberry and Holroyd, 2019).

Menopausal hormone therapy (MHT), which is prescribed for 
postmenopausal women with moderate to severe menopausal 
vasomotor symptoms, is not recommended to prevent dementia (Lee 
et al., 2020; Pinkerton, 2020). Although some epidemiological and 
observational studies on MHT in aging women support the positive 
effects of estrogen on cognitive function (Imtiaz et al., 2017), data 
from the Women’s Health Initiative and extensive research have shown 
that estrogen replacement does not protect against dementia and may 
increase its risk (Shumaker et al., 2004; McCarrey and Resnick, 2015; 
Pinkerton, 2020). Tibolone (TIB) treatment, as an alternative to 
conventional hormone replacement therapy, has estrogenic, 
progestogenic, and androgenic effects (Huang et al., 2010). Although 
there are many protective actions for the nervous system, TIB is 
contraindicated in women with a history of breast cancer and may 
increase the risk of stroke (Modelska and Cummings, 2002; Formoso 
et al., 2016). Although the number of participants was small, a recent 
nationwide case–control study showed that TIB treatment increased 
the risk of AD in women older than 60 years (Savolainen-Peltonen 
et  al., 2019). Another nationwide study using Korean claims data 
suggested that TIB treatment did not significantly affect dementia risk 
aged in patients aged 50–80 years (Han et al., 2021). However, this 
study did not include possible confounders, such as the duration and 
initiation age of MHT. Furthermore, it did not adjust for various 
essential risk factors for dementia and gynecological factors, such as 
menstrual history, excessive alcohol intake, and physical activity.

Although recent nationwide studies have been conducted on the 
relationship between MHT and the risk of dementia, findings on this 
issue are limited. This study aimed to explore the risk of dementia and 
MHT using the Health Insurance Database of South Korea.

2. Materials and methods

2.1. Database

We conducted a retrospective study based on the national 
population by investigating data from the National Health Insurance 
Service (NHIS) in Korea from January 1, 2002, to December 31, 2019. 
Korea’s health insurance system was integrated into a single system 
operated by the National Health Insurance Corporation in 2000 
(Seong et  al., 2017; Noh et  al., 2019). Since the National Health 
Insurance covers most people living in Korea (about 51 million 
people), most disease health insurance information (age, sex, 
diagnostic name, surgical name, and prescription) can be checked, 
except for procedures not covered by insurance, such as plastic surgery 
(Kim et al., 2014; Noh et al., 2019). In addition, the NHIS recommends 
that employees and insured people aged ≥40 years undergo free 
cardiovascular health checkups every other year and that physical 
labor workers should be examined every year (Seong et al., 2017). 
Therefore, the NHIS provides additional health examination data for 
these people. Similarly, since the National Cancer Screening Program 
was introduced in 1999, all individuals at a certain age are given free 
gastric, liver, colon, breast, and cervical cancer screening every two 
years for all women aged >30 years (Yoo, 2008; Yun et  al., 2020; 
Bolormaa et al., 2022). The NHIS provides additional self-survey data 
on history and cancer examination results. The International 
Classification of Diseases, 10th revision (ICD-10) was used to record 
the diagnosis name, and surgery and procedures were confirmed 
using the Korean Health Insurance Medical Care Expenses (2012, 
2016, and 2019 versions) (Seong et al., 2017).

2.2. Selection of participants

Using a database of clinical records from 2002 to 2011, only 
women aged >40 years were eligible for this study, and participants 
were recruited into the MHT and non-MHT groups. The MHT group 
included patients prescribed at least one MHT between 2002 and 
2011, while the non-MHT group were those who underwent a 
national health examination at least once between January 1, 2002, 
and December 31, 2011, excluding those who received MHT between 
2002 and 2019. Participants with previous diagnostic codes for cancer 
(any Cxx), dementia (F00–03, G30–31), or Parkinson’s disease (G20) 
before the 180th day from the start date of the study were excluded. 
Women diagnosed with menopause in 2002 and those aged <40 years 
were also excluded (Figure 1).

2.3. Outcome

The term ‘AD dementia’ used in this study is a clinical diagnostic 
term of AD dementia based on the ICD-10 code. AD dementia was 
defined based on diagnostic ICD-10 codes (F00 or G30) and non-AD 
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dementia based on the codes (F01, F02, F03, G231, or G31), among 
patients who had visited three or more medical institutions. Total 
dementia (TD) was defined when the above two conditions 
are satisfied.

2.4. Variables

In this study, MHT during menopause refers to the use of TIB, 
combined estrogen plus progestin by the manufacturer (CEPM), 
estrogen, combined estrogen plus progestin by a physician (CEPP), 
and transdermal estrogen. A detailed list of the MHTs is provided in 
Supplementary Table S1. If it was confirmed that two or more MHTs 
were sequentially used, the last MHT used for more than 6 months 
was defined as the woman’s treatment. The reference date for collection 
of data such as age, parity, age at menarche, age at menopause, body 
mass index (BMI), socioeconomic status (SES), region of the clinic, 
Charlson Comorbidity Index (CCI), period from menopause to 
inclusion date, smoking status, alcohol consumption status, and 
physical exercise was the date of participation in the study. MHT 
initiation date was defined as the date on which the first MHT was 
prescribed. On the other hand, the examination date in the institutions 
was defined as the treatment start date for the non-MHT group. If the 
start date of treatment is not confirmed and only the year of 
examination is recorded, June 30 of the year of examination is defined 
as the initiation date. The date of death (or December 31, 2019) was 
defined as the last day without other events. BMI in this study was 
evaluated based on the criteria presented from an Asia-Pacific 
perspective (WHO expert consultation, 2004). Patients on Medicaid 
for medical insurance were categorized as having an SES. An urban 
area is defined as an area in which the administrative district is a large 
city (WHO expert consultation, 2004). We calculated CCI using the 
diagnosis codes evaluated at the medical institutions visited from 

1 year before the date of participation to the date of participation in 
the study (Quan et al., 2011). Current smokers were defined as those 
who smoked during our investigation. Never smokers and past 
smokers were defined as those who reported having smoked in their 
lifetime and those who reported having smoked but did not smoke 
during the study. Alcohol history was classified according to the 
weekly drinking frequency (None, ~2/week, 3 ~ 6/week, and daily). 
Physical exercise was classified according to the number of exercises 
performed for 30 min or more per week.

2.5. Statistical analyses

A two-sided test was performed for all statistics, and a value of p 
<0.05 was considered statistically significant. All continuous data are 
presented as median [25th and 75th percentile], and categorical data 
are expressed as total number (%). Cox proportional hazard regression 
analysis, with or without adjustment for confounders, was used to 
analyze the associations between the variables and dementia. The 
pairwise deletion method was used when values were missing. All 
statistical analyses were carried out using SAS Enterprise Guide 6.1 
(SAS Institute Inc.). To confirm the sensitivity analysis for evaluating 
the robustness of these results, we  analyzed only participants 
prescribed medications by an obstetrics and gynecology specialist.

2.6. Ethics statement

This study was approved by the Institutional Review Board of the 
Sanggye Paik Hospital (approval number: SGPAIK-2020-08-002). 
Following the NHIS’s information protection policy, this study 
removed individual-identifying variables that could only be analyzed 
using virtual servers within the NHIS. Therefore, this study was 

FIGURE 1

Flowchart for the selection of case–control according to MHT in Korea National Health Insurance Data, 2002–2019. MHT, menopausal hormone 
therapy.
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conducted retrospectively using data obtained for clinical purposes, 
and the researcher could secure only the results. Furthermore, because 
it is impossible to specify any individual in the data, no possible harm 
can be caused. Moreover, this study did not require informed consent 
from the participants according to the Bioethics and Safety Act of 
South Korea.

3. Results

3.1. Baseline characteristics

Of the 2,506,271 women who recorded menopause in the national 
health examination during the study period (2002–2011), we excluded 
those who had menopause in 2002 (washout period) and those under 
40 years old. Women with any cancer type, previous dementia, or 
Parkinsonian syndrome within 180 days after the health examination 
or after the first MHT prescription were also excluded. Finally, data 
from 1,399,256 patients were included in this study. Among them, 
387,477 were classified into the MHT group and 1,011,779 into the 
non-MHT group (Figure 1).

The baseline characteristics of the women according to MHT 
exposure status are summarized in Table  1. The most frequently 
prescribed MHT was TIB (195,476; median age: 52 years), followed by 
CEPM (130,246; median age: 53 years), oral estrogen alone (53,143; 
median age: 54 years), CEPP (6,531; median age: 54 years), and 
transdermal estrogen (2,081; median age: 53 years). The number of 
patients with TD was 96,853 (9.6%) in the non-MHT group, 13,372 
(6.8%) in the TIB group, 6,183 (4.7%) in the CEPM group, 3,696 (7%) 
in the oral estrogen alone group, 494 (7.6%) in the CEPP group, and 
115 (5.5%) in the transdermal estrogen group.

3.2. Women receiving menopausal 
hormone therapy

Overall, the median duration of MHT was 23 months (range: 
10–55 months). Only 23,145 (6%) women used hormone therapy for 
more than 10 years, whereas a shorter duration of MHT (shorter than 
5 years) was observed in 297,801 (76.9%) women. According to the 
gynecology and non-gynecology specialties, physicians prescribed 
hormone therapy to 149,498 (38.6%) and 237,979 (61.4%) women, 
respectively. The detailed characteristics of the women receiving MHT 
in this study are shown in Table 2.

3.3. Association of reproductive factors 
with dementia risk in women receiving 
MHT

The hazard ratio for the risk of dementia according to reproductive 
factors are shown in Supplementary Table S2. In a dose-dependent 
manner, increase in the incidence of TD was significantly associated 
with later age at menarche, later age at inclusion, low SES, rural area, 
high CCI, parity, late menopausal age, smoking, and a long period 
from menopause to inclusion (years). Compared with short duration 
(5–9 years) from menopause to inclusion (hazard ratio (HR) 1.413, 
95% confidence interval (CI) 1.379–1.448), long duration (10 years) 

was associated with a higher risk of TD (HR 2.165, 95% CI 2.103–
2.228). Similar patterns were observed for both patients with AD and 
non-AD dementia (Supplementary Table S2). Supplementary Table S3 
shows case/person-years of dementia according to the reproductive 
factors. Regardless of hormone type, there is an increased incidence 
of dementia with advanced age (60 ~ 69 years). Our findings also 
showed an increased risk of dementia with longer period from 
menopause to inclusion after menopause (<5 years versus >10 years).

3.4. Association MHT drug type and risk of 
dementia

In Table 3, an unadjusted analysis of dementia incidence showed 
that the incidence of TD was higher in the non-MHT group (9.6%) 
than in the MHT group (8.6%). After adjusting for available 
confounders, such as age group, age at menarche, age at menopause, 
BMI, SES, region, CCI, parity, period from menopause to inclusion, 
smoking status, alcohol consumption status, and physical exercise, 
we  found that different MHTs had varying effects on dementia 
occurrence. Figure 2 shows the risk of each dementia phenotype based 
on the MHT formulation. TIB (HR 1.041, 95% confidence interval 
(CI) 1.01–1.072) and oral estrogen alone (HR 1.081, 95% CI 1.03–
1.134) were associated with a higher risk of AD dementia. In contrast, 
there was no difference in the risk of AD dementia by CEPM (HR 
0.975, 95% CI 0.93–1.019), CEPP (HR 1.131, 95% CI 0.997–1.283), 
and transdermal estrogen (HR 0.989, 95% CI 0.757–1.292) use. The 
use of TIB, CEPM, and oral estrogen alone increased the risk of 
non-AD dementia (HR 1.335, 95% CI 1.303–1.368; HR 1.25, 95% CI 
1.21–1.292; and HR 1.128, 95% CI 1.079–1.179, respectively), but 
there was no risk of non-AD dementia in the other MHT groups 
(CEPP and topical estrogen). Similarly, TD risk increased in users of 
TIB (HR 1.212, 95% CI 1.188–1.236), CEPM (HR 1.137, 95% CI 1.11–
1.169), and oral estrogen alone (HR 1.092, 95% CI 1.054–1.13), but 
not in the other groups.

4. Discussion

We conducted a large cohort study of menopausal women 
undergoing MHT to determine the association between MHT use and 
the risk of dementia. Our study revealed that TIB and oral estrogen 
alone were associated with an increased risk of AD dementia. In 
contrast, CEPM, CEPP, and topical estrogen were not associated with 
an increased risk of AD dementia. In this analysis, the use of TIB, 
CEPM, and oral estrogen alone was found to be related to an increased 
risk of non-AD dementia and TD. However, topical estrogen was not 
associated with an increased risk of AD or non-AD dementia.

A few studies have reported neither the benefit nor the risk of MHT 
concerning AD, which begins later than 65 or more than 5 years after 
menopause. A recent study that assessed the risks of developing TD and 
AD in women exposed to different types of MHT for different durations 
also reported no increased risks of developing dementia overall 
(Vinogradova et al., 2021). Furthermore, a retrospective study using a 
10-year claims dataset found that MHT was associated with a reduced 
risk of all neurodegenerative diseases, including TD and AD (Kim et al., 
2021). However, most studies have suggested the potential and overall 
risks of MHT later in life concerning dementia, including AD. The most 
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TABLE 1 Baseline characteristics of women according to menopausal hormone exposure status at recruitment, Korea National Health Insurance Data, 
2002–2019.

Non-MHT TIB CEPM Oral Estrogen CEPP Transdermal 
estrogen

Total

Number of women 1,011,779 195,476 130,246 53,143 6,531 2,081 1,399,256

Median age (years) 53 [50–57] 52 [50–56] 53 [49–57] 54 [51–59] 54 [51–59] 53 [50–58] 58 [52–64]

Median follow-up 

period (years)
11.5 [9.5–13.5]

12.8 [10.5–

14.8]
11.9 [10.1–14.3] 13.9 [11.4–15.7]

13.8 [11.1–

15.9]
14.2 [12.2–15.7] 11.5 [9.5–13.5]

Age at inclusion (years)

  40 ~ 49 85,683 (8.5) 34,331 (17.6) 29,826 (22.9) 13,831 (26) 1,143 (17.5) 439 (21.1) 165,253 (11.8)

  50 ~ 59 493,744 (48.8) 128,026 (65.5) 86,702 (66.6) 29,760 (56) 3,850 (58.9) 1,271 (61.1) 743,353 (53.1)

  60 ~ 69 304,315 (34.4) 29,443 (15.4) 12,679 (9.8) 7,873 (15.3) 1,345 (21.2) 336 (16.4) 355,991 (28.2)

  70~ 128,037 (12.7) 3,676 (1.9) 1,039 (0.8) 1,679 (3.2) 193 (3) 35 (1.7) 134,659 (9.6)

Median BMI (kg/

m2)
24 [22.1–26.1]

23.5 [21.8–

25.4]
23.1 [21.5–25] 23.7 [22–25.7]

23.3 [21.6–

25.2]
23.7 [22–25.6] 23.8 [21.9–25.9]

BMI (kg/m2)

  <18.5 18,757 (1.9) 3,347 (1.7) 2,608 (2) 775 (1.5) 134 (2.1) 45 (2.2) 25,666 (1.9)

  18.5–22.9 340,070 (34.3) 78,531 (40.6) 58,556 (45.3) 19,491 (37) 2,696 (41.6) 768 (37.2) 500,112 (36.3)

  23–24.9 262,812 (26.5) 53,719 (27.7) 34,763 (26.9) 14,746 (28) 1,815 (28) 552 (26.7) 368,407 (26.8)

  25–29.9 328,197 (33.1) 53,116 (27.4) 30,852 (23.9) 15,912 (30.2) 1,689 (26.1) 641 (31.1) 430,407 (31.3)

  ≥30 43,002 (4.3) 4,909 (2.5) 2,557 (2) 1,786 (3.4) 142 (2.2) 58 (2.8) 52,454 (3.8)

SES

  Mid ~ high SES 970,198 (95.9) 188,565 (96.5) 126,981 (97.5) 51,674 (97.2) 6,365 (97.5) 2,021 (97.1) 1,345,804 (96.2)

  Low SES 41,581 (4.1) 6,911 (3.5) 3,265 (2.5) 1,469 (2.8) 166 (2.5) 60 (2.9) 53,452 (3.8)

Region

  Urban area 298,338 (29.5) 60,734 (31.1) 43,925 (33.7) 16,682 (31.4) 3,297 (50.5) 942 (45.3) 423,918 (30.3)

  Rural area 713,441 (70.5) 134,742 (68.9) 86,321 (66.3) 36,461 (68.6) 3,234 (49.5) 1,139 (54.7) 975,338 (69.7)

CCI

  0 664,370 (65.7) 132,453 (67.8) 91,893 (70.6) 36,856 (69.4) 4,498 (68.9) 1,351 (64.9) 931,421 (66.6)

  1 201,286 (19.9) 38,429 (19.7) 23,834 (18.3) 9,849 (18.5) 1,234 (18.9) 393 (18.9) 275,025 (19.7)

  ≥2 146,123 (14.4) 24,594 (12.6) 14,519 (11.1) 6,438 (12.1) 799 (12.2) 337 (16.2) 192,810 (13.8)

Parity (years)

  0 or not respond 165,454 (16.4) 30,289 (15.5) 16,242 (12.5) 11,153 (21) 1,285 (19.7) 455 (21.9) 224,878 (16.1)

  1 60,098 (5.9) 17,054 (8.7) 13,578 (10.4) 4,091 (7.7) 487 (7.5) 167 (8) 95,475 (6.8)

  2 664,541 (74.7) 130,455 (73.4) 90,873 (75.3) 32,657 (68.2) 4,091 (69.8) 1,251 (66.8) 923,868 (74.3)

  ≥3 121,686 (12) 17,678 (9) 9,553 (7.3) 5,242 (9.9) 668 (10.2) 208 (10) 155,035 (11.1)

Age at menarche (years)

  <13 157,857 (15.7) 28,371 (14.6) 18,522 (14.3) 9,752 (18.6) 1,212 (18.7) 387 (18.8) 216,101 (15.5)

  ≥13 849,189 (84.3) 165,588 (85.4) 110,982 (85.7) 42,709 (81.4) 5,264 (81.3) 1,669 (81.2) 1,175,401 (84.5)

Age at menopause (years)

  40–44 120,943 (12) 23,411 (12) 14,623 (11.2) 11,459 (21.6) 834 (12.8) 412 (19.8) 171,682 (12.3)

  45–49 291,724 (28.8) 63,608 (32.5) 43,607 (33.5) 18,852 (35.5) 2,095 (32.1) 751 (36.1) 420,637 (30.1)

  50–54 510,195 (55.3) 93,644 (51.8) 63,392 (52.1) 20,240 (40) 3,085 (51.3) 789 (40.4) 691,345 (53.9)

  55- 88,917 (8.8) 14,813 (7.6) 8,624 (6.6) 2,592 (4.9) 517 (7.9) 129 (6.2) 115,592 (8.3)

Smoking

  Never 923,518 (96.4) 176,371 (93.7) 117,896 (93.5) 48,550 (95) 6,019 (95.7) 1,907 (96.1) 1,274,261 (95.7)

  Past 9,755 (1) 3,223 (1.7) 2,320 (1.8) 713 (1.4) 82 (1.3) 32 (1.6) 16,125 (1.2)

(Continued)
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influential study, the Women’s Health Initiative Memory Study, reported 
a significantly increased TD risk for using conjugated equine estrogen 
(CEE) + medroxyprogesterone acetate and CEE alone (Shumaker et al., 
2003). Similar results were noted in the Kronos Early Estrogen 
Prevention Cognitive and Affective Ancillary Study (Gleason et al., 

2015). Early versus Late Intervention Trial with Estradiol-Cognitive 
Endpoints indicated no beneficial or harmful effects of MHT on 
dementia risk (Henderson, 2011; Henderson et al., 2016). Until recently, 
prescribing MHT purely for dementia prevention was not recommended 
in the absence of other clinical indications for MHT, such as vasomotor 

TABLE 1 (Continued)

Non-MHT TIB CEPM Oral Estrogen CEPP Transdermal 
estrogen

Total

  Current 25,047 (2.6) 8,560 (4.5) 5,902 (4.7) 1,852 (3.6) 189 (3) 45 (2.3) 41,595 (3.1)

Alcohol (per week)

  None 820,873 (85.3) 146,881 (77.5) 96,196 (75.8) 41,050 (79.7) 5,242 (82.7) 1,658 (82.4) 1,111,900 (83.1)

  ~2/week 120,759 (12.6) 36,109 (19.1) 26,181 (20.6) 9,095 (17.7) 968 (15.3) 312 (15.5) 193,424 (14.5)

  3 ~ 6/week 14,997 (1.6) 4,951 (2.6) 3,572 (2.8) 993 (1.9) 90 (1.4) 31 (1.5) 24,634 (1.9)

  Daily 5,380 (0.6) 1,519 (0.8) 924 (0.7) 385 (0.7) 40 (0.6) 10 (0.5) 8,258 (0.6)

Physical exercise (per week)

  None 631,239 (65.5) 112,640 (59.5) 76,031 (59.9) 30,716 (59.7) 3,624 (57.2) 1,057 (52.8) 855,307 (63.8)

  1 ~ 2 158,439 (16.4) 36,118 (19.1) 24,736 (19.5) 9,891 (19.2) 1,236 (19.5) 430 (21.5) 230,850 (17.2)

  3 ~ 4 87,866 (9.1) 21,741 (11.5) 14,821 (11.7) 5,713 (11.1) 813 (12.8) 297 (14.8) 131,251 (9.8)

  5 ~ 6 29,422 (3.1) 7,126 (3.8) 4,846 (3.8) 1,808 (3.5) 245 (3.9) 86 (4.3) 43,533 (3.2)

  Daily 56,610 (5.9) 11,713 (6.2) 6,466 (5.1) 3,358 (6.5) 417 (6.6) 132 (6.6) 78,696 (5.9)

Period from menopause to inclusion (years)

  <5 396,090 (39.1) 113,704 (58.2) 88,755 (68.1) 27,783 (52.3) 3,347 (51.2) 1,055 (50.7) 630,734 (45.1)

  5 ~ 9 212,604 (21) 44,936 (23) 25,830 (19.8) 13,287 (25) 1,568 (24) 546 (26.2) 298,771 (21.4)

  10~ 403,085 (39.8) 36,836 (18.8) 15,661 (12) 12,073 (22.7) 1,616 (24.7) 480 (23.1) 469,751 (33.6)

TIB, Tibolone; CEPM, Combined estrogen plus progestin by manufacturer; CEPP, Combined estrogen plus progestin by physician; BMI, Body mass index; CCI, Charlson comorbidity index; 
MHT, menopausal hormone therapy; SES, socioeconomic status. Data are expressed as the number (%) or median [25 percentile, 75 percentile].

TABLE 2 Characteristics of women with menopausal hormone therapy, Korea National Health Insurance Data, 2002–2019.

MHT characteristics TIB CEPM Oral Estrogen CEPP Transdermal 
estrogen

Total MHT

Median duration (months) 25 [11–58] 25 [11–58] 15 [9–40] 16 [9–35] 13 [8–24] 23 [10–55]

Duration (years)

  <5 147,530 (75.5) 98,633 (75.7) 43,962 (82.7) 5,694 (87.2) 1,982 (95.2) 297,801 (76.9)

  5–9.9 35,208 (18) 24,201 (18.6) 6,380 (12) 648 (9.9) 94 (4.5) 66,531 (17.2)

  ≥10 12,738 (6.5) 7,412 (5.7) 2,801 (5.3) 189 (2.9) 5 (0.2) 23,145 (6)

Duration of previous other MHT (years)

  <5 190,078 (97.2) 128,128 (98.4) 52,353 (98.5) 5,439 (83.3) 2,055 (98.8) 378,053 (97.6)

  5–9.9 4,823 (2.5) 1,938 (1.5) 709 (1.3) 811 (12.4) 25 (1.2) 8,306 (2.1)

  ≥10 575 (0.3) 180 (0.1) 81 (0.2) 281 (4.3) 1 (0) 1,118 (0.3)

Last dosage of tibolone (per day)

  1.25 mg 1,859 (1)

  2.5 mg 193,416 (99)

  over 5 mg 181 (0.1)

Prescribed specialty

  Gynecology 65,811 (33.7) 59,661 (45.8) 21,946 (41.3) 1,566 (24) 514 (24.7) 149,498 (38.6)

  Non-gynecology 129,665 (66.3) 70,585 (54.2) 31,197 (58.7) 4,965 (76) 1,567 (75.3) 237,979 (61.4)

MHT, menopausal hormone therapy; TIB, Tibolone; CEPM, Combined estrogen plus progestin by manufacturer; CEPP, Combined estrogen plus progestin by physician. Data are expressed as 
the number (%) or median [25 percentile, 75 percentile].
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symptoms (hot flashes and night sweats) and sleep disturbances (Baber 
et al., 2016; Marjoribanks et al., 2017; North American Menopause 
Society, 2017). Our study, which adjusted for other dementia risk 
factors, also showed that hormone therapy increased the overall risk of 
dementia in elderly menopausal women. Moreover, our results 
(Supplementary Table S2) are consistent with the content of the current 
hormone therapy guidelines, explicitly emphasizing the potential 
benefits of hormone therapy for younger postmenopausal patients and 
those who commence treatment within 10 years of menopause onset.

The most important finding of this study was that MHT had 
different effects on the incidence of AD and non-AD dementia. In this 
study, TIB, CEPM, and estrogen-only use were associated with an 
increased risk of non-AD dementia, consequently increasing overall TD 
incidence. Excluding CEPP, most oral hormone therapies (TIB, CEPM, 
and estrogen) showed an increased tendency towards non-AD dementia 
occurrence. This is believed to be  due to the accumulation of 
prothrombotic metabolites that may occur during the metabolic process 
of oral hormone therapy, leading to atherosclerotic effects, ischemia, and 
vascular cognitive decline (Henderson and Popat, 2011; Scarabin-Carre 
et al., 2012). Although TIB is known to show a cardiovascular protection 
effect through its metabolite (Del Rio et al., 2020), long-term use of TIB 
may also be associated with increased cardiovascular risks, such as CRP 
elevation and hyperthermia, which could lead to brain vessel wall injury 
(Formoso et  al., 2016; Zhu et  al., 2021). A similar mechanism can 
explain this as the analysis result that topical estrogen is not associated 
with non-AD dementia occurrence. In other words, topical estrogen, 
which has a hepatic first-pass effect, is not metabolized in the liver and 
does not produce various metabolites that can show adverse vascular 
effects (Simon, 2012; Beck et al., 2017; Oliver-Williams et al., 2019).

Previous studies have reported the neuroprotective effects of 
estrogen on the brain, cognition, and dementia (Yaffe et  al., 2000; 
Carlson et  al., 2001; Lui et  al., 2003). Estrogen improves synapse 
formation in the hippocampus and increases choline acetyltransferase 
activity in the basal forebrain of rats (Aubele and Kritzer, 2011). 
Moreover, estrogen improves prefrontal lobe-dependent executive 
functioning in women (Krug et al., 2006). In addition to its cognitive 
effects, estrogen has neuroprotective effects, such as inhibiting 

amyloid-beta depositions in the brain, primarily forming 
neuropathological lesions in patients with AD (Sohrabji, 2005). 
However, an increased level of free estradiol may indicate 
atherothrombogenic stroke risk in older postmenopausal women 
(Henderson and Popat, 2011). Insulin resistance, dyslipidemia, and 
inflammation are the potential mediators of this association (Scarabin-
Carre et al., 2012). Although the risk of ischemic stroke differs by age, 
recent studies of MHT on stroke incidence suggest that the risk of 
ischemic stroke increases with oral MHT use in women aged >60 years 
(Bushnell et al., 2014). Considering the incidence of all-cause dementia, 
most non-AD cases appear to be vascular dementia cases (O'Brien and 
Thomas, 2015). However, the precise mechanism by which MHT 
affects brain vessels and influences the incidence of ischemic stroke has 
not been established (Miller et al., 2003; Khalil, 2013). Considering 
vascular dementia and the increased risk of ischemic stroke due to 
MHT, our findings indicate that MHT specifically increases the risk of 
vascular dementia rather than AD dementia. Consequently, the 
incidence of overall dementia increased among postmenopausal 
women. Although there are several studies regarding the risk of AD 
and vascular dementia after using MHT (Savolainen-Peltonen et al., 
2019; Vinogradova et al., 2021), the present study’s findings are notable 
because they considered vascular dementia, which may be anticipated 
to occur at elevated rates in the presence of increased cerebral 
thrombosis risk in MHT users. This result is consistent with the finding 
of an earlier study that showed an overall increase of 20–40% in the risk 
of ischemic stroke.

The strength of our study was that it was a large-scale Asian 
population retrospective cohort study with a sufficient number of 
participants (N = 2,506,272) compared with the current observational 
study. It included many TIB users, and TIB is widely used in Europe, 
Asia, and Korea (Huang et al., 2010). Although we conducted a large-
scale study of MHT effects on dementia, several issues limit the 
generalizability of our findings: the patients in our data were only 
Korean. Therefore, the generalization of the results to other ethnic or 
racial groups should be made with caution. There may have been 
detection bias in this study. Moreover, we did not have additional 
biomarkers indicating AD pathology, such as cerebrospinal fluid 

TABLE 3 Incidence of dementia according to tibolone exposure status at recruitment, Korea National Health Insurance Data, 2002–2019.

Non-MHT TIB CEPM Oral Estrogen CEPP Transdermal 
estrogen

Total

Median period 

from menopause 

to inclusion (years)

7 [2–14.5] 3 [1–8] 2 [0–6] 4 [1–9] 4.5 [1–9.5] 4.5 [1–9] 5.5 [2–12.5]

AD dementia

  Not present 948,489 (93.7) 189,732 (97.1) 127,885 (98.2) 51,205 (96.4) 6,263 (95.9) 2,018 (97) 1,325,592 (94.7)

  Present 63,290 (6.3) 5,744 (2.9) 2,361 (1.8) 1,938 (3.6) 268 (4.1) 63 (3) 73,664 (5.3)

Non-AD dementia

  Not present 962,844 (95.2) 186,420 (95.4) 125,803 (96.6) 50,866 (95.7) 6,243 (95.6) 2,011 (96.6) 1,334,187 (95.3)

  Present 48,935 (4.8) 9,056 (4.6) 4,443 (3.4) 2,277 (4.3) 288 (4.4) 70 (3.4) 65,069 (4.7)

Total dementia

  Not present 914,926 (90.4) 182,104 (93.2) 124,063 (95.3) 49,447 (93) 6,037 (92.4) 1,966 (94.5) 1,278,543 (91.4)

  Present 96,853 (9.6) 13,372 (6.8) 6,183 (4.7) 3,696 (7) 494 (7.6) 115 (5.5) 120,713 (8.6)

MHT, menopausal hormone therapy; TIB, Tibolone; CEPM, Combined estrogen plus progestin by manufacturer; CEPP, Combined estrogen plus progestin by physician; AD, Alzheimer’s 
disease. Data are expressed as the number (%) or median [25 percentile, 75 percentile].
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biomarkers, genetic testing, molecular imaging or neuropathological 
data from the participants. Also, although age is regarded to be an 
important parameter in estimating the risk of AD, our study has a 
limitation in that it did not reconcile younger skew of age and older 

age for development of AD. We  assumed that non-AD dementia 
represents overall vascular dementia; however, other etiologies, such 
as Parkinson’s disease, may occur alongside non-AD dementia. 
Therefore, it is impossible to confirm the diagnosis code for any 

FIGURE 2

Conditional logistic regression analysis of the risk of each dementia phenotype based on the formulation of the MHT. MHT, menopausal hormone 
therapy. CI, confidence interval; HR, hazard ratio.
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dementia, and our analysis may have led to a more inaccurate 
diagnosis. We assumed that most patients adhered to their physicians’ 
instructions as this study’s information on drug prescriptions was 
derived from claims data. However, menopausal women may not have 
adhered to their MHT prescriptions, which could have potentially 
introduced biases. It is also important to note that many Koreans prefer 
phytoestrogens over MHT (Kim Y. et  al., 2022). Finally, although 
we analyzed as much data as possible, more information was needed 
regarding laboratory measurements, including serum hormone levels 
and blood pressure, which could be potential confounders.

This investigation showed that MHT had different effects on the 
incidence of AD and non-AD dementia, suggesting that it specifically 
increases the risk of non-AD dementia but that transdermal estrogen 
is not associated with dementia risk. The different effects of MHT 
should be considered in appropriately selected patients according to 
individual situations, such as underlying cardiovascular risk status.
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Sex differences in the structural 
rich-club connectivity in patients 
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Background and objectives: Alzheimer’s disease (AD) is more prevalent in women 
than in men; however, there is a discrepancy in research on sex differences in AD. 
The human brain is a large-scale network with hub regions forming a central 
core, the rich-club, which is vital to cognitive functions. However, it is unknown 
whether alterations in the rich-clubs in AD differ between men and women. 
We aimed to investigate sex differences in the rich-club organization in the brains 
of patients with AD.

Methods: In total, 260 cognitively unimpaired individuals with negative amyloid 
positron emission tomography (PET) scans, 281 with prodromal AD (mild 
cognitive impairment due to AD) and 285 with AD dementia who confirmed 
with positive amyloid PET scans participated in the study. We obtained high-
resolution T1-weighted and diffusion tensor images and performed network 
analysis.

Results: We observed sex differences in the rich-club and feeder connections 
in patients with AD, suggesting lower structural connectivity strength in women 
than in men. We observed a significant group-by-sex interaction in the feeder 
connections, particularly in the thalamus. In addition, the connectivity strength 
of the thalamus in the feeder connections was significantly correlated with 
general cognitive function in only men with prodromal AD and women with 
AD dementia.

Conclusion: Our findings provide important evidence for sex-specific alterations 
in the structural brain network related to AD.

KEYWORDS

sex differences, structural brain network, network analysis, rich-club organization, 
thalamus
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1. Introduction

Alzheimer’s disease (AD), the most common type of dementia in 
older adults, is characterized by progressive cognitive decline (Ewers 
et al., 2011; Scheltens et al., 2016).

Epidemiological evidence suggests that the prevalence of AD 
dementia is higher in women than in men (Mazure and Swendsen, 
2016). In addition to the higher prevalence of AD dementia in women, 
a longitudinal study demonstrated that cognitive progression in 
women with amnestic mild cognitive impairment (MCI) was twice as 
fast as that in men even after correcting for APOE genotypes (Lin 
et al., 2015). In addition, the annual conversion rate of MCI to AD 
dementia is higher in women than in men (Tifratene et al., 2015).

Cognitive abilities also demonstrate variations based on sex. 
Research indicates that men and women patients with MCI, even 
when experiencing similar levels of hippocampal atrophy and 
temporal lobe glucose metabolism, exhibit different verbal memory 
performance (Sundermann et  al., 2016). Furthermore, there are 
notable sex differences in neuropsychiatric symptoms associated with 
AD dementia. Male AD dementia patients tend to display apathy, 
agitation, and socially inappropriate or abusive behavior, while female 
patients are more susceptible to depression, mood instability, and 
affective symptoms (Mazure and Swendsen, 2016; Ferretti et al., 2018).

However, the unpinning neuro-mechanisms responsible for the 
sex-related differences in AD remain unidentified. Only a few studies 
have reported on sex differences in the brain structures or cognitive 
decline in AD dementia (Ardekani et al., 2016; Koran et al., 2017). 
Women with positive AD biomarkers (Amyloid-β and tau) 
demonstrate faster rates of hippocampal atrophy and cognitive decline 
than do men (Koran et  al., 2017). Conversely, some studies have 
demonstrated no distinct sex differences in post-mortem amyloid β 
or neurofibrillary tangle burden of patients with AD dementia (Barnes 
et al., 2005) or by the measurement of cerebrospinal fluid amyloid-β 
(Aβ42) and tau levels (Mattsson et al., 2017). The results exhibit some 
discrepancies. Therefore, more comprehensive research is required to 
investigate sex differences in the brain of patients with AD.

The human brain is organized into a large-scale network 
(Hagmann et al., 2007; Gong et al., 2009) characterized by an optimal 
balance between the integration and segregation of information 
(Latora and Marchiori, 2001). Hub regions, such as the superior 
frontal cortex, superior parietal cortex, and precuneus, play a pivotal 
role in the hierarchical organization of the brain (van den Heuvel and 
Sporns, 2011, 2013). These regions are highly interconnected with 
each other and form a central core, the rich-club (van den Heuvel and 
Sporns, 2011, 2013; van den Heuvel et  al., 2013). Since rich-club 
connections link spatially distant regions, extensive long-distance 
white matter fibers to interconnect them are required. This incurs a 
high biological cost, it can be balanced out by having a substantial 
concentration of rich-club connections, thereby improving efficient 
communication (Van Den Heuvel et al., 2012).

In rich-club organization, the nodes are divided into rich-club and 
non-rich-club nodes, and then their connections are further classified 
into three categories including rich-club, feeder, and local connections 
(van den Heuvel and Sporns, 2011, 2013). The rich-club organization 
may play a pivotal role in cognitive function in the human brain 
(Griffa and Van Den Heuvel, 2018), and these rich-club brain regions 
are known to be involved in the integration of neural information 
(Kim and Min, 2020). Therefore, the investigation of rich-club 

organizations may provide structural network-based information 
relevant to the disease.

Disruptions in the structural brain network contribute to the 
pathophysiology of AD (Yan et al., 2018). Prior investigations into 
brain network connectivity in individuals with AD dementia have 
revealed disruptions in the overall level of structural connectivity, as 
well as significant lesions observed in hub regions located in the 
frontal, temporal, and parietal cortices (Dai et al., 2015; Fischer et al., 
2015). In addition, a previous research related to the rich club 
organization in AD dementia have proposed that these structural 
network disruptions are particularly prevalent in regions that are more 
distantly connected within the brain (Daianu et al., 2015). Another 
study also found that disturbances in the rich-club organization have 
a dynamic and potent impact on the connectivity among peripheral 
regions in individuals with mild MCI (Yan et al., 2018). Moreover, 
these disrupted connectivity extend to the rich-club regions in the 
brains of patients with AD dementia (Yan et al., 2018). Notably, in 
comparison to rich-club connections, feeder and local connections are 
shown to exhibit earlier and more severe impairments in patients with 
AD dementia (Daianu et al., 2015).

However, whether alterations in the rich-club organization in the 
AD spectrum differ between sexes remains relatively unknown. 
Although previous studies have investigated the sex differences of 
rich-club organizations in healthy young participants (Wang et al., 
2019), no studies have yet explored this aspect within AD patients. 
Furthermore, even though several prior investigations have examined 
the rich-club organization in AD dementia (Dai et al., 2015; Yan et al., 
2018), these studies have not taken into account the topological 
attributes of the rich-club organization. Because the topological 
features of the rich-club organization provides valuable insights into 
the fundamental principles governing brain connectivity related to 
cognitive function, investigating topological characteristics of rich-
club organization is also important to understand the sex-difference 
in the rich-club organization in patients with AD.

Therefore, we aimed to investigate sex differences in the rich-club 
organization of the brain in AD and to explore the association between 
sex differences in the relationship between rich-club organization 
and cognition.

2. Materials and methods

2.1. Participants

The study cohort included 826 participants; 260 of them were 
cognitively unimpaired (CU), 281 with prodromal AD, and 285 with 
AD dementia.

All participants underwent a comprehensive assessment 
including, neuropsychological evaluation, amyloid positron emission 
tomography (PET) using either flutemetamol (FMM) or florbetaben 
(FBB), and brain T1-weighted magnetic resonance imaging (MRI). 
Furthermore, each participant underwent clinical interviews 
encompassing clinical dementia ratings (CDR) (Morris, 1997; Choi 
et al., 2001), neurological and neuropsychological examinations, as 
well as laboratory tests. Neuropsychological evaluation utilized the 
Seoul Neuropsychological Screening Battery 2nd edition (SNSB-II) 
which encompasses five cognitive domains: attention, memory, 
visuospatial, language and frontal executive function (Ryu and Yang, 
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2023). Additionally, laboratory assessments included a complete blood 
count, blood chemistry, thyroid function tests, syphilis serology, and 
vitamin B12/folate levels. To confirm the absence of structural lesions, 
including cerebral infarctions, brain tumors, vascular malformations, 
and hippocampal sclerosis, brain MRI was conducted.

Individuals with CU status met the following criteria: (1) absence 
of medical history likely to impact cognitive function, as per 
Christensen’s health screening criteria (Christensen et al., 1991); and 
(2) absence of objective cognitive impairment across various domains, 
determined by a comprehensive neuropsychological test battery 
(scoring above −1.0 standard deviations (SD) of age-matched and 
education-matched norms in memory, and above −1.5 SD in other 
cognitive domains), as assessed using SNSB-II (Ryu and Yang, 2023). 
For the purposes of this study, only CU individuals with negative 
amyloid PET scans were included. Participants diagnosed with 
amnestic MCI needed to satisfy the subsequent criteria (Petersen 
et al., 2014): (1) self-reported cognitive complaints by participants or 
caregivers; (2) objective cognitive impairment in at least one memory 
test (scoring below −1.0 SD of age-matched and education-matched 
norms in memory); (3) absence of significant impairment in activities 
of daily living; and (4) no diagnosis of dementia. In this study, only 
individuals with MCI and positive amyloid PET scans were chosen 
(Albert et  al., 2011), referred to as prodromal AD henceforth. 
Participants with AD dementia were categorized as having probable 
AD dementia with positive amyloid PET scan, based on the National 
Institute on Aging-Alzheimer’s Association Research Criteria for AD 
(McKhann et al., 2011).

Written informed consent was obtained from all participants. The 
Institutional Review Board of Samsung Medical Center approved the 
study protocol, and all methods were performed according to the 
approved guidelines.

2.2. Imaging data acquisition: MRI/PET

2.2.1. MRI data acquisition
Standardized 3-D T1 turbo field echo images were acquired from 

all participants at the Samsung Medical Center using an identical 3.0T 
MRI scanner (Philips Achieva; Philips Healthcare, Andover, MA, 
USA). The 3-D T1 parameters were as follows: sagittal slice thickness, 
1.0 mm over contiguous slices with 50% overlap; no gap; repetition 
time (TR), 9.9 ms; echo time (TE), 4.6 ms; flip angle, 8°; and matrix 
size, 240 × 240 pixels reconstructed to 480 × 480 over a field of view 
(FOV) of 240 mm. In the whole-brain diffusion-weighted MRI 
examinations, we collected sets of axial diffusion-weighted single-shot 
echo-planar images using the following parameters: 128 × 128 
acquisition matrix, 1.72 × 1.72 × 2 mm3 voxels; reconstructed to 
1.72 × 1.72 × 2 mm3; 70 axial slices; 220 × 220 mm2 FOV; TE 60 ms, TR 
7,383 ms; flip angle 90°; slice gap 0 mm; and b-factor of 600 s/mm2. 
Using the baseline image without diffusion weighting (reference 
volume), diffusion-weighted images were acquired from 45 directions. 
All axial sections were acquired parallel to the anterior commissure-
posterior commissure line.

2.2.2. Amyloid β PET data acquisition
The participants underwent FMM and FBB PET at the Samsung 

Medical Center using a Discovery STe PET/CT scanner (GE Medical 
Systems, Milwaukee, WI, USA) in 3-D scanning mode that examined 

3.3-mm-thick 47 slices spanning the entire brain. According to the 
protocols for the ligands proposed by the manufacturers, a 20-min 
emission PET scan in dynamic mode (consisting of 4 × 5 min frames) 
was performed 90 min after injecting a mean dose of 185 MBq FMM 
or 311.5 MBq FBB. We  reconstructed 3-D PET images in a 
128 × 128 × 47 matrix with a voxel size of 2 × 2 mm × 3.27 mm using the 
ordered-subsets expectation maximization algorithm (FMM 
iterations = 4 and subset = 20; FBB iterations = 4 and subset = 20). The 
cut-off values of amyloid β positivity were 1.03 for FMM and 1.1 for 
FBB, which were defined by an iterative outlier method in both FMM 
and FBB PET (Kim et al., 2021).

2.3. Network construction

To construct the white matter networks, we followed the DTI 
process described by Lee et  al. The processing details have been 
described previously (Lee et al., 2018). Briefly, the T1-weighted image 
was linearly registered to the reference volume of the diffusion image 
using FMRIB’s Linear Image Registration Tool and nonlinearly 
registered to ICBM152 in the Montreal Neurological Institute space, 
where the automated anatomical labeling (AAL) template was defined 
using fast nonlinear image registration in the FSL program. The AAL 
atlas was mapped to an individual’s diffusion space using the T1 
transformation parameters. We  corrected all diffusion-weighted 
images for eddy current distortion and head motion. A diffusion 
toolkit was used to perform the deterministic tractography. After fiber 
tracking, the networks were constructed using AAL templates for a 
90 × 90 connectivity matrix.

2.4. Assessment of global network metrics

Network analysis was performed using the Brain Connectivity 
Toolbox.1 We computed the connectivity strength, global efficiency 
(Eglob), local efficiency (Eloc), and clustering coefficient in each matrix 
to assess the graph metrics of the global topological organization of 
the whole-brain structural connectivity network. The connectivity 
strength is defined as the sum of all streamlines connecting nodes 
(Rubinov and Sporns, 2010). Global efficiency is a measure of the 
network integration and defined as the average inverse shortest path 
length between all pairs of nodes (Rubinov and Sporns, 2010). The 
mean clustering coefficient of a network is calculated as the average of 
the clustering coefficients across all nodes (Rubinov and Sporns, 2010).

2.5. Assessment of rich-club organization

Rich-club nodes were selected according to previously 
published guidelines (van den Heuvel and Sporns, 2011; Yoon 
et al., 2016). The selected rich-club nodes included the superior 
frontal cortex (SFC), superior parietal cortex (SPC), precuneus, 
hippocampus, putamen, and thalamus. Briefly, we computed the 
normalized rich-club coefficient to demonstrate the existence of 

1 http://www.brain-connectivity-toolbox.net
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rich-club organization in a network. This is because random 
networks demonstrate increasing network connections because 
nodes with a higher degree have a higher probability of being 
interconnected by chance. The rich-club coefficient, Φ (κ), is 
typically normalized relative to a set of comparable random 
networks of equal size and similar connectivity distribution (van 
den Heuvel and Sporns, 2011). Thus, for each network, m = 1,000 
random networks were computed by shuffling the links, preserving 
the weights and degree sequence, and, thus, all node degrees, 
including the hubs in the network. Similar to that in other previous 
studies (van den Heuvel et  al., 2013), a normalized rich-club 
coefficient Φ norm (κ) >1 over a range of κ indicated a rich-club 
organization in a network. A rich-club organization was identified 
by performing a two-tailed t-test with permutation testing (10,000 
permutations) of the area under the curve (normalized weighted 
rich-club coefficient against degree), compared with a random 
network (Supplementary Figure S1).

Rich-club nodes are likely to be highly connected with each other, 
compared with connections expected by random chance (van den 
Heuvel and Sporns, 2011). All connections between the nodes in each 
structural matrix were categorized into one of the following groups: 
“rich-club connections,” which are defined as the number of 
connections associating rich-club nodes, “feeder connections,” which 
are defined as the number of connections associating rich-club to 
non-rich-club nodes, and “local connections,” which are defined as the 
number of connections associating non-rich-club nodes (van den 
Heuvel and Sporns, 2011). To examine the region-specific alterations 
in the rich-club connections according to the cognitive status, 
we computed the connectivity strength of each rich-club node related 
to other nodes. Rich-club connections in the SFC, SPC, precuneus, 
putamen, and thalamus were calculated for each hemisphere and 
averaged into one value for each node.

For visualization, we  converted the raw values of the 
connectivity strength of the rich-club organizations to a 
standardized Z-score using the mean scores and standard 
deviations (SD) of the CU group.

2.6. Statistical analyses

For baseline demographic data, we performed independent t-tests 
and chi-square tests for the continuous and dichotomous variables, 
respectively. We assessed the group differences in cognitive function 
as well as network characteristics using an analysis of covariance with 
the age and years of education as the covariates.

For sex effects on the global network metrics, including the 
connectivity strength, global efficiency, and the clustering coefficient 
of the whole-brain structural connectivity network, were compared 
between men and women using a general linear model (GLM) after 
adjusting for their age and years of education. We also used the GLM 
to examine the differences in the rich-club, feeder, and local 
connections between men and women, using the same covariates. 
Partial eta squared (ηp

2) was used to estimate the effect size. In 
addition, we  examined the interaction effects between sex and 
cognitive groups on the rich-club organization. The Pearson’s 
correlation analysis was used to examine the relationship between the 
rich-club organization and cognitive performance including the scores 
of Korean-Mini-Mental Status Examination (K-MMSE) and the sum 

of boxes of CDR. For the correlation analyses, we excluded outliers 
beyond the 5th to 95th percentile range of the K-MMSE scores or the 
sum of boxes of CDR.

We employed a permutation-based multiple testing method to 
investigate the effects of group and sex on the rich-club 
organization (Nichols and Holmes, 2002; Hurtz et al., 2014). In this 
approach, we  randomly permutated the sex or group status of 
subjects while maintaining the age and levels of education values. 
Data were assessed against an empirical null distribution by 
running 10,000 synthesized permutations with a threshold of 
p < 0.05. A permutation-adjusted p value was computed based on 
the proportion of permutations with p values under the null 
distribution that was greater than the observed values from the 
actual data set (Westfall et al., 1993).

All analyses were performed using STATA 17.0 (StataCorpx, 
College Station, TX, USA).

3. Results

3.1. Basic information

3.1.1. Clinical characteristics
We observed no significant sex differences in the mean age, 

K-MMSE scores, CDR, or CDR sum of boxes among the whole 
participants (Table  1), whereas men exhibited higher educational 
levels than those of women in all groups.

According to each cognitive group (Table  2), there were no 
significant differences in the clinical severity and amyloid deposition 
in all groups. In addition, we observed no significant sex differences 
in the global network topologies, including the connectivity strength, 
clustering coefficient, and global efficiency, in the CU, prodromal AD, 
and AD dementia groups.

TABLE 1 Demographic characteristics.

Women Men

(n =  504) (n =  322) p-value

Age 69.92 ± 8.03 70.78 ± 8.54 0.147

Education 10.34 ± 4.73 13.69 ± 4.01 <0.001*

DM (n, %) 71 (14.09) 63 (19.57) 0.033*

HTN (n, %) 193 (38.29) 144 (44.72) 0.054

HL (n, %) 176 (34.92) 101 (31.36) 0.313

APOE4 carrier (n, %) 243 (44.64) 159 (46.27) 0.088

K-MMSE 23.72 ± 5.87 24.31 ± 5.11 0.143

CDR 0.68 ± 0.50 0.67 ± 0.43 0.713

Group (n, %) 0.503

 CU 166 (32.94) 94 (29.19)

 Prodromal AD 166 (32.94) 115 (35.71)

 AD dementia 172 (34.13) 113 (35.09)

APOE4, Apolipoprotein E4; CDR, Clinical dementia rating; K-MMSE, Korean-Mini-Mental 
Status Examination; CU, cognitively unimpaired; DM, diabetes mellitus; HL, hyperlipidemia; 
and HTN, hypertension. *p-value < 0.05.
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3.2. Rich-club organization

3.2.1. Sex and group effects in the rich-club 
organization

Figure 1A shows sex differences of rich-club connections in each 
group (the mean values with SD). In a whole participants, women 
demonstrated lower connectivity strength of the rich-club connections 
(mean ± SD, −0.09 ± 0.76 vs. 0.04 ± 0.74, ηp

2 = 0.01, permutation-
adjusted p = 0.009) and feeder connections (−0.15 ± 0.74 vs. 
−0.01 ± 0.73, ηp

2 = 0.02, permutation-adjusted p = 0.001) than did men. 
Particularly in the AD dementia group, women demonstrated a lower 
connectivity strength of the rich-club connections (−0.29 ± 0.89 vs. 
−0.0 ± 0.76, ηp

2 = 0.03, permutation-adjusted p = 0.034) and feeder 
connections (−0.36 ± 0.89 vs. −0.02 ± 0.94, ηp

2 = 0.03, permutation-
adjusted p = 0.01) than did men.

Figure 1B shows the mean values with SE of connectivity strength 
in the rich-club organizations after adjusting age and years education. 
For the group effects, women in the AD dementia group demonstrated 
significantly lower rich-club (ηp

2 = 0.04, permutation-adjusted 
p < 0.001), feeder connections (ηp

2 = 0.03, permutation-adjusted 
p < 0.001), and local connections (ηp

2 = 0.11, permutation-adjusted 
p < 0.001) than those in the CU or prodromal AD group. However, 
men in the AD dementia group demonstrated only significant 
differences in the connectivity strength in the local connections, 
compared with those in the CU or prodromal AD group (ηp

2 = 0.07, 
permutation-adjusted p < 0.001). Conversely, there were no significant 
differences in the connectivity strength between the rich-club 
(ηp

2 = 0.02, permutation-adjusted p = 0.160) and feeder connections 
(ηp

2 = 0.001, permutation-adjusted p = 0.360), according to the 
cognitive status in men. We  observed a significant group-by-sex 
interaction only in the feeder connections (P for interaction = 0.035).

3.2.2. Sex and group effects in the region-specific 
alterations of rich-club connections

Figure 2 indicates sex and group effects in the region-specific 
alterations of rich-club connections (mean ± SE). When 
we  investigated the region-specific alterations in the rich-club 
connections between men and women, men showed significantly 
greater connectivity strength of the SPC with other rich-club nodes 
(0.43 ± 0.09 vs. 0.15 ± 0.07, ηp

2 = 0.01, permutation-adjusted p = 0.021) 
as well as that of the putamen with other rich-club nodes (0.19 ± 0.12 
vs. −0.09 ± 0.08, ηp

2 = 0.01, permutation-adjusted p = 0.039) in the 
prodromal AD (Figures 2B,E). In AD dementia group, the connectivity 
strength between the thalamus and other rich-club nodes was 
significantly higher in the men compared to that of women (0.56 ± 0.11 
vs. 0.02 ± 0.08, ηp

2 = 0.02, permutation-adjusted p = 0.001) (Figure 2F).
For the group effects, both men and women showed higher 

connectivity strength of the precuneus in the prodromal AD group 
compared to that in CU (ηp

2 = 0.08, permutation-adjusted p < 0.001 
for women; ηp

2 = 0.16, permutation-adjusted p = <0.001 for men) but 
lower connectivity strength of the precuneus in AD dementia 
(ηp

2 = 0.08, permutation-adjusted p < 0.001 for women; ηp
2 = 0.16, 

permutation-adjusted p < 0.001 for men) compared to CU or 
prodromal AD groups (Figure 2C). Furthermore, both women and 
men demonstrate decreased connectivity strength of the SPC 
(ηp

2 = 0.08, permutation-adjusted p < 0.001 for women; ηp
2 = 0.12, 

permutation-adjusted p < 0.001 for men) in AD dementia group 
compared to CU or prodromal AD (Figure 2B). Especially among 
women, the connectivity strength of the putamen in AD dementia 
was decreased compared to CU (ηp

2 = 0.02, permutation-adjusted 
p = 0.02) (Figure 2E), whereas among men, the connectivity strength 
of the thalamus in AD dementia was increased among men compared 
to CU or prodromal AD groups (ηp

2 = 0.01, permutation-adjusted 

TABLE 2 Clinical characteristics according to the cognitive group.

CU Prodromal AD AD Dementia

Women Men
p-value 
for sex

Women Men p-
value 

for sex

Women Men p-
value 

for sex(n =  166) (n =  94) (n =  166) (n =  115) (n =  172) (n =  113)

Age 69.10 ± 6.85 69.88 ± 7.88 0.411 71.28 ± 7.88 72.27 ± 7.54 0.292 69.40 ± 9.05 69.99 ± 9.81 0.599

Education 10.83 ± 4.75 13.11 ± 4.43 0.0002* 10.48 ± 4.83 13.60 ± 3.77 <0.001* 9.74 ± 4.59 14.28 ± 3.83 <0.001*

DM (n, %) 29 (17.46) 20 (21.27) 0.389 20 (12.05) 26 (22.61) 0.02* 22 (12.79) 17 (15.04) 0.560

Hypertension (n, %) 65 (39.16) 43 (45.74) 0.213 63 (37.95) 53 (46.08) 0.193 65 (38.01) 48 (42.47) 0.381

Hyperlipidemia (n, %) 66 (39.76) 31 (32.98) 0.336 60 (36.14) 32 (27.83) 0.129 50 (29.07) 38 (33.63) 0.376

APOE4 carrier (n, %) 19 (11.44) 20 (21.27) 0.008* 101 (60.84) 72 (62.61) 0.206 105 (61.05) 57 (50.44) 0.200

Amyloid PET (SUVR) 0.92 ± 0.05 0.92 ± 0.05 0.613 1.40 ± 0.19 1.45 ± 0.22 0.029 1.49 ± 0.20 1.49 ± 0.16 0.984

Cognitive function and severity

K-MMSE 28.27 ± 1.85 28.51 ± 1.35 0.271 24.6 ± 3.39 25.37 ± 3.15 0.068 17.92 ± 5.91 19.59 ± 5.09 0.019*

CDR 0.40 ± 0.20 0.41 ± 0.20 0.905 0.53 ± 0.16 0.53 ± 0.17 0.851 1.11 ± 0.63 1.03 ± 0.51 0.265

CDR, sum of boxes 0.63 ± 0.47 0.63 ± 0.48 0.997 2.15 ± 1.68 1.80 ± 1.35 0.066 6.54 ± 3.44 6.23 ± 2.99 0.453

Global brain network properties

Connectivity Strength 4.85 ± 0.68 4.96 ± 0.73 0.238 5.13 ± 0.55 5.15 ± 0.58 0.802 4.64 ± 0.61 4.62 ± 0.56 0.804

Clustering Coefficient 0.17 ± 0.02 0.18 ± 0.02 0.300 0.18 ± 0.02 0.19 ± 0.01 0.083 0.17 ± 0.02 0.17 ± 0.02 0.132

Global Efficiency 0.19 ± 0.02 0.20 ± 0.03 0.323 0.20 ± 0.02 0.20 ± 0.02 0.958 0.19 ± 0.02 0.19 ± 0.02 0.958

APOE4, Apolipoprotein E4; DM, diabetes mellitus; CDR, Clinical dementia rating; SUVR, Standardized Uptake Value Ratio; PET, positron emission tomography; and K-MMSE, Korean-Mini-
Mental Status Examination. *P < 0.05.
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p = 0.02) (Figure 2F). There was a significant group by sex interaction 
on the connectivity strength of putamen with other rich-club node 
(ηp

2 = 0.013, p = 0.026).

3.2.3. Sex and group effects in the region-specific 
alterations of feeder connections

In the region-specific alterations of feeder connections 
(Figure 3), there was significant sex-differences in the connectivity 
strength of the thalamus among the AD dementia group (0.03 ± 0.07 
vs. 0.44 ± 0.9, ηp

2 = 0.02, permutation-adjusted p = 0.026).

For the group effects, likewise the rich-club connections, both men 
and women with AD dementia showed decreased connectivity strength 
of SPC (ηp

2 = 0.07, permutation-adjusted p < 0.001 for women; ηp
2 = 0.13, 

permutation-adjusted p < 0.001 for men) and that of precuneus 
(ηp

2 = 0.07, permutation-adjusted p < 0.001 for women; ηp
2 = 0.03, 

permutation-adjusted p = 0.01 for men) in the feeder connections 
compared to CU and prodromal AD (Figures 2B,C). Among women, 
the connectivity strength of hippocampus in the feeder connection was 
decreased in AD dementia (ηp

2 = 0.03, permutation-adjusted p < 0.001) 
compared to CU or prodromal AD. Among men, the connectivity 

FIGURE 1

Sex and group differences in the rich-club organization. (a) Shows sex differences of rich-club connections in each group (the mean values with SD). A 
general linear model was used to examine the differences in the rich-club, feeder, and local connections between men and women with age and 
education of years as covariates. The rich-club nodes included the superior frontal cortex (SFC), superior parietal cortex (SPC), precuneus, 
hippocampus, putamen, and thalamus. *P  <  0.05 for sex-differences. (A) Rich club connections: Only the AD dementia group demonstrates sex 
differences in the rich-club connections, which indicate women show a lower connectivity strength of the rich-club connections than men 
(−0.29  ±  0.89 vs. −0.0  ±  0.76, ηp

2  =  0.03, permutation-adjusted p  =  0.034). (B) Feeder connections: Only women with AD dementia show lower 
connectivity strength of the feeder connections (−0.36  ±  0.89 vs. −0.02  ±  0.94, ηp

2  =  0.03, permutation-adjusted p  =  0.01) than men. There were no 
sex-differences in the other groups. (C) Local connections: No sex-related differences are observed in the local connections in the all cognitive 
groups. (b) Shows the mean values with SE of connectivity strength in the rich-club organizations that were obtained by GLM after adjusting age and 
years education. #p  <  0.05: CU vs. AD; †p  <  0.05 for prodromal AD vs. AD dementia. (A) Rich club connections: Women with AD dementia demonstrate 
significantly decreased connectivity strength in the rich-club connections (ηp

2  =  0.04, permutation-adjusted p  <  0.001) compared with CU or prodromal 
AD, whereas there were no group differences of rich-club connections in men (ηp

2  =  0.02, permutation-adjusted p  =  0.160). There were no significant 
group-by-sex interaction in the rich-club connections (P for interaction  =  0.083). (B) Feeder connections: Women with AD dementia also show 
significantly decreased connectivity strength in the feeder connections (ηp

2  =  0.03, permutation-adjusted p  <  0.001) compared to those in CU or in 
prodromal AD, while there were no group differences of feeder connections in men (ηp

2  =  0.001, permutation-adjusted p  =  0.360). A significant group-
by-sex interaction is observed in the feeder connections (P for interaction  =  0.035). (C) Local connections: Both women and men with AD dementia 
show lower connectivity strength in the local connections (ηp

2  =  0.106, permutation-adjusted p  <  0.001) compared with CU or prodromal AD. There 
were no significant group-by-sex interaction in the rich-club connections (P for interaction  =  0.644).
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strength of SPC in the feeder connections was increased in the 
prodromal AD compared to CU (ηp

2 = 0.13, permutation-adjusted 
p < 0.001).

There was a significant group by sex interaction only on the 
connectivity strength of thalamus in the feeder connections 
(ηp

2 = 0.010, p = 0.025).

3.2.4. Sex differences in the correlation between 
the cognitive performance and rich-club 
organization

The region-specific rich-club connections of the putamen were 
negatively correlated with the CDR-sum of boxes only in women with 
AD dementia (r = −0.21, permutation-adjusted p = 0.006) 

FIGURE 2

Sex and group effects in the region-specific alterations of rich-club connections. When we investigated the region-specific alterations in the rich-club 
connections between men and women, men show significantly greater connectivity strength of the SPC with other rich-club nodes (mean ± SE,0.43 ± 
0.09 vs. 0.15 ± 0.07, ηp

2 = 0.01, permutation-adjusted p = 0.021) as well as that of the putamen with other rich-club nodes (0.19 ± 0.12 vs. −0.09 ± 
0.08, ηp

2 = 0.01, permutation-adjusted p = 0.039) in the prodromal AD (B,E). In AD dementia group, the connectivity strength between the thalamus 
and other rich-club nodes was significantly higher in the men compared to that women (0.56 ± 0.11 vs. 0.02 ± 0.08, ηp

2 = 0.02, permutation-adjusted 
p = 0.001) (F). For the group effects, both men and women showed higher connectivity strength of the precuneus in the prodromal AD group 
compared to that in CU (ηp

2 = 0.08, permutation-adjusted p <0.001 for women; ηp
2 = 0.16, permutation-adjusted p = <0.001 for men) but lower 

connectivity strength in AD dementia (ηp
2 = 0.08, permutation-adjusted p <0.001 for women; ηp

2 = 0.16, permutation-adjusted p <0.001 for men) 
compared to CU or prodromal AD groups (C). Furthermore, both women and men demonstrate decreased connectivity strength of the SPC (ηp

2 = 
0.08, permutation-adjusted P <0.001 for women; ηp

2 = 0.12, permutation-adjusted P <0.001 for men) in AD dementia group compared to CU or 
prodromal AD (B). Especially among women, the connectivity strength of the putamen in AD dementia was decreased compared to CU (ηp

2 = 0.02, 
permutation-adjusted p = 0.02) (E), whereas among men, the connectivity strength of the thalamus in AD dementia was increased among men 
compared to CU or prodromal AD groups (ηp

2 = 0.01, permutation-adjusted P = 0.02) (F). There was a significant group by sex interaction on the 
connectivity strength of putamen with other rich-club node (ηp

2 = 0.013, P = 0.026). * Adjusted p < 0.05 for sex-difference; # Adjusted p < 0.05: CU vs. 
AD dementia; ‡ Adjusted p < 0.05 for CU vs. Prodromal AD; † Adjusted p < 0.05 for prodromal AD vs. AD dementia.
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(Supplementary Figure S2). There were no significant correlations 
between cognitive function and rich-club connections of the putamen 
in other cognitive group.

However, the region-specific feeder connections of the thalamus are 
positively correlated with the K-MMSE scores (r = 0.23, permutation 
adjusted p = 0.006) and negatively correlated with the CDR sum of boxes 
(r = −0.19, permutation adjusted p = 0.016) in men with prodromal AD, 
whereas there is no significant correlation in women with prodromal 
AD. In the AD dementia, the connectivity strength of the thalamus in 

the feeder connections are negatively correlated with the K-MMSE 
scores (r = −0.39, adjusted p < 0.001) only in women (Figure 4).

4. Discussion

This novel study demonstrated sex differences in the alterations of 
connectivity strength in the rich-club organization in AD spectrum 
disease, which was confirmed by amyloid PET.

FIGURE 3

Sex and group effects in the region-specific alterations of feeder connections. There were significant sex-differences in the connectivity strength of 
the thalamus among the AD dementia group (mean ± SE, 0.03 ±0.07 for women vs. 0.44 ± 0.9 for men, ηp

2 = 0.02, permutation-adjusted p = 0.026). 
For the group effects, both men and women with AD dementia showed decreased connectivity strength of SPC (ηp

2 = 0.07, permutation-adjusted p 
<0.001 for women; ηp

2 = 0.13, permutation-adjusted p <0.001 for men) and that of precuneus (ηp
2 = 0.07, permutation-adjusted P <0.001 for women; 

ηp
2 = 0.03, permutation-adjusted p =0.01 for men) compared to CU and prodromal AD (Figures 2B,C). Especially among women, the connectivity 

strength of hippocampus in the feeder connection was decreased in AD dementia (ηp
2 = 0.03, permutation-adjusted p <0.001) compared to CU or 

prodromal AD. Among men, the connectivity strength of SPC in the feeder connections was increased in the prodromal AD compared to CU (ηp
2 = 

0.13, permutation-adjusted p <0.001). There was a significant group by sex interaction only on the connectivity strength of thalamus in the feeder 
connections (ηp

2=0.010, p=0.025). * Adjusted p < 0.05 for sex-difference; # Adjusted p < 0.05: CU vs. AD dementia ; ‡ Adjusted p < 0.05 for CU vs. 
Prodromal AD; † Adjusted p <0.05 for prodromal AD vs. AD dementia.
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In the current study, we observed a significant sex difference in 
the rich-club and feeder connections only in patients with AD 
dementia. In the AD dementia group, women demonstrated lower 
connectivity strength of the rich-club and feeder connections than did 
men. Consistent with our findings, a previous study investigating 
gender differences in the rich-club organization reported that men 
demonstrated greater connectivity strength of rich-club nodes 
demonstrating an advantage in network efficiency in men compared 
to women (Wang et  al., 2019), although this previous study was 
conducted in young healthy participants.

In terms of group effects of rich-club organizations, we found that 
both men and women with AD dementia demonstrated decreased 
structural connectivity of the local connections, compared with patients 
with CU or prodromal AD. Previous studies have shown that disruptions 
in the structural connectivity in rich-club organizations may originate 
from peripheral regions, such as local connections (Daianu et al., 2015; 
Yan et al., 2018), which are in line with our findings.

Interestingly, compared with CU or prodromal AD, only 
women with AD dementia demonstrated decreased connectivity 
strengths of the rich-club and feeder connections, while no 
differences of rich-club and feeder connections were observed in 
men with AD dementia. Given that women with prodromal AD and 
AD dementia demonstrated a similar amount of amyloid deposition 
with men, our findings may suggest that men may have more 
preserved rich-club and feeder connections of structural network. 
This finding may explain greater vulnerability of structural brain 
network to amyloid deposition in women, which is consistent with 
previous findings. Earlier research indicates that while the quantity 

of AD pathology is similar in men and women, the correlation 
between AD pathology and clinical symptoms in AD dementia is 
notably stronger in women compared to men (Barnes et al., 2005). 
In fact, each unit of AD pathology increases the odds of clinical 
symptoms over 20 times in women, while it only results in a three-
fold increase in men. The authors therefore suggested that AD 
pathology is more likely to be clinically expressed as dementia in 
women than in men. In addition, previous studies have shown that 
women with AD have 1 ~ 1.5% higher rate of brain atrophy 
compared to men (Hua et  al., 2010), and women demonstrated 
increased rate of tau accumulation than men (Smith et al., 2020). 
The exact causes for the heightened vulnerability of the rich-club 
organization in women with AD dementia remain uncertain. 
However, potential factors like sex differences in tau accumulation, 
comorbidities, cognitive reserve, neurotrophic factors, 
inflammation, and synapse biology have been proposed as potential 
contributors to these differences (Ferretti et al., 2018; Laws et al., 
2018; Toro et al., 2019).

Significantly, we noticed a group-specific effect related to sex, 
specifically in the feeder connections, where women exhibited fewer 
feeder connections compared to men. This finding aligns with a 
previous study on gender differences in rich-club organization, which 
reported larger connectivity values, including connectivity strength, 
in men compared to women for feeder connections. This suggests that 
disparities in peripheral regions play a pivotal role in understanding 
gender differences in rich-club organization (Wang et al., 2019).

To uncover potential differences of rich-club organizations 
between men and women, our study also examined the topological 

FIGURE 4

Correlation between feeder connections of the thalamus and cognitive function. The graph shows scatter plot with line of best fit (95% confidence 
interval). The region-specific feeder connections of the thalamus are positively correlated with the K-MMSE scores (r  =  0.23, permutation adjusted 
p  =  0.006) and negatively correlated with the CDR sum of boxes (r  =  −0.19, permutation adjusted p  =  0.016) in men with prodromal AD, whereas there 
is no significant correlation in women with prodromal AD. In the AD dementia, the connectivity strength of the thalamus in the feeder connections are 
negatively correlated with the K-MMSE scores (r  =  −0.39, adjusted p  <  0.001) only in women.
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properties of rich-club organization. When we investigated the region-
specific alterations in the rich-club connections between men and 
women, it is noteworthy that men showed significantly higher 
connectivity strength of the SPC as well as that of the putamen in the 
rich-club connections than women in the prodromal AD, while the 
higher connectivity strength of the thalamus in men than women in 
patients with AD dementia. Consisted with our findings, a previous 
study showed that the SPC was one of the regions which showed the 
most significant differences in network topology between women and 
men based on the 1,053 postmortem brain samples in AD (Sun et al., 
2019). In addition, higher rich-club connections of the putamen in 
men with prodromal AD could be explained by the previous study 
showing the faster striatal AB accumulation in women than men and 
more pronounced tau accumulation in women than men (Kim et al., 
2022), which may further induce more structural network abnormality 
in women than men.

It is also noteworthy that both men and women showed higher 
connectivity strength of the precuneus in the rich-club connections 
among the prodromal AD group compared to that in CU, but showed 
lower connectivity strength of the precuneus in AD dementia 
compared with that in CU or prodromal AD groups. Furthermore, 
both women and men demonstrate decreased connectivity strength 
of the SPC in AD dementia group compared to CU or prodromal 
AD. Alterations of rich-club connections in the precuneus as well as 
the SPC among prodromal AD or AD dementia could be explained 
by the facts that the precuneus and the SPC are one of the main 
regions which are mainly involved in AD (Jacobs et al., 2012; Ota 
et al., 2022). Consistent with our findings, alterations of structural 
connectivity in precuneus or SPC among patients with AD were 
reported in the previous study (Wang et al., 2016; Cao et al., 2020; 
Prawiroharjo et al., 2020).

Surprisingly, we observed enhanced connectivity strength in the 
precuneus of patients with prodromal AD. The implications of these 
structural changes are still a subject of debate. Despite the different 
methodologies, some researchers propose that increased structural 
connectivity could indicate a compensatory process in 
neurodegenerative diseases (Mole et al., 2016; Sheng et al., 2021), 
consistent with our findings.

Further studies are needed to elucidate to what extent these 
findings reflect real biological changes of these increased structural 
connectivity in patients with AD.

It should be noted that we found the significant sex-differences in 
the connectivity strength of thalamus in the rich-club and feeder 
connections, indicating that men with AD dementia had greater 
connectivity strength of thalamus in the rich-club and feeder 
connections than those in women. No studies have been conducted 
on the structural connectivity related to the thalamus in AD; however, 
women with AD dementia have smaller anterior thalamic volumes 
than do men (Callen et al., 2004), which could be consistent with 
our findings.

Furthermore, men with AD dementia demonstrated increased 
region-specific alterations in the feeder connections in the thalamus, 
compared with men with CU or prodromal AD. Although increased 
structural connectivity strength could be regarded as a compensatory 
process as mentioned above, there is limited information about the 
pathological basis of structural network compensation in AD (Jackson 
et al., 2019; Sheng et al., 2021); this warrants further research related 

to the structural connectivity of the thalamus in AD to elucidate sex 
differences in the thalamus of patients with AD.

Notably, the feeder connections of the thalamus were differently 
correlated with the cognitive scores in men and women. In men with 
prodromal AD, the feeder connections of the thalamus were positively 
correlated with the K-MMSE scores and negatively correlated with the 
CDR sum of boxes. Considering the thalamus receives and combines 
neural signals from various parts of the neocortex and is involved in 
coordinating this information (Aggleton et al., 2016; Alderson et al., 
2017), the severity of disruption in the connectivity strength of the 
thalamus from feeder connections is supposedly correlated with 
cognitive dysfunction in men with prodromal AD. This finding is 
supported by previous findings suggestion that cognitive function is 
associated with connectivity of the thalamus in AD (Aggleton 
et al., 2016).

However, contrary to our expectations, region-specific feeder 
connections of the thalamus were negatively correlated with the 
K-MMSE scores only in women with AD dementia, suggesting that 
increased thalamic connectivity strength in such patients is associated 
with poor cognitive function.

The thalamus consists of multiple nuclei that are highly 
interconnected with the cortical and subcortical areas of the brain 
(Perry et  al., 2021). One possible explanation for this negative 
correlation between the connectivity strength and cognitive function 
in women with AD dementia is that increased connectivity strength 
between certain thalamic nuclei and the cerebral cortex is associated 
with the inhibitory function of cognition. For example, the suppression 
of activity in the medial dorsal nucleus of the thalamus may play a 
vital role in facilitating information processing from the hippocampal 
formation to the prefrontal cortex, specifically in the memory domain 
(Yang et  al., 2019; Perry et  al., 2021). Therefore, the increased 
connectivity strength of the medial dorsal nucleus in the thalamus is 
supposedly associated with increased memory impairment in patients 
with AD dementia.

The current study had some limitations. First, we  could not 
determine the causal relationship between alterations in the brain 
networks and could not examine cognitive decline because of the 
cross-sectional nature of the study design. Second, the participants did 
not have major psychiatric diseases, such as depression or anxiety; 
therefore, these potential confounding factors were not included in 
the analysis, which should be considered in future studies. Third, 
we analyzed the effects of APOE ε4 on the connectivity strength of the 
rich-club organizations in patients with AD (Supplementary Figure S3); 
however, other genetic factors could also affect the structural 
connectivity of the rich-club organization in AD. Fourth, 
we  performed amyloid PET to confirm amyloid pathology in the 
brain; nonetheless, we did not consider other pathologies, such as 
neurofibrillary tangles or Lewy bodies. Finally, although we utilized a 
permutation-based approach for multiple comparison correction, it is 
worth noting that this method might be less conservative compared 
to Bonferroni or False Discovery Rate correction. As a consequence, 
there is a possibility that it could lead to an increased risk of inflating 
the Type I error rate.

Nonetheless, the strength of this study is that it investigated the 
sex differences in the rich-club organizations in patients with AD 
confirmed by amyloid PET scans, which had not been examined 
before. Our findings provide important evidence for sex-specific 
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alterations in the structural brain network related to AD, suggesting 
the necessity of sex-specific strategies in clinical practice.
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The menopausal transition has been proposed to put women at risk for undesirable 
neurological symptoms, including cognitive decline. Previous studies suggest 
that alterations in the hormonal milieu modulate brain structures associated with 
cognitive function. This structured review provides an overview of the relevant 
studies that have utilized MRI to report volumetric differences in the brain 
following menopause, and its correlations with the evaluated cognitive functions. 
We performed an electronic literature search using Medline (Ovid) and Scopus to 
identify studies that assessed the influence of menopause on brain structure with 
MRI. Fourteen studies met the inclusion criteria. Brain volumetric differences have 
been reported most frequently in the frontal and temporal cortices as well as the 
hippocampus. These regions are important for higher cognitive tasks and memory. 
Additionally, the deficit in verbal and visuospatial memory in postmenopausal 
women has been associated with smaller regional brain volumes. Nevertheless, 
the limited number of eligible studies and cross-sectional study designs warrant 
further research to draw more robust conclusions.

KEYWORDS

menopause, MRI, cognition, women, structural imaging, brain

1. Introduction

Menopause, a condition unique to women, typically occurs during the fifth decade of life 
and is diagnosed retrospectively 12 months after cessation of menstruation (Shuster et al., 2010). 
Clinically, it can be confirmed by evaluating the circulating levels of follicle-stimulating hormone 
(FSH) and/or anti-Müllerian hormone (AMH; Santoro and Johnson, 2019). The decline in the 
ovarian follicular reserve to a very low threshold is the main driver of the menopausal transition 
during midlife (Broekmans et al., 2004). During the perimenopausal stage, the menstrual cycle 
length becomes irregular, accompanied by changes in circulating estrogens and progesterone 
(Taffe and Dennerstein, 2002). It is common for the estrogen levels to fluctuate and 
be unpredictable but eventually reach a steady low state after completion of the menopausal 
transition (Hall, 2015). A scientific consensus in 2011 has led to the development of a gold 
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standard criterion to distinguish the progress in the menopausal 
transition defined by the Stages of Reproductive Aging Workshop + 10 
(STRAW + 10) based on the menstrual cycle pattern changes and FSH 
levels (Harlow et al., 2012).

While menopause is a normal biological process, the physiological 
changes during this critical period can be  challenging to the 
individual. Diminished gonadal steroid hormone certainly has 
implications in the central nervous system, as many hallmark 
manifestations of menopause are neurological in nature, including 
forgetfulness, insomnia, depression, subjective memory complaints, 
and cognitive decline (Giannini et al., 2021). The brain is an important 
target for gonadal hormone effects. Localization of the classical 
estrogen receptors (ERα/β) and progesterone receptors (PRA/B) have 
been reported in regions important for cognition, including the 
hippocampus (Guerra-Araiza et al., 2003; Bean et al., 2014; Scudiero 
and Verderame, 2017), the medial prefrontal cortex (Brinton et al., 
2008; Almey et al., 2014), the basal forebrain (Hammond and Gibbs, 
2011), and the striatum (Enterría-Morales et al., 2016). Estrogen and 
progesterone have been regarded as neuroprotective hormones. 
Estrogen mediates morphological and neurochemical changes of the 
neural processes by stimulating brain-derived neurotrophic factor 
(BDNF; Luine and Frankfurt, 2013) and by transcription factors 
(Arevalo et  al., 2015), cell signaling (Yang et  al., 2020), neuronal 
growth (Scharfman and MacLusky, 2006; Bustamante-Barrientos 
et al., 2021), dendritic spine densities (Handley et al., 2022), synaptic 
organization (Wang et al., 2018), and regulation of cholinergic systems 
(Kwakowsky et  al., 2016). Similarly, progesterone induce 
neuroprotection by activating the mitogen-activated protein kinase 
(MAPK) and protein kinase B (Akt) signaling pathways (Singh and 
Su, 2013; Liu et  al., 2022), inhibiting excitotoxicity (Luoma et  al., 
2011), promoting myelin repair (Engman et al., 2018), and exerting 
anti-inflammatory effects (Aryanpour et al., 2017; De Nicola et al., 
2018). Several studies have demonstrated the detrimental effects of 
menopause on cognitive function (Sullivan and Fugate, 2001; 
Epperson et al., 2013; Weber et al., 2014; Lee et al., 2020). Among the 
cognitive domains affected are attention, working memory (Maki 
et al., 2021), verbal memory (Kilpi et al., 2020), and executive function 
(Wegesin and Stern, 2007). Nevertheless, analysis from the Study of 
Women’s Health Across the Nation (SWAN) cohort reported cognitive 
decline only during the perimenopausal stage, and these changes were 
reversed during postmenopause (Greendale et al., 2009). Specifically, 
there is impairment in verbal memory scores during early and late 
perimenopause, while there is a lack of improvement in speed 
processing in the late perimenopausal phase compared with the pre- 
and postmenopausal phases (Greendale et al., 2009). However, there 
has been insufficient research to determine whether the detrimental 
effects of the menopausal transition on cognitive functions are time 
limited. To ascertain whether the cognitive decline is transient or 
permanent, it would be useful to replicate these findings in studies 
with a larger number of repeated assessments over a wider age span.

Neuroimaging studies using MRI in women have revealed that 
fluctuations in gonadal hormones at different reproductive stages 
could influence region-specific structural changes in the brain 
(Rehbein et  al., 2021). At puberty, circulating estrogen levels are 
positively correlated with gray matter (GM) volumes in the middle 
frontal, inferior temporal, middle occipital, and parahippocampal gyri 
(Neufang et al., 2009; Peper et al., 2009), and negatively correlated 
with volume changes in the prefrontal, orbitofrontal, parietal, 

temporal, and anterior cingulate cortices (Peper et al., 2009; Koolschijn 
et  al., 2014). There are also apparent structural alterations across 
different menstrual cycle phases, pregnancy, and the postpartum 
period. As such, variations in hormonal levels during the menstrual 
phase affect the hippocampal (Protopopescu et al., 2008; Lisofsky 
et al., 2015) and amygdalar (Ossewaarde et al., 2013) volumes, and 
there are pregnancy-related changes in regions subserving social 
cognition (Hoekzema et  al., 2017). Considering that endogenous 
gonadal hormones have been associated with changes in brain 
structure, researchers have studied the efficacy of hormone 
replacement therapy (HRT) on brain volumes at menopause and its 
correlation with cognitive status (Kantarci et al., 2016, 2018). Several 
modifying factors, including the time of initiation, duration, and type 
of HRT and the critical window hypothesis, are important to 
contemplate when determining the outcome of HRT on brain volumes.

Given that gonadal hormone levels affect an array of brain cellular, 
morphological, and organizational changes, it is foreseeable that there 
are volume changes in the brains of postmenopausal women. 
However, most of the research related to structural and morphological 
brain changes in postmenopausal women has focused on age or 
hormone treatment. Few studies have examined structural brain 
changes related to the individual neurobiological mechanisms of 
menopause. Thus far, there have been no comprehensive structured 
review on this area of research; hence, we aimed to address this gap in 
the present review. Our primary objective was to summarize the 
current literature on structural brain changes as measured by MRI 
from cross-sectional and longitudinal studies associated with the 
menopause status. Our secondary objective was to determine whether 
the structural brain differences correlate with cognitive performance. 
We hypothesize that the postmenopausal period is associated with 
smaller volumes of brain regions associated with memory and 
executive function. These areas include structures in the frontal, 
temporal, and hippocampal regions, which are associated with poor 
cognitive performance.

2. Methods

2.1. Literature search

An electronic literature search was performed to identify studies 
done on differences in the structural brain of postmenopausal women. 
Two online databases—Medline via Ovid Medline and SCOPUS—
were searched for papers published from 1945 to March 2022. The 
search strategy was limited to human studies and used a combination 
of the following sets of keywords: women or female*; elder or old or 
aging or age*; menopaus*; stuctur*; MRI*.

2.2. Selection of research articles

The outcomes generated from the two databases were retrieved to 
screen for eligibility. The studies were selected if they meet the 
following inclusion criteria:

 i. Full research articles or original articles.
 ii. Volumetric brain structure assessment was done using an 

MRI scanner.
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 iii. There was a single MRI session (cross-sectional) or multiple 
sessions (longitudinal).

 iv. The participants did not have any medical conditions that affect 
the brain structure, including stroke, brain tumors, 
neurodegenerative diseases, or other medical illnesses that may 
significantly alter central nervous system functions.

 v. The study population consisted of menopausal women (either 
peri- or postmenopausal), and the healthy controls comprised 
premenopausal women and men of the same age, to have a fair 
evaluation of the structural brain differences.

 vi. Published in the English language.

The exclusion criteria were:

 i. Narrative reviews, editorial, letters, dissertations, book 
chapters, books, conference proceedings, and lectures.

 ii. Case–control studies, interventional studies, or animal studies.
 iii. Studies using other imaging modalities such as single-photon 

emission computed tomography, diffusion tensor imaging 
(DTI), and magnetoencephalography.

 iv. The participants had neurological disorders, such as dementia, 
Alzheimer’s disease (AD), schizophrenia, and depression.

 v. Studies without a premenopausal group and men as 
a comparison.

 vi. Use of HRT as an intervention in clinical trials.

2.3. Data extraction and management

In the first phase, three independent reviewers screened all the 
titles of the articles and removed articles that were unrelated to the 
study. In the second phase, the reviewers removed duplicate articles 
from the two databases and obtained the abstracts of the remaining 
articles. For the third phase, the reviewers assessed the abstracts based 
on the inclusion and exclusion criteria. Finally, the reviewers obtained 
the full text of the remaining articles and determined whether they 
could be included. All reviewers agreed to the inclusion of the final 
articles in the review. Any disagreements were resolved through 
consensus. The reviewers extracted data from the articles and entered 
it into evidence tables. The extracted data were the study title, the 
publication date, the research design (cross-sectional or longitudinal 
MRI), participant characteristics (e.g., age, biological sex, and 
percentage of menopausal women), MRI measures [e.g., GM, white 
matter (WM), and regional brain volumes], findings (e.g., differences 
observed between groups and adjustment for covariates), and 
neuropsychological measures.

2.4. Assessing the quality of the studies

Fourteen included articles were qualitatively assessed using 
the Quality Assessment Tool for Observational Cohort and Cross-
Sectional Studies designed by the National Institutes of Health 
(NIH; National Institutes of Health, 2021). Quality assessment 
tools are needed to assess the internal validity of research findings, 
which is recognized as a risk of bias by the Cochrane Collaboration 
(Boutron et  al., 2021). The tool consists of 14 questions 

corresponding to various aspects of study validity, including the 
research question, the population definition, the participation 
rate, recruitment, data collection, the sample size, analyses, 
outcome measures, and confounders. The questions are shown in 
Table 1. Two reviewers (HAD and NZR) judged the quality of the 
studies by rating each article as good (low risk of bias), fair 
(moderate risk of bias), or poor (high risk of bias). Finally, the 
assessments given by the two reviewers were compared to reach 
a consensus.

3. Results

3.1. Search results

The online search yielded 3,202 potentially relevant articles, of 
which 102 articles were duplicates. We excluded 2,986 articles after 
screening the titles and abstracts based on the inclusion and 
exclusion criteria. Of the 114 full-text articles retrieved, 
we removed 50 articles after reading the full text and another 52 
after data extraction. The reasons for exclusion were studies used 
functional MRI (fMRI; n = 51), hormonal treatment as an 
intervention in clinical trials (n = 18), lack of comparison with a 
premenopausal group or men (n = 10), one article was from the 
same project as another study (n = 1), and irrelevant to the main 
objective (n = 22). We  included two additional articles after a 
manual search of the SCOPUS database. Of the 14 articles included 
in this review, one is longitudinal (Mosconi et al., 2018), and the 
remaining are cross-sectional. Figure 1 shows the flow chart of 
study selection.

3.2. Quality assessments of the studies

The quality assessments of the included studies are shown in 
Table 1. We rated two studies as good (14%) and the rest as fair (86%). 
The cross-sectional study design in most of the studies does not allow 
identifying a causal association between the menopause status and 
brain volume. In addition, we noted a deficiency in the information 
regarding the statistical justification of sample size or estimates of the 
effect size. Furthermore, seven studies did not provide sufficient 
details on the participation rate; this increases the risk of selection 
bias, meaning that the study population may not be representative of 
the target population. Other limitations included underreporting 
whether the MRI rater was blinded to the participants’ menopause 
status. Most authors considered the effects of multiple potential 
confounders on the outcomes, including age, the type of menopause, 
the duration of menopause, HRT use, apolipoprotein E4 (ApoE4) 
carrier status, education level, and vascular risk factors. However, 
only three studies (Mosconi et al., 2017, 2018; Schelbaum et al., 2021) 
comprehensively controlled all these confounders, whereas the 
remaining studies marginally controlled several confounders. Indeed, 
the only eligible longitudinal study showed a high follow-up rate and 
adequate reassessment of the menopause status 3 years after baseline 
(Mosconi et al., 2018). In the current context, the level of exposure 
was regarded as the phase of menopause. When both peri- and 
postmenopausal women were present included in a study, there were 
apparent brain structure differences. The common strengths of most 
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included studies were an accurate description of the study objective 
and population, uniformity in sample recruitment, and reliable 
staging of the menopause status.

3.3. Study descriptions

3.3.1. Study population
The study population consisted of women at different 

reproductive stages, and five studies also included men (den 
Heijer et  al., 2003; Mosconi et  al., 2017, 2018; Rahman et  al., 

2020; Schelbaum et al., 2021; Table 2). The authors determined 
the postmenopausal population according to the STRAW+10 
criteria (Mosconi et al., 2017, 2018; Kim et al., 2018; Lu et al., 
2018; Baek et al., 2019; Seitz et al., 2019; Rahman et al., 2020; 
Schelbaum et  al., 2021; Zhang et  al., 2021), interviews (Goto 
et al., 2011), a self-reported questionnaire (Than et al., 2021), or 
unspecified criteria (den Heijer et al., 2003; Sullivan et al., 2005; 
Cowell et al., 2007). Some of the researchers measured additional 
sex steroid hormones, specifically FSH, to support the menopause 
status (Kim et al., 2018; Lu et al., 2018; Baek et al., 2019; Zhang 
et  al., 2021). According to the STRAW +10 criteria, there are 

TABLE 1 Quality assessments of the included studies.

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Quality 
rating 
(good, 
fair, or 
poor)

den Heijer 

et al. (2003)
Yes Yes Yes Yes NR NA NA NA NR NA Yes Yes NA Yes Fair

Sullivan 

et al. (2005)
Yes Yes NR Yes NR NA NA NA NR NA Yes NR NA Yes Fair

Cowell et al. 

(2007)
Yes Yes Yes Yes NR NA NA NA NR NA Yes CD NA Yes Fair

Goto et al. 

(2011)
Yes Yes Yes Yes NR NA NA NA Yes NA Yes NR NA Yes Good

Mosconi 

et al. (2017)
Yes Yes NR Yes NR NA NA Yes Yes NA Yes NR NA Yes Fair

Lu et al. 

(2018)
Yes Yes NR Yes NR NA NA NA Yes NA Yes Yes NA Yes Fair

Kim et al. 

(2018)
Yes Yes NR Yes NR NA NA NA Yes NA Yes NR NA Yes Fair

Mosconi 

et al. (2018)
Yes Yes Yes Yes NR Yes Yes Yes Yes Yes Yes NR Yes Yes Good

Baek et al. 

(2019)
Yes Yes NR Yes NR NA NA NA Yes NA Yes NR NA NR Fair

Seitz et al. 

(2019)
Yes Yes Yes Yes NR NA NA Yes Yes NA Yes NR NA Yes Fair

Rahman 

et al. (2020)
Yes Yes Yes Yes NR NA NA Yes Yes NA Yes NR NA Yes Fair

Than et al. 

(2021)
Yes Yes NR Yes NR NA NA NA Yes NA Yes yes NA Yes Fair

Schelbaum 

et al. (2021)
Yes Yes Yes Yes NR NA NA Yes Yes NA Yes NR NA Yes Fair

Zhang et al. 

(2021)
Yes Yes NR Yes NR NA NA NA Yes NA Yes NR NA Yes Fair

Q1: Was the research question or objective in this paper clearly stated?; Q2: Was the study population clearly specified and defined?; Q3: Was the participation rate of eligible persons at least 
50%?; Q4: Were all the subjects selected or recruited from the same or similar populations (including the same time period)? Were the inclusion and exclusion criteria for being in the study 
prespecified and applied uniformly to all participants?; Q5: Was a sample size justification, power description, or variance and effect estimates provided?; Q6: For the analyses in this paper, 
were the exposure(s) of interest measured prior to the outcome(s) being measured?; Q7: Was the timeframe sufficient so that one could reasonably expect to see an association between 
exposure and outcome if it existed?; Q8: For exposures that can vary in amount or level, did the study examine different levels of the exposure as related to the outcome (e.g., categories of 
exposure, or exposure measured as continuous variable)?; Q9: Were the exposure measures (independent variables) clearly defined, valid, reliable and implemented consistently across all study 
participants?; Q10: Was the exposure(s) assessed more than once over time?; Q11: Were the outcome measures (dependent variables) clearly defined, valid, reliable and implemented 
consistently across all study participants?; Q12: Were the outcome assessors blinded to the exposure status of participants?; Q13: Was loss to follow-up after baseline 20% or less?; Q14: Were 
key potential confounding variables measured and adjusted statistically for their impact on the relationship between exposure(s) and outcome(s)? CD: cannot determined; NA: not applicable; 
NR: not reported; Q: questions. Quality was rated as poor if the percentage of “yes” answers was ≤ 40%, fair (41–69%), and good (≥ 70%). Questions with “NA” as an answer were not counted 
in the total quality rating scores.
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three reproductive phases in women, namely reproductive, the 
menopausal transition, and postmenopause, with a total of 10 
stages centered around the final menstruation phase (FMP) at 
Stage 0 (Table  3). Each study included postmenopausal 
participants except for Lu et al. (2018) and Zhang et al. (2021), in 
which the target population was perimenopausal women. Due to 
a lack of in-depth menopause assessment, Cowell et al. (2007) 
consolidated peri- and postmenopausal women in a single group, 
whereas Than et  al. (2021) combined pre- and 
perimenopausal women.

3.3.2. Menopause characteristics
We noted that additional characterization of postmenopausal 

participants, including age at menopause, duration after 
menopause, and type of menopause, was scarce. However, two 
studies reported the mean age at menopause (Goto et al., 2011; 
Schelbaum et al., 2021), while one study recruited women who 
had been in postmenopause for 5.5 ± 2.5 years (Kim et al., 2018). 
In addition, Rahman et al. (2020), Schelbaum et al. (2021), and 
Than et al. (2021) reported the percentage of participants who 
underwent oophorectomy and hysterectomy, but they did not 

elaborate on whether the surgery was performed before or after 
the natural age of menopause.

3.3.3. Age effect
All postmenopausal women in this review ranged from 50 to 

70 years of age. To minimize the age effects, the studies included age as 
a confounder during analysis (Mosconi et al., 2017, 2018; Kim et al., 
2018; Rahman et al., 2020; Schelbaum et al., 2021), used it as a grouping 
factor at the sample level (Cowell et al., 2007; Goto et al., 2011), used 
age-matched counterparts (den Heijer et al., 2003; Seitz et al., 2019; 
Zhang et  al., 2021), or measured the total brain volume (TBV) in 
age-restricted (< 58 years old) subgroup populations (Than et al., 2021). 
On the other hand, Lu et al. (2018) confirmed the effect of menopause 
by performing a correlation analysis between age and the brain regions 
of interest (ROIs) of samples from all women. The authors considered 
brain regions that were not correlated with age but that showed volume 
differences between groups to be an exclusive effect of menopause. 
Rather than controlling for the age variable, Than et  al. (2021) 
examined the age-dependent effects of menopause on regional brain 
volumes. On the contrary, three studies did not consider age as a 
covariate (Sullivan et al., 2005; Cowell et al., 2007; Baek et al., 2019).

FIGURE 1

Flowchart illustrating the literature search and exclusion process.
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TABLE 2 Study descriptions.

den Heijer 
et al. 
(2003)

Sullivan 
et al. (2005)

Cowell 
et al. 
(2007)

Goto et al. 
(2011)

Mosconi 
et al. 
(2017)

Lu et al. 
(2018)

Kim et al. 
(2018)

Mosconi 
et al. 
(2018)

Baek et al. 
(2019)

Seitz et al. 
(2019)

Rahman 
et al. 
(2020)

Than et al. 
(2021)

Schelbaum 
et al. (2021)

Zhang 
et al. 
(2021)

Study design CS CS CS CS CS CS CS LG CS CS CS CS CS CS

Study 

population

Post-M and 

Men

Post-M and 

Pre-M

Peri-M/

Post-M 

merged and 

Pre-M

Post-M and 

Pre-M

Post-M, Peri-M, 

Pre-M, and

Men

Peri -M and 

Pre-M

Post-M and 

Pre-M

Post-M, Peri-M, 

Pre-M, and Men

Post-M and 

Pre-M

Post-M, Peri-M, 

and Pre-M

Post-M, Peri-M, 

Pre-M, and 

Men

Post-M and 

Pre-M/Peri-M 

merged

Post-M, Peri-M, 

Pre-M, and Men

Peri-M and 

Pre-M

Adjusted for 

age?

Matched for age No No No, age as a 

grouping factor at 

the sample level

Yes Sig. brain 

differences 

between Peri-M 

and Pre-M were 

correlated with 

age to exclude 

age effects

Yes Yes No Matched for age Yes. TBV: age and M 

interaction in 

subgroup analyses 

(<58 years old)

Yes Matched for age

RBV: age and M 

interaction

Menopause 

assessment

- - - Interview STRAW +10 

criteria

STRAW + 10 

criteria

STRAW + 10 

criteria

STRAW + 10 

criteria

STRAW + 10 

criteria

STRAW + 10 

criteria

STRAW + 10 

criteria

Self-reported 

questionnaires

STRAW + 10 criteria STRAW + 10 

criteria

Age at 

menopause

- - - 45.7 ± 2.9, 

50.6 ± 3.1, 

50.7 ± 4.3, and 

49.6 ± 3.6 years for 

each Post-M in 

their 40, 50, 60, 

and 70 s, resp.

- MT phase - - - - - - 51 ± 3 years MT phase

Years after 

menopause

- - - - - MT phase 5.5 ± 2.5 years - - - - - - MT phase

Types of 

menopause

- - - - - SM excluded SM excluded - - - 17% of Post-M 

and 4% of 

Peri-M had 

HYS

W > 60 years old 

with BO were 

regarded as 

Post-M

6% HYS, 6% pHYS, 

and 1% O

-

HRT use HRT users 

excluded

41% of Post-M 

(active or past 

user)

46% of 

Post-M 

(active or 

past user)

- 14% of Post-M 

(active or past 

user)

HRT users 

excluded

HRT users 

excluded

HRT users 

excluded

HRT users 

excluded

HRT users 

excluded

26% of Post-M 

and 11% of 

Peri-M (active 

or past user)

7% of Post-M and 

1.7% of Pre-M/

Peri-M (active or 

past user)

4% past users and 

27% current user

HRT users 

excluded

(Continued)
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den Heijer 
et al. 
(2003)

Sullivan 
et al. (2005)

Cowell 
et al. 
(2007)

Goto et al. 
(2011)

Mosconi 
et al. 
(2017)

Lu et al. 
(2018)

Kim et al. 
(2018)

Mosconi 
et al. 
(2018)

Baek et al. 
(2019)

Seitz et al. 
(2019)

Rahman 
et al. 
(2020)

Than et al. 
(2021)

Schelbaum 
et al. (2021)

Zhang 
et al. 
(2021)

Education 

levels

1° ed. Of 

Post-M and 

Men was 37 and 

23%, resp.

14.7 ± 3.6 years ≥ 13 years - ≥ 12 years, 

adjusted

≥ 15 years - ≥ 12 years Post-M:

1° ed. (26%)

2° ed. (68%)

3° ed. (5%)

Post-M:

HS (25%)

C (28%)

UNI (6%)

≥ 12 years - W: 17 ± 2 years ≥ 12 years

Pre-M:

2° ed. (68%)

3° ed. (5%)

Peri-M:

HS (24%)

C (34%)

UNI (7%)

Men: 18 ± 2 years

Pre-M:

HS (18%)

C (30%)

UNI (12%)

CMR BMI, smoking 

status, and 

alcohol 

consumption

- - No difference in 

DI, SI, and BG 

level, and HTN

No difference in 

BMI, HTN, 

WTH, BP, FG, 

and CHOL in all 

groups

- - No difference in 

HTN and BMI 

in all groups

- Each group was 

matched for 

BMI

No difference in 

WTH, TG, and 

IR, except ↓ 

CHOL/HDL in 

Post-M 

compared with 

Pre-M and 

Peri-M

Post-M had ↑ no. 

of CMR 

compared with 

Pre-M/Peri-M

Smoking status, 

HTN, and WTH 

were adjusted

-

Men had ↑ IR 

and ↑ TG with ↓ 

HDL:LDL ratio 

compared with 

women

Men had ↑ IR 

and ↑ CHOL/

HDL compared 

with women

Men had ↑ IR 

and CHOL/

HDL compared 

with women

Brain regions 

investigated 

based on a 

priori 

hypothesis?

Yes, HIP Yes, HIP and TL Yes, PFC Yes, HIP Yes, FL (med., 

inf., and PFC), 

PCC, TL (lat. 

And med.), and 

PL (inf. And 

sup.)

No No Yes, HIP No Yes, HIP, 

DLPFC, ACC, 

IPL, and PHC

No No Yes, FL, TL, HIP, 

PHC, amygdala, 

fusiform gyrus, PCC, 

BA, and EC

Yes, SCV

TABLE 2 (Continued)

(Continued)
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3.3.4. Use of HRT
A history or current use of HRT among menopausal women 

varied among of the studies, and none of the studies specifically 
reported the types of HRT used. Some studies excluded women if 
they were current HRT users during the experiment (den Heijer 
et al., 2003; Mosconi et al., 2018; Seitz et al., 2019) or had a history 
of HRT use 1 month prior to the scans (Kim et al., 2018; Lu et al., 
2018; Baek et al., 2019). Conversely, several studies included HRT 
users; the percentage of postmenopausal women actively taking HRT 
or past users was 41% (Sullivan et al., 2005), 46% (Cowell et al., 
2007), 14% (Mosconi et al., 2017), 26% (Rahman et al., 2020), and 
7% (Than et al., 2021); 11% for perimenopausal women (Rahman 
et al., 2020); and 1.7% for pre-/perimenopausal women (Than et al., 
2021). One particular study that also included HRT users 
distinguished between current or past users, 4 and 27%, respectively 
(Schelbaum et al., 2021).

3.3.5. Education levels
The participants included in the studies had ≥12 years of 

education (Sullivan et al., 2005; Cowell et al., 2007; Mosconi et al., 
2017, 2018; Lu et al., 2018; Rahman et al., 2020; Schelbaum et al., 
2021; Zhang et al., 2021). Baek et al. (2019) reported that 26 and 68% 
of postmenopausal women had completed primary and secondary 
education, respectively, and only 5% had completed a university-
level education. They reported that 79% of premenopausal women 
had completed a university-level education. In one study, the 
percentage of participants with primary education was similar in 
both men and women (den Heijer et al., 2003). Seitz et al. (2019) 
matched the academic status from secondary until tertiary education 
for the pre-, peri-, and postmenopausal women as well as the men. 
Three studies did not provide the educational background of the 
participants (Goto et al., 2011; Kim et al., 2018; Than et al., 2021).

3.3.6. Cardiometabolic risk factors
The cardiometabolic risk factors (CMR) include hypertension, 

hyperlipidemia, obesity, insulin resistance, smoking, and alcohol 
consumption. Several studies examined the CMR among the 
participants (den Heijer et al., 2003; Goto et al., 2011; Mosconi 
et al., 2017, 2018; Rahman et al., 2020; Schelbaum et al., 2021; Than 
et  al., 2021). Six studies did not provide details on the CMR 
(Sullivan et al., 2005; Cowell et al., 2007; Kim et al., 2018; Lu et al., 
2018; Baek et  al., 2019; Zhang et  al., 2021). In one study, the 
postmenopausal group had significantly more CMR than the pre-/
perimenopausal group (Than et  al., 2021); however, the much 
larger (7-fold) size of the former group could have contributed to 
this difference. In contrast, in one study, the cholesterol/high-
density lipoprotein (HDL) ratio was lower in postmenopausal 
women compared with the pre- and perimenopausal women 
(Rahman et al., 2020). However, other studies reported similar 
CMR among the participants (Goto et al., 2011; Mosconi et al., 
2017, 2018; Rahman et al., 2020; Table 2). Interestingly, in two 
studies, male subjects were hyperlipidemic and had higher insulin 
resistance compared with women from different reproductive 
phases (Mosconi et al., 2017, 2018).

3.3.7. ApoE4 carrier status
The ApoE4 carrier status was determined in multiple studies. 

Interestingly, these studies reported no significant difference in the 
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percentage of carriers between the groups (den Heijer et al., 2003; 
Mosconi et al., 2017, 2018; Rahman et al., 2020; Schelbaum et al., 
2021; Than et al., 2021). The authors considered the ApoE4 status to 
be a covariate and adjusted for it as a confounder during analysis.

3.3.8. Brain ROIs
Several studies investigated specific brain regions based on a 

priori hypotheses, including the frontal, parietal, temporal, prefrontal, 
anterior, and posterior cingulate cortices; the precuneus; the amygdala; 
the putamen; the hippocampus; and the parahippocampus (den Heijer 
et al., 2003; Sullivan et al., 2005; Cowell et al., 2007; Goto et al., 2011; 
Mosconi et al., 2017, 2018; Seitz et al., 2019; Schelbaum et al., 2021). 
These studies aimed to examine specific brain regions implicated in 
cognitive functions during menopause. The remaining studies 
explored GM alterations between groups with whole-brain analyses 
without predefining specific brain regions.

3.4. Structural neuroimaging

3.4.1. TBV and GM and WM volumes
The TBV refers to the overall volume or size of the entire brain, 

which includes both the GM and WM. Two studies reported 
significant reductions in the TBV as well as global GM and WM 

volumes in postmenopausal women compared with premenopausal 
women after controlling for age (Kim et al., 2018; Than et al., 2021; 
Table  4). These findings were supported by subgroup analysis 
restricted to populations <58 years old, which showed an interaction 
between age and menopause, indicating that for every 1-year increase 
in age, postmenopausal women had three times lower average 
predicted volume than pre-/perimenopausal group. This association 
remained significant after adjusting for other factors such as the 
ApoE4 status, HRT use, and CMR for both GM volume and TBV but 
not for WM volume (Than et al., 2021).

3.4.2. Cortical structures

3.4.2.1. Frontal regions
The frontal region undergoes structural changes during the 

menopausal transition, with reductions in GM and WM volumes 
(Table 4). Mosconi et al. (2017) found that both GM and WM volumes 
of the frontal region decreased significantly with each progression of 
the menopausal phase and relative to age-matched men. In the frontal 
region, there were volume differences in the orbital part of the right 
superior frontal gyrus, the lateral prefrontal cortex, the anterior 
cingulate cortex, the superior and inferior frontal gyri, and the 
supplementary motor area (SMA; Cowell et al., 2007; Kim et al., 2018; 
Lu et al., 2018; Baek et al., 2019; Schelbaum et al., 2021). The authors 

TABLE 3 The stages of reproductive aging workshop +10 staging system for reproductive aging in women.

Menarche FMP (0)

↓ ↓

Stage -5 -4 -3b -3a -2 -1 +1a +1b +1c +2

Terminology Reproductive Menopausal transition Postmenopause

Early Peak Late Early Late Early Late

Perimenopause

Duration Variable Variable 1–3 years 2 years (1 + 1) 3–6 years Remaining 

lifespan

Principal criteria

Menstrual cycle Variable to 

regular

Regular Regular Subtle 

changes 

in flow/

length

Variable length

Persistent ≥7-day 

difference in 

length of 

consecutive cycles

Interval of 

amenorrhea 

of ≥60 days

Supportive criteria

Endocrine

FSH Low Variable* ↑ Variable* ↑ ≥ 25 IU/L** ↑ Variable* Stabilizes
AMH Low Low Low Low Low

Very low
Inhibin B Low Low Low Low

Very low

Antral follicle 

count

Low Low Low Low Very low Very low

Descriptive characteristics

Symptoms Vasomotor 

symptoms

Likely

Vasomotor  

symptoms

Most likely

Increasing 

symptoms of 

urogenital 

atrophy

Source: Harlow et al. (2012). *Blood draw on cycle days 2–5. **Approximate expected level based on assays using current international pituitary standard. AMH. Anti-Müllerian hormone; 
FSH, Follicle-stimulating hormone; FMP, Final menstruation phase; ↑, Elevated.
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TABLE 4 Findings from the volumetric neuroimaging studies.

Study Population characteristics Brain regions 
measured

Menopause effects on 
brain volumes

Covariates

Group (n) Mean  ±  SD age 
or (age range), 
years

den Heijer et al. 

(2003)

Post-M (210) 70 ± 8
Hippocampal volume Post-M < Men -

Men (202) 69 ± 8

Sullivan et al. 

(2005)

Post-M (27)

(20–85)

Hippocampal volume

Post-M = Pre-M ICVPre-M (17) GM and WM volumes in 

the temporal lobe

Cowell et al. (2007)

Peri-M (5) and 

Post-M (15)

(50–72) Lateral prefrontal volume Post-M and Peri-M < Pre-M

ICV

Pre-M (16) (20–49) Medial prefrontal volume Post-M and Peri-M = Pre-M

Goto et al. (2011)

Post-M in their 

50s (59)

55.4 ± 2.7

Bilateral hippocampal 

volume
Post-M in their 50s < Pre-M ICV

Post-M in their 

60s (49)

64.2 ± 2.6

Post-M in their 

70s (17)

74.1 ± 3.0

Pre-M (46) 45.1 ± 2.9

Mosconi et al. 

(2017)

Post-M (14) 57 (52–60) GM and WM volumes in 

the posterior cingulate/

precuneus, frontal, 

temporal, and parietal 

regions

Post-M and Peri-M < Men
ICV, age, education, and 

ApoE4

Peri-M (13) 50 (40–56)

Pre-M (15) 48 (40–55) GM and WM volume in 

the frontal regions
Post-M < Peri-M < Pre-M

Men (18) 52 (42–60)

Lu et al. (2018)

Peri-M (25) 51.6 ± 1.63 GM volume in the left 

putamen, right pallidum, 

right inferior parietal 

gyrus, right superior 

frontal gyrus (orbital part), 

and right postcentral gyrus

Peri-M < Pre-M Age and ICV

Pre-M (32) 47.75 ± 1.55

Kim et al. (2018)

Post-M (20) 55.7 ± 2.4 Total GM and WM 

volumes

Post-M < Pre-M Age
Pre-M (20) 39.9 ± 8.1 GM volume in the inferior 

frontal gyrus, 

supplementary motor area, 

superior temporal gyrus, 

and olfactory cortex

Mosconi et al. 

(2018)

Post-M (12) 58 ± 2 (55–60)

Rate of hippocampal 

volume change

Post-M: ↑ volume loss
ICV, age, education, 

ApoE4 status, and CMR

Peri-M (14) 53 ± 4 (45–60)

Pre-M (15) 47 ± 5 (40–55) Peri-M, Pre-M, and Men: minimal to 

no changeMen (18) 52 ± 6 (42–60)

Baek et al. (2019)

Post-M (19) 55.5 ± 2.6 GM volume in the insula, 

putamen, parahippocampal 

gyrus, amygdala, and 

anterior cingulate gyrus

Post-M < Pre-M -Pre-M (19) 40.2 ± 6.7

(Continued)
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found these differences between peri- and postmenopausal women 
compared with premenopausal women and men. In another study, the 
authors found that the interaction between the menopause status and 
age further influences the association between age and the 
paracingulate gyrus volume in postmenopausal women (Than et al., 
2021). However, some studies did not find significant differences in 
the anterior cingulate and dorsolateral prefrontal cortex volume (Seitz 
et al., 2019) as well as in the medial prefrontal volume among women, 
stratified by menopausal status (Cowell et al., 2007), indicating the 
complexity and variability of the effects of menopause on the frontal 
region. These findings collectively suggest that menopause is 
associated with marked volume differences in the frontal region.

3.4.2.2. Temporal regions
Several studies investigated the impact of menopause on the 

temporal cortex. In one study, women had a smaller temporal 
cortex volume than men, and this effect was more evident in 
peri- and postmenopausal women (Mosconi et  al., 2017). 
Specifically, the included studies reported that postmenopausal 
women have smaller volumes in the superior temporal gyrus, 
olfactory cortex, the entorhinal cortex, the fusiform gyrus, the 
superior and inferior temporal gyri, and the parahippocampus 
compared with premenopausal women (Kim et al., 2018; Baek 
et  al., 2019;Rahman et  al., 2020; Schelbaum et  al., 2021). 
Furthermore, Than et al. (2021) reported an interaction between 

TABLE 4 (Continued)

Study Population characteristics Brain regions 
measured

Menopause effects on 
brain volumes

Covariates

Group (n) Mean  ±  SD age 
or (age range), 
years

Seitz et al. (2019)

Post-M (32) 50.59 ± 2.23 Volume of the 

hippocampus, anterior 

cingulate cortex, inferior 

parietal cortex and 

dorsolateral prefrontal 

cortex

Post-M = Peri-M = Pre-M Age

Peri-M (29) 49.83 ± 1.91

Pre-M (33) 49.24 ± 1.71

Rahman et al. 

(2020)

Post-M (41) 58 ± 3 GM volume of the 

hippocampus, 

parahippocampal gyrus, 

amygdala, insula, and 

caudate
Post-M < Peri-M < Pre-M < Men Age and ICV

Peri-M (28) 51 ± 4

Pre-M (16) 44 ± 4
Regional WM volumes

Men (36) 52 ± 8

Than et al. (2021)

Post-M (1,827) 63.9 (54.2–73.6) TBV and GM and WM 

volumes
Post-M < Pre-M/Peri-M

Covariates for age and 

menopause interaction: 

ApoE4, CMR, and HRT

TBV and GM volume

Post-M < Pre-M/Peri-M

Volumes of the frontal, 

temporal, parietal, 

occipital, and opercular 

cortices, and the 

paracingulate gyrus

Post-M (1,827) 63.9 (54.2–73.6) WM volume Post-M = Pre-M/Peri-M

Putamen Post-M > Pre-M/Peri-M

Schelbaum et al. 

(2021)

Post-M (49) W: 52 ± 6 (40–65) GM volume in the fusiform 

gyrus, amygdala, 

hippocampus, 

parahippocampus, and 

frontal and temporal 

regions

Post-M and Peri-M < Men
Age, ICV, hysterectomy 

status, and HRT use

Peri-M (35)

Pre-M (15) M: 52 ± 7 (40–65) GM volume in 

frontotemporal regions
Post-M and Peri-M < Pre-M

Men (29)

Zhang et al. (2021)

Peri-M (45) 47.38 ± 1.65 Amygdalar volume Peri-M < Pre-M

Age and education levelPre-M (54) 46.89 ± 1.69 Hippocampal and basal 

ganglia volumes
Peri-M = Pre-M

ApoE4, Apolipoprotein E4; CMR, Cardiometabolic risk factors; GM, Gray matter; HRT, Hormone replacement therapy; ICV, Intracranial volume; M, Men; Peri-M, Perimenopausal women; 
Post-M, Postmenopausal women; Pre-M, Premenopausal women; SD, Standard deviation; TBV, Total brain volume; W, Women; WM, White matter; >, more than; <, less than; =, equal to.
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the menopause status and age: Postmenopausal women had a 
smaller temporal volume than pre-/perimenopausal women. 
However, Sullivan et al. (2005) did not find differences in the 
temporal lobe volume between pre- and postmenopausal women. 
These findings suggest that menopause can have significant 
effects on the temporal cortex.

3.4.2.3. Parietal regions
In a large cohort study, an interaction between the menopause 

status and age influenced volume reductions in parietal regions, 
with postmenopausal women exhibiting lower volumes compared 
with the pre−/perimenopausal group (Than et al., 2021). Both 
peri- and postmenopausal women experience changes in different 
subregions of the parietal cortex. The posterior cingulate cortex 
and precuneus were smaller in peri- and postmenopausal women 
compared with age-matched men (Mosconi et  al., 2017; 
Schelbaum et al., 2021). Additionally, the right postcentral and 
right inferior parietal gyri were reduced in perimenopausal 
women compared with premenopausal woman (Lu et al., 2018). 
On the contrary, Seitz et  al. (2019) reported no volumetric 
difference in the inferior parietal lobule among women of 
different menopausal statuses. These findings suggest that 
menopause may contribute to structural changes in the parietal 

cortex, potentially impacting cognitive functions associated with 
this region.

3.4.2.4. Occipital regions
There has been limited attention regarding menopause-related 

structural changes to the occipital cortex, which is responsible for 
visual processing and perception. Nevertheless, Than et al. (2021) 
observed a steeper negative association between age and occipital 
volume in postmenopausal women compared with pre-/
perimenopausal women.

3.4.2.5. Insula and opercular regions
The insula and opercular regions are adjacent brain structures 

with diverse functions including interoception, emotion processing, 
and sensorimotor integration (Gogolla, 2017). Although they have not 
been as extensively studied in the context of menopause compared 
with other brain regions, there is evidence suggesting structural 
changes in these areas. Both peri- and postmenopausal women 
exhibited lower volumes in the insula compared with premenopausal 
women and men (Baek et al., 2019; Rahman et al., 2020). Moreover, 
Than et al. (2021) described that the menopause status interacted with 
age, resulting in a lower opercular cortex volume in postmenopausal 
women compared with pre−/perimenopausal women.

TABLE 5 Assessments of neuropsychological measures and brain volumetric changes.

Study Neuropsychological tests Menopause effects on cognition Relationship between 
cognition and brain 
volume in Peri-M/
Post-M

den Heijer et al. (2003) Delayed recall Post-M > Men
↑ Delayed recall scores but ↓ 

hippocampal volume

Mosconi et al. (2017)

DSSS Peri-M and Post-M > Men

Cognitive function unaffected but ↓ 

GM volume in the frontal, posterior 

cingulate, precuneus, temporal, and 

parietal regions

Paired associates delayed recall

Post-M = Peri-M = Pre-M = Men
Paragraph delayed recall

Designs score

Object naming

Mosconi et al. (2018)

Paragraph recall Post-M and Peri-M < Men ↓ Paragraph recall scores and block 

design tasks with ↓ hippocampus 

volume
Block design Post-M < Pre-M, Peri-M, and Men

Rahman et al. (2020)

Paired associates delayed recall Post-M < Pre-M and Peri-M

↓ Paired associates delayed recall 

scores with ↓ GM and WM volumes

DSSS

Post-M = Peri-M = Pre-M = Men

Paragraph immediate and delayed recall

Designs score

Object naming

Vocabulary score

Schelbaum et al. (2021)

RAVLT

Post-M = Peri-M = Pre-M = Men

Cognitive function unaffected but ↓ 

GM volume in the medial temporal 

lobe

WMS-LM delayed recall test

Trail Making Test Part B

Object naming

Zhang et al. (2021)
Two-back task

Peri-M < Pre-M
↓ Reaction time and accuracy rate in 

both tests with ↓ amygdalar volumeStroop test

ACC, Anterior cingulate cortex; DSSS, Digit symbol substitution score; GM, Gray matter; Peri-M, Perimenopausal women; Post-M, Postmenopausal women; Pre-M, Premenopausal women; 
RAVLT, Rey auditory verbal learning test; WAIS, Wechsler adult intelligence scale; WM, White matter; WMS-LM, Wechsler Memory Scale logical memory; >, more than; <, less than; =, equal 
to; ↑, increased; ↓, decreased.
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TABLE 6 Brain structure and neuropsychological measures outcome in menopause.

den 
Heijer 
et al. 
(2003)

Sullivan 
et al. 
(2005)

Cowell 
et al. 
(2007)

Goto 
et al. 
(2011)

Mosconi 
et al. 
(2017)

Mosconi 
et al. 
(2018)

Kim 
et al. 
(2018)

Lu et al. 
(2018)

Baek 
et al. 
(2019)

Seitz 
et al. 
(2019)

Rahman 
et al. 
(2020)

Than 
et al. 
(2021)

Schelbaum 
et al. (2021)

Zhang 
et al. 
(2021)

Overall 
score

A. Structural parameters

 1. TBV and GM 

volumes

. . . . . . −1 . . . . −1 . . −2/2*

 2. WM volumes . . . . . . −1 . . . . 0 . . −1/2*

 3. Cortical volumes

  (i) Frontal regions . . −1 . −1 . −1 −1 −1 0 . −1 −1 . −7/8*

  (ii) Temporal regions . 0 . . −1 . −1 . −1 . −1 −1 −1 . −6/7*

  (iii) Parietal regions . . . . −1 . . −1 . 0 . −1 −1 . −4/5*

  (iv) Occipital regions . . . . . . . . . . . −1 . . −1/1*

  (v) Insula and 

opercular regions

. . . . . . . . −1 . −1 −1 . . −3/3*

 4. Subcortical volume

  (i) Hippocampus −1 0 . −1 . −1 . . . 0 −1 . −1 0 −5/8*

  (ii) Basal ganglia 

(pallidum/putamen/

caudate)

. . . . . . . −1 −1 . −1 +1 −1 0 −3/6*

  (iii) Amygdala . . . . . . . . −1 . −1 . −1 −1 −4/4*

B. Neuropsychological measures

 1. Memory (immediate 

and delayed recall of 

a paragraph, paired 

associates, and 

two-back task)

+1 . . . 0 −1 . . . . −1 . 0 −1 −2/6

 2. Visuospatial (block 

design test)

. . . . . −1 . . . . . . . . −1/1*

 3. Executive function 

(Stroop test)

. . . . . . . . . . . . . −1 −1/1*

 4. Other tests . . . . 0 . . . . . 0 . 0 . 0/3

*Menopause is concluded to have a negative impact on the structural and neurophysiological parameters if the proportion of the summed score is at least more than half of the denominator for each parameter.
−1: negative effects of menopause on structural or neuropsychological measures; 0: no effects of menopause on structural or neuropsychological measures; +1: positive effects of menopause on structural or neuropsychological measures. GM, Gray matter; TBV, Total 
brain volume; and WM, white matter.
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3.4.3. Subcortical structures

3.4.3.1. Hippocampus
The hippocampus, a vital structure in the subcortical region of the 

brain, has been widely studied in the context of menopause. Several 
studies have investigated the impact of menopause on the hippocampal 
volume, and the authors have reported variable findings. In support 
of our hypothesis, both cross-sectional and longitudinal studies have 
reported significant differences in hippocampal volume between 
groups. Initial work by den Heijer et al. (2003) reported that older 
women had a significantly lower mean hippocampal volume than 
men. Further supporting these findings, Goto et  al. (2011) 
demonstrated a smaller bilateral hippocampal volume in 
postmenopausal women compared with premenopausal women. 
Interestingly, Goto et al. (2011) also found that after menopause, the 
hippocampal volume remained relatively stable, showing minimal 
changes from the 50 to 70 s. Moreover, postmenopausal women had 
the smallest hippocampal volume, followed by peri- and 
premenopausal women, while men had the largest volume (Rahman 
et  al., 2020; Schelbaum et  al., 2021). In the longitudinal study, 
postmenopausal women had the highest rate of hippocampal volume 
atrophy. Over the 3-year of follow-up, there was an average of 3.3% 
hippocampal atrophy in postmenopausal women, while there was 
<1% atrophy in the other groups (Mosconi et al., 2018). However, 
several studies did not observe any significant difference in the 
hippocampal volume depending on the menopause status (Sullivan 
et al., 2005; Seitz et al., 2019; Zhang et al., 2021).

3.4.3.2. Basal ganglia
The basal ganglia is a group of subcortical structures that 

comprises the caudate, putamen, and pallidum. Supporting our 
hypothesis, three studies reported smaller putamen volumes in peri- 
and postmenopausal women compared with premenopausal women 
and men (Lu et al., 2018; Baek et al., 2019; Schelbaum et al., 2021). 
Additionally, when comparing women of different reproductive 
phases, the caudate volume was lowest in postmenopausal women and 
lower relative to men (Rahman et al., 2020). Nevertheless, Zhang et al. 
(2021) did not observe any significant difference in the caudate, 
putamen, and pallidum volumes between peri- and premenopausal 
women. Interestingly, Than et al. (2021) reported a higher putamen 
volume in postmenopausal women than in pre-/perimenopausal 
women. These findings suggest complex and varied alterations in the 
volumes of specific basal ganglia structures during menopause.

3.4.3.3. Amygdala
Several studies have examined the impact of menopause on the 

amygdalar volume. Supporting our hypothesis, multiple independent 
studies have demonstrated a significantly smaller amygdalar volumes 
in peri- and postmenopausal women compared with premenopausal 
women and men (Baek et al., 2019; Rahman et al., 2020; Schelbaum 
et al., 2021; Zhang et al., 2021).

3.5. Neuropsychological measures

Several of the included studies explored cognitive performance 
through various neuropsychological tools, yielding intriguing 
findings. The researchers employed verbal memory tests including 

paired associates delayed recall, paragraph recall, and word recall. In 
addition, they conducted visuospatial tasks through block design tests. 
However, verbal memory tests are particularly relevant and 
consistently revealed worse performance in postmenopausal 
compared with pre- and perimenopausal women (Table  5). After 
adjusting for age and education, Rahman et al. (2020) found that 
postmenopausal women scored lower in paired associates delayed 
recall tests than pre- and perimenopausal women. Further supporting 
this finding, postmenopausal women had higher cognitive decline 
rates than the pre- and perimenopausal women and men in the 
paragraph recall and block design tests in the longitudinal study 
(Mosconi et al., 2018). Conversely, den Heijer et al. (2003) observed a 
higher number of words recalled in women compared with men.

Apart from verbal memory tests, Zhang et al. (2021) explored 
executive function and working memory performance among 
perimenopausal women using the Stroop test and the two-back task, 
respectively. The study revealed that perimenopausal women showed 
a lower accuracy and a longer reaction time than premenopausal 
women in both of these tests.

On the other hand, Mosconi et al. (2017) reported that women at 
different reproductive stages and age-matched men had comparable 
performance in various neuropsychological tools, including paired 
associates delayed recall, paragraph delayed recall, designs score, object 
naming, and the Wechsler Adult Intelligence Scale (WAIS) vocabulary. 
The only significant findings were the digit symbol substitution scores: 
Men scored lower than the other groups. Similarly, Rahman et al. (2020) 
observed no effects of menopause in the tests mentioned above except 
for paired associates delayed recall. Moreover, Schelbaum et al. (2021) 
measured memory and global cognitive scores assessing executive 
function and language, which were not affected by the menopause 
status. However, the authors found significant correlations between the 
medial temporal region volume and the memory and cognitive scores.

3.6. Overall scoring of the evidence

Table 6 summarizes the evidence from the 14 included publications 
regarding the effects of the menopause status on each structural and 
neuropsychological parameter. Studies that reported negative impacts 
of both peri- and postmenopause on each parameter are scored −1, 
while positive or no effects are scored +1 and 0, respectively. The sum 
of all the scores within each parameter is shown in the overall score 
column. The denominator in the overall score represents the total 
number of studies that measured the effects of menopause on the 
respective parameters. We inferred a negative effect of menopause 
when the proportion of the summed score is at least more than half of 
the denominator. As depicted in Table  6, the menopause status 
impacted the TBV; the global GM and WM volumes; the frontal, 
temporal, parietal, and insular cortical volumes; and the hippocampal, 
basal ganglia, and amygdalar volumes. In addition, menopause had an 
inconsistent influence on memory tests, while its effect on visuospatial 
abilities and executive functions was limited.

4. Discussion

This review of the 14 eligible neuroimaging studies revealed 
volumetric brain differences in menopausal women. Although the 
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effects of aging on the brain have been explored extensively, there have 
been few studies investigating the impact of ovarian aging on 
volumetric changes in the brain. It can be challenging to distinguish 
between the effects of chronological versus reproductive aging because 
the two processes are tightly interrelated. However, alteration in the 
hormonal environment during menopause may significantly influence 
the structure of specific brain regions. We found that volumetric brain 
alterations during the perimenopausal phase were not temporary: 
They progressed further in the postmenopausal phase (Mosconi et al., 
2018). The most frequently observed volume differences are in the 
frontal cortex followed by the hippocampus and the temporal cortex. 
These regions have long been known to play a central role in various 
behavioral and cognitive functions (Rubin et al., 2014; Sigurdsson and 
Duvarci, 2016; Armstrong et al., 2020). Consistently, the authors used 
memory-related tasks to assess the cognitive function of menopausal 
women, although they reported mixed findings. While there is 
impairment in visuospatial ability and executive function, these tasks 
were only measured in one study and, therefore, provided a 
weak relationship.

4.1. Brain volume

We found consistent evidence for brain volume alterations, 
especially in the frontal, hippocampal, and temporal regions of 
postmenopausal women. Importantly, these regions—consisting of 
the prefrontal cortex, hippocampus, and the temporal area—form 
memory circuit regions (Warburton and Brown, 2010; Huijgen and 
Samson, 2015; Chen et al., 2016). Seven out of eight studies uniformly 
reported volume alterations in the frontal regions in postmenopausal 
women, indicating the most affected areas in menopausal women. 
There are inconsistencies between reports on the hippocampal volume 
whereby some authors reported that the menopause status did not 
cause volume differences. However, the majority of the articles (five 
out eight) supported the negative effects of menopause on 
hippocampal volume. In addition, multiple studies found differences 
in the global GM volumes and other brain regions, including the 
parietal cortex, the insula, the basal ganglia, and the amygdala.

The reduced volume in the frontal regions is consistent with 
changes reported in preclinical menopause models: decreased spine 
density in the dorsolateral prefrontal cortex (Hao et al., 2007) and on 
the pyramidal neurons of the medial prefrontal cortex (Wallace et al., 
2006). Some researchers have asserted that the nature of cognitive 
decline in postmenopausal women is primarily a deficit in executive 
function (Keenan et  al., 2001; Joffe et  al., 2006). In functional 
neuroimaging studies, researchers have hypothesized that 
postmenopausal women require more effort to maintain normal 
cognitive performance (denoted by higher activity in the frontal 
regions) or exhibit changes in neural connectivity (Jacobs et al., 2016; 
Vega et  al., 2016). However, it is not entirely clear whether the 
structural alterations precede functional impairment in menopause. 
Nevertheless, increased spontaneous neuronal activity in the frontal 
regions and reduced GM volume in the left gyrus rectus have been 
observed in perimenopausal women (Liu et al., 2021).

The hippocampus is vital for learning, memorizing, and 
encoding new information into long-term memory; hence, damage 
or atrophy in this area has clinical consequences (Urgolites et al., 
2020). A decreased GM volume in the right medial temporal lobe 

among menopausal women is associated with subjective cognitive 
complaints (Conley et  al., 2020). Furthermore, studies in 
ovariectomized animals have shown significant alterations in the 
structure and function of hippocampus, followed by poor memory 
performance (Su et al., 2012; Sbisa et al., 2017; Xiao et al., 2018). 
Throughout the lifespan, the hippocampus exhibits structural 
plasticity that is implicated in aging, disease, and physiological 
regulation (Bartsch and Wulff, 2015). A form of structural plasticity 
that occurs in the hippocampus is adult neurogenesis (Toda et al., 
2019). Neurons in the subventricular zone of the dentate gyrus 
retain the capacity to divide (Gonçalves et al., 2016). Researchers 
have reported impaired hippocampal neurogenesis in 
ovariectomized rats; it could be reversed with estradiol treatment 
(Tanapat et  al., 1999; Ormerod et  al., 2003; Barha et  al., 2009). 
However, while day 6 post-ovariectomy resulted in diminished 
neurogenesis (Tanapat et al., 1999), this effect was short lived as 
evaluation at day 28 post-ovariectomy revealed no effect on 
neurogenesis (Tanapat et al., 2005). These results indicate that there 
may be a compensatory mechanism that restores neurogenesis at 
longer periods post-ovariectomy. This is further corroborated by a 
transcriptomic findings where long-term ovariectomy upregulated 
the genes involved in neurogenesis (Sárvári et  al., 2016). It is 
possible that the proposed explanation for hippocampal volume 
preservation in postmenopausal woman might be  related to 
neurogenesis that occurs years later after the FMP.

The smaller volume in the temporal regions are consistent with 
functional imaging studies that have reported reduced cerebral blood 
flow to the temporal regions (Słopień et al., 2003), reduced resting 
neuronal activity of the superior temporal gyrus (Liu et al., 2021), 
regional homogeneity in the inferior temporal gyrus (Zhang et al., 
2022), and reduced glucose metabolism in the middle and inferior 
temporal gyri of postmenopausal women (Mosconi et al., 2021). A 
decrease in the inferior temporal gyrus volume affects visual 
perception, language comprehension, and verbal fluency (Lin et al., 
2020), while a reduced superior temporal gyrus volume affects speech 
sounds, language function, and social cognition (Ramos Nuñez et al., 
2020). In addition, a decrease in smell acuity among postmenopausal 
women might be explained by a volume loss in the olfactory cortex 
(Doty et al., 2015).

The pallidum, putamen, and caudate nucleus are the subcortical 
nuclei that form the basal ganglia, which is primarily involved in 
motor controls, although its role in cognitive functions has been well 
established (Hélie et al., 2015; Moretti et al., 2017). Both the putamen 
and pallidum showed smaller volumes in menopausal women, 
although postmenopausal woman had a larger putamen volume than 
pre−/perimenopausal women (Table  6). Previous studies have 
reported structural changes in the basal ganglia in response to sex 
hormone fluctuations across the menstrual cycle. During the midluteal 
phase of the menstrual cycle, there is a positive correlation between 
the basal ganglia volume and progesterone levels (Pletzer et al., 2018). 
In addition, women who use oral contraceptives have a larger basal 
ganglia volume than women who do not (Pletzer et al., 2019). On the 
other hand, the basal ganglia volume is smaller when estradiol levels 
are relatively higher during the late follicular phase (Pletzer 
et al., 2018).

We noted negative impacts of menopause in all of the studies that 
measured the insular and amygdalar volumes (Table 6). The insula is 
important for cognition, decision-making, and somatosensory 
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function (Uddin et al., 2017). Alterations in its structure are associated 
with various deficits, including speech and language processing as well 
as understanding emotions and behavior (Menon and Uddin, 2010). 
Despite its relatively small size, the amygdala contains abundant ERs 
that mediate the action of estradiol on emotions and memory 
(Framorando et al., 2021). Consistently, Engman et al. (2018) observed 
increased functional amygdalar connectivity in women with higher 
estradiol levels.

4.2. Neuropsychological tests

Six studies investigated whether the observed structural brain 
differences are supported by evidence of altered cognitive function. 
Neuropsychological tests are often used to assess behavioral changes 
and have been used to diagnose cognitive impairment in people with 
neurological diseases. The tests include a wide range of approaches 
that evaluate different parts of the cognitive domains. One of the tests 
of verbal memory assesses the recall of either verbal lists (den Heijer 
et al., 2003) or short paragraphs (Mosconi et al., 2017, 2018; Rahman 
et  al., 2020). In the included studies, reduced verbal memory 
performance in postmenopausal women was associated with smaller 
brain volumes, notably in the hippocampus (Mosconi et al., 2018; 
Rahman et al., 2020). This observation corresponds with a growing 
body of evidence associating verbal memory and the hippocampus 
(Beyer et al., 2013; Seitz et al., 2019; Witt et al., 2019). Interestingly, 
den Heijer et al. (2003) observed that postmenopausal women recalled 
more words despite having a lower hippocampal volume than men. 
However, when the authors divided the postmenopausal women into 
three groups according to their total, bioavailable, and free estradiol 
levels, the group with the highest bioavailable and free estradiol levels 
had the lowest scores in the delayed recall test and the smallest 
hippocampal volume. Although the findings of this study do not 
support the neuroprotective effects of estradiol, the reduced 
hippocampal volume was associated with poor memory performance 
(den Heijer et al., 2003).

On the other hand, two studies did not observe differences in the 
verbal memory scores, although there were structural brain differences 
between groups (Mosconi et al., 2017; Schelbaum et al., 2021). The 
preservation of verbal memory despite structural brain alterations of 
postmenopausal women in these studies can be  illustrated in the 
context of the cognitive reserve (CR) hypothesis. Women have greater 
advantages on verbal memory than men due to sex-specific CR in the 
domain of verbal memory (Beinhoff et al., 2008; Sundermann et al., 
2016a,b) combined with estrogen-mediated modulation of 
hippocampal function, including synapse and spine formation, 
signaling, and excitability (Spencer et  al., 2008; Shanmugan and 
Epperson, 2014). However, the drawback of having better verbal 
memory includes missing an amnestic mild cognitive impairment 
diagnosis and delayed AD detection even when brain pathological 
changes are present (Sundermann et al., 2019). This further explains 
why women present a more rapid decline across a wide range of 
cognitive abilities after being diagnosed with AD. Based on the current 
review, the extent of the verbal memory advantage women have is still 
unclear given the inconclusive findings among the studies. Future 
studies should explore the interaction between verbal memory and 
menopause and its correlation with regional brain volumes on a 
larger scale.

Other cognitive domains affected by menopause are working 
memory and executive function, as evidenced by reduced performance 
in the two-back task and the Stroop test, respectively (Zhang et al., 
2021). Furthermore, these tests presented significant correlations with 
the amygdalar volume: The two-back task accuracy had a positive 
correlation while the Stroop test reaction time showed a negative 
correlation (Zhang et  al., 2021). The coordination of several 
interconnected brain regions is crucial for working memory and 
executive function, with the prefrontal cortex playing a central role 
(Barbey et al., 2013). Prior studies have highlighted the functional 
relationship between the amygdala and the bilateral prefrontal cortex 
(Kim et  al., 2010, 2011). Furthermore, alterations in functional 
connectivity between the amygdala and the bilateral prefrontal cortex 
have been observed in postmenopausal women; these changes were 
associated with decreased executive functions (Zhang S. et al., 2018).

Visuospatial ability refers to the cognitive process that enables a 
person to visually identify targets in space and to interpret the 
relationship of objects in the environment in more than one dimension 
(de Bruin et al., 2016). fMRI scans shows activation in the occipital-
temporal and frontal–parietal networks during visuospatial tasks 
(Gogos et al., 2010). In the current review, postmenopausal women 
had the greatest rate of decline in the block design test of all the 
reproductive states and men (Mosconi et  al., 2018). Moreover, 
postmenopausal woman had the greatest rate of decline in glucose 
metabolism in the frontal cortex, a finding suggesting that the decline 
in the block design test may be potentially associated with alterations 
in glucose metabolism in the frontal cortex (Mosconi et al., 2018). 
These findings further support previous reports indicating that the 
block design test, used to assess visuospatial skills, is sensitive to 
changes in estrogen levels, particularly in the context of menopause 
(Duka et al., 2000; Mosconi et al., 2018; Karishma et al., 2020).

In contrast to verbal and working memory, executive function, 
and visuospatial ability, women of different reproductive states and 
men had similar scores in the WAIS-R object naming and vocabulary 
scores (Mosconi et al., 2017; Rahman et al., 2020). These subtests 
measure perceptual reasoning and the verbal comprehension index 
(Morin and Midlarsky, 2017; Scott et al., 2021). In addition, Schelbaum 
et al. (2021) reported no difference in global cognitive scores from 
which they assessed visual attention, task switching, language, and 
memory, although there was a positive correlation between the medial 
temporal lobe GM volume and the cognitive scores. The lack of score 
difference suggests that the preceding brain structural changes 
following menopause may not correlate with the cognitive 
performance in the aforementioned cognitive domains. This could 
be  influenced by more education and a younger age despite 
menopause. Based on this information, brain structural changes seem 
to be  more sensitive to the hormonal milieu, whereas cognitive 
performance deficits either manifest much later or may not 
be detectible with a single endpoint measure.

4.3. Effects of confounding variables

We had to consider several demographic variables across the 
studies, especially those that could significantly influence the 
outcome measures. These variables include age, age at menopause 
(early vs. late menopause), the type of menopause (natural vs. 
surgical), HRT use, education level, the CMR, and the ApoE4 carrier 
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status. A large body of evidence indicates that there is an 
age-associated reduction in global and regional brain volumes 
(Ritchie et al., 2015; Schippling et al., 2017), and these changes have 
a relationship with cognitive performance (Persson et al., 2016; Nave 
et  al., 2019). In this regard, all but two of the included studies 
controlled for age to differentiate the effects of chronological age from 
the effects of menopause status on brain volume. This suggests that 
menopause significantly influences the decline in global and regional 
brain volume independent of the aging process. Furthermore, 
menopause could accelerate brain aging, as shown by a steeper 
decline in the age-associated reduction in brain volumes of 
postmenopausal women compared with pre−/perimenopausal 
women (Than et al., 2021). However, the volume changes in brain 
regions after menopause varies. Kim et al. (2018) reported a negative 
correlation between the SMA volume and years after menopause, 
while Goto et  al. (2011) showed no significant difference in the 
hippocampal volume when they compared postmenopausal women 
in their 50, 60, and 70 s.

The median age of natural menopause is 51 years, preceded by 
4–10 years of perimenopause (Gold et al., 2013). Nevertheless, women 
could have premature or early menopause if their FMP occurs before 
40 and 45 years of age, respectively, due to various causes, including 
surgical and non-surgical (Shuster et al., 2010). Early menopause is 
associated with shorter lifetime exposure to endogenous sex 
hormones, which negatively impacts neurological health (Matyi et al., 
2019; Hao et al., 2023) and the cardiovascular system (Zhu et al., 
2019). In contrast, prolonged exposure to endogenous hormones 
exerts neuroprotective effects, as evidenced by a larger GM volume of 
the superior parietal lobule and left precuneus (Schelbaum et  al., 
2021). Unfortunately, the included studies did not provide the 
participants’ age at the initiation of menopause. This lack of 
information may be attributed to several factors, including limited 
data availability and a focus on hormones or specific outcome 
measures rather than age at menopause when the authors designed 
their analyses. However, considering the relevance of age at 
menopause in relation to cardiovascular risk factors and the onset of 
dementia, it is crucial to include age at menopause as an important 
covariate in future studies.

Only three of the included studies included active HRT users 
(Sullivan et al., 2005;Cowell et al., 2007; Mosconi et al., 2017), while 
most of the included studies excluded them or controlled for HRT use. 
Studies that included postmenopausal women actively taking HRT 
showed smaller volumes in the frontal regions than premenopausal 
women and relative to men (Cowell et al., 2007; Mosconi et al., 2017), 
while the hippocampus and temporal lobe showed no volume 
differences between pre- and postmenopausal woman (Sullivan et al., 
2005). The Women’s Health Initiative Memory Study (WHIMS-MRI) 
reported that HRT was associated with GM reduction in the 
hippocampal and frontal regions (Resnick et al., 2009; Zhang et al., 
2016). On the other hand, the dorsolateral prefrontal cortex volume 
was preserved in postmenopausal women who used a transdermal 
estradiol patch compared with the placebo group (Kantarci et al., 
2016). The inconsistencies regarding the HRT effects on the brain 
structures gave rise to a speculative theory, termed the critical window 
hypothesis, which suggests that HRT is beneficial in the years 
immediately after menopause but may be deleterious when initiated 
≥10 years after menopause (Whitmer et  al., 2011; Maki, 2013; 
McCarrey and Resnick, 2015). In the current review, the absence of 

data on the HRT initiation time, formulation, and duration makes it 
difficult to conclude whether HRT is deleterious to the frontal lobe or 
effective in preserving the temporal lobe. In this context, it is unclear 
whether HRT provides neuroprotection; this issues requires 
further investigation.

Six of the included studies described the number of participants 
with the ApoE4 genotype, of which their distribution was similar 
between the groups and controlled as confounders (Table  2). 
Therefore, the brain volume alterations of postmenopausal women in 
these studies are independent of the ApoE4 status. The ε4 allele of the 
APOE gene is known to be the strongest genetic risk factor associated 
with sporadic AD (Serrano-Pozo et al., 2021). Previous studies have 
examined the ApoE4 by sex interaction, suggesting that female 
carriers are at higher risk of developing and accelerated AD 
progression, cognitive impairment, and lower brain volumes than 
male carriers (Sampedro et al., 2015; Neu et al., 2017; O’Bryant et al., 
2022). Nevertheless, the effects of HRT on brain volume seemed to 
be more beneficial in ApoE4 carriers, who have been reported to have 
higher hippocampal, entorhinal and amygdala volumes (Yue et al., 
2007; Saleh et  al., 2023). Interestingly, the advantageous effect of 
starting HRT early or during the critical window on the hippocampal 
volume was limited to ApoE4 carriers (Saleh et al., 2023). This finding 
suggests that ApoE4 carriers are more sensitive to an HRT 
intervention, especially if it is initiated early.

The recruited subjects had at least completed primary school and 
had an average of 12 years of education. This level of education ensures 
a more homogenous socioeconomic status by minimizing low 
education variability that may influence the strength of the association 
between the menopause status and brain volume (Table 2). Education 
is neuroprotective as illustrated in the context of the CR theory. 
Essentially, individuals with higher CR can withstand advanced 
pathogenic mechanisms of neurodegenerative diseases or brain 
damage without showing any clinical manifestations (Meng and 
D’Arcy, 2012; Amieva et al., 2014). Education is widely used as an 
indirect indicator of CR, although other determinants such as 
occupational complexity, intelligence, and the participation rate in 
cognitively stimulating activities have also been considered. A 
cognitively stimulating environment promotes neurogenesis (Brown 
et al., 2003) and synaptic plasticity, and upregulates BDNF levels in 
animal models (Zhang M. et al., 2018). With evidence regarding the 
neuroprotective role of CR, future studies investigating its association 
with the structural and functional brain in menopausal women are 
needed to gain insight into predicting dementia risk.

Eight of the included studies described various CMR, including 
clinical (e.g., blood pressure, lipid profiles, obesity, glucose levels, and 
insulin resistance) and non-clinical (e.g., smoking and alcohol 
consumption) indicators (Table 2). Prior studies have reported clear 
evidence on the association between hypertension, hyperglycemia, and 
central obesity and brain structure alterations including smaller GM and 
total brain volumes, a thinner cortex, and larger ventricles than healthy 
controls (Song et al., 2020; Vergoossen et al., 2020). In the current review, 
while men had higher lipid levels and insulin resistance, they showed 
larger regional brain volumes than women after correcting for the 
intracranial volume (ICV; Mosconi et al., 2017, 2018; Rahman et al., 
2020). Conversely, postmenopausal women who had lower lipid levels 
displayed smaller regional brain volumes than the pre- and 
perimenopausal women (Rahman et al., 2020). Concurrently, although 
there was no difference in the CMR among the pre-, peri-, and 
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postmenopausal groups, the latter exhibited the lowest volume in the 
frontal and hippocampal regions (Goto et al., 2011; Mosconi et al., 2017, 
2018). It is important to note that the participants included in the studies 
were healthy, independent of clinical diagnoses of cardiometabolic 
diseases. Additional studies with larger samples that include various 
degrees of cardiometabolic diseases and their risk factors are needed to 
investigate its influence on the brain structure of menopausal women.

4.4. Methodological considerations

Based on the included studies, the frontal and temporal cortices 
and the hippocampus are the most consistently reported regions with 
changes based on ROI-based (hypotheses-driven) and whole-brain 
analyses (Table 6). Studies based on a priori hypotheses may be biased 
toward findings in brain regions that have previously been associated 
with aging- and AD-related ROI, while possible associations with other 
regions of the brain may be overlooked. Whole-brain studies overcome 
this problem, but subtle differences may go unnoticed due to strict 
adjustment for multiple comparisons. Indeed, three hypothesis-driven 
studies did not find volume differences in the hippocampus (Sullivan 
et  al., 2005; Seitz et  al., 2019; Zhang et  al., 2021), as observed in 
exploratory whole-brain studies. These inconsistent findings may 
indicate that MRI is not sensitive enough to detect subcortical volume 
alterations or that other factors might influence to preserve the 
hippocampal volume independent of the menopause status.

The frontal, temporal, and parietal regions were the most 
frequently measured cortical volumes, reported in eight, seven, and 
five studies, respectively (Table  6). Interestingly, the impact of 
menopause on the frontal, temporal, and parietal subregions was not 
uniform across studies (Table 4). Each subregion of the cortex has a 
distinct cytoarchitecture that represents its functionality (Brodmann, 
1909; Amunts et al., 1999). As such, higher cognitive tasks, including 
executive function, working memory, inhibitory control, and cognitive 
flexibility, depend on the integrity of the frontal cortex (Garcia-
Alvarez et al., 2019). On the other hand, the temporal cortex has vast 
functions, with at least eight cognitive domains identified related to 
speech, hearing, visual, episodic memory, phonological processing, 
semantic, and social cognition (Bajada et al., 2017), while the parietal 
cortex is involved primarily in receiving and integrating sensory 
inputs (Freund, 2003). For MRI, the common approach to defining 
the parcellation in the brain is to use a variety of atlases spatially 
normalized to the stereotactic space (Thyreau and Taki, 2020; 
Lawrence et al., 2021). However, different parcellations across studies 
make assessing the reproducibility of menopause-related brain 
changes difficult. In the current review, three studies used manual 
parcellation (den Heijer et al., 2003; Sullivan et al., 2005; Cowell et al., 
2007), while the remaining studies utilized various atlas-based 
methods or parcellation protocols (Goto et al., 2011; Mosconi et al., 
2017, 2018; Kim et al., 2018; Lu et al., 2018; Baek et al., 2019; Seitz 
et al., 2019; Rahman et al., 2020; Schelbaum et al., 2021; Zhang et al., 
2021). Challenges associated with different anatomical parcellations 
include inter-subject variability, nomenclature problems, and 
inconsistency in identifiable landmarks (Bohland et  al., 2009; 
Moghimi et al., 2021). Therefore, standardized parcellation protocols 
across different populations would provide researchers with a valuable 
resource to evaluate future neuroimaging studies and serve as a guide 
for better interpretation (Bohland et al., 2009; Mandal et al., 2012).

Due to the small sample sizes of the included studies, most authors 
employed various correction methods for multiple comparisons, 
including the Bonferroni, false discovery rate, familywise error, 
bootstrapping, and cluster-level small volume corrections. However, 
three of the studies did not indicate the specific correction methods 
used (den Heijer et al., 2003; Sullivan et al., 2005; Cowell et al., 2007). 
Additionally, one study examined the results at a p < 0.001 threshold 
for a specific brain region based on a priori hypotheses without 
implementing any correction for multiple comparisons (Mosconi et al., 
2017). Overall, the included studies from 2011 to 2021 recognized the 
importance of multiple comparison correction to reduce the risk of 
false positives. This recognition enhanced the reliability and validity of 
study findings, thereby improving study generalizability.

5. Limitations

Our review has several limitations. First, we could not completely 
rule out the effects of HRT use among the participants because most 
of the studies included HRT users (past or active); this inclusion may 
confound the association between menopause and brain volumes. 
Second, the age range of the postmenopausal women varied among 
the studies, which could explain the different outcomes regarding 
brain volume differences and the regions involved. Some studies 
recruited young postmenopausal women, while others used elderly 
postmenopausal participants. This is important because elderly 
postmenopausal women could have more structural alterations that 
may be compounded by chronological age. Third, while the majority 
of the studies used the STRAW+10 criteria to classify the menopause 
stage, there was a lack of sex hormone measurement to support the 
menopause status in most studies. Fourth, to allow for a uniform 
analysis, brain regions for the structural parameters in the evidence 
scoring table were allocated according to the classic anatomical lobe 
classification (frontal, temporal, parietal, and occipital), even though 
the specific subregions within the lobes were not similar across 
different studies. Fifth, we  could not determine the reliability of 
structural and neuropsychological parameters that were only assessed 
in one study. Sixth, due to the small number of studies that measured 
cognitive performance and the few cognitive domains tested, we could 
not draw meaningful conclusions regarding the relationship between 
the effects of menopause and neuropsychological measures. Seventh, 
the predominant cross-sectional study design of the eligible studies 
does not allow determining causal or temporal relationships.

Future studies should include a thorough description of the types, 
duration, and initiation of HRT use; measurement of circulating 
ovarian hormone levels; control for age effects; standardization of 
experimental methods; a longitudinal study design in different ethnic 
populations; and correlation of the MRI data to sex-specific cognitive 
function. In addition, instead of focusing on specific subregions, 
whole-brain analysis could uncover more regions that are susceptible 
to menopause-related changes.

6. Perspectives and conclusion

Across the included studies, there is compelling evidence for 
menopause effects on the cortical and subcortical brain regions that are 
key to cognitive processes. It is challenging to state that there is a strong 
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association between the menopause status and brain volume differences 
because of the inconsistencies in the measured brain regions, the small 
number of eligible studies, and the cross-sectional nature of most of the 
studies. However, based on the evidence scoring table, ROI analyses have 
most frequently highlighted the involvement of the frontal and temporal 
regions. Additionally, the hippocampus has consistently emerged as a 
prominent affected area. In addition, memory-related tasks have been 
the most used task when assessing cognitive function in menopausal 
women, although there were inconsistent findings. The visuospatial 
ability and executive function tasks were only measured in one study 
and, therefore, provided a weak relationship. Although the current 
literature is limited by the heterogeneity in population characteristics, 
menopause-associated factors, and the potential confounding variables, 
it will be  essential to conduct large, well-designed prospective 
neuroimaging studies to identify volumetric brain changes over time at 
the regional and whole-brain levels to draw stronger conclusions. 
Comprehensive and reliable neuroimaging findings, especially on 
specific subregions that are most prone to the effects of menopause, 
could provide a basis for additional related research especially on the 
neurobiological pathway mechanisms. Furthermore, providing 
coordinated data from a standardized stereotaxic space in neuroimaging 
studies could be used for a future meta-analysis.
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Background: Non-alcoholic fatty liver disease (NAFLD) is known to be associated 
with a high risk of clinically diagnosed Alzheimer’s disease (AD). Additionally, the 
prevalence of NAFLD and AD is higher in elderly females than in males. However, 
a sex-specific association between NAFLD and amyloid-beta (Aβ) deposition 
remains unclear. Therefore, we investigated the sex-specific relationship between 
NAFLD and Aβ deposition in a large-sized cohort of cognitively unimpaired (CU) 
individuals.

Methods: We enrolled 673 (410 [60.9%] females and 263 [39.1%] males) CU 
individuals aged ≥45  years who underwent Aβ positron emission tomography 
(PET). The presence of NAFLD, assessed using the hepatic steatosis index, and 
the severity of NAFLD, assessed using the Fibrosis-4 index, were considered 
predictors. Aβ deposition on PET was considered as an outcome.

Results: Females had a higher frequency of NAFLD than males (48 and 23.2%, 
p  <  0.001). Among females, the presence of NAFLD (β  =  0.216, p  <  0.001) was 
predictive of increased Aβ deposition, whereas among males, the presence of 
NAFLD (β  =  0.191, p  =  0.064) was not associated with Aβ deposition. Among 
females, the presence of NAFLD with low (β  =  0.254, p  =  0.039), intermediate 
(β  =  0.201, p  =  0.006), and high fibrosis (β  =  0.257, p  =  0.027) was predictive of 
increased Aβ deposition. Aβ deposition also increased as the severity of NAFLD 
increased in females (p for trend  =  0.001).

Conclusion: We highlight the marked influence of NAFLD and its severity on the 
risk of Aβ deposition in relation to sex. Furthermore, our findings suggest that 
sex-specific strategies regarding the management of NAFLD are necessary for the 
prevention of Aβ deposition.

KEYWORDS

NAFLD, amyloid-beta (Aβ), sex, Alzheimer’s disease, preclinical stage of Alzheimer’s 
disease
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a highly prevalent 
chronic liver disease (Younossi et al., 2016) that has detrimental effects 
on multiple extrahepatic health conditions and liver-related outcomes. 
NAFLD is closely associated with metabolic syndromes, including 
diabetes and insulin resistance and complications of metabolic 
syndromes such as cardiovascular diseases (Gaggini et al., 2013). Thus, 
NAFLD is considered a hepatic manifestation of metabolic syndrome. 
Meanwhile, Alzheimer’s disease (AD) is characterized by the amyloid-
beta (Aβ) deposition in the brain. Aβ deposition starts 15–20 years 
before the onset of cognitive impairment. Since Aβ positron emission 
tomography (PET) allowed us to detect Aβ deposition in living 
individuals, 15–30% of cognitively unimpaired (CU) individuals are 
found to have Aβ deposition (Sperling et al., 2020). Aβ deposition is 
also known to be associated with poor metabolic health (Gottesman 
et al., 2017). Specifically, metabolic syndromes, including diabetes, 
insulin resistance, hyperlipidemia, and increased weight variability, 
are closely related to Aβ deposition in CU individuals (Reed et al., 
2014; Willette et al., 2015; Kang et al., 2022).

Many studies show that NAFLD is associated with a higher risk of 
clinically diagnosed AD (Shang et al., 2021; Kim et al., 2022). However, 
no previous studies have investigated the association between NAFLD 
and Aβ deposition in CU individuals. Aβ deposition in CU individuals 
represents the preclinical stage of AD (Shim and Morris, 2011). This 
preclinical stage has received considerable attention because early 
intervention may increase the possibility of therapeutic success. In 
addition, the prevention of Aβ deposition in CU individuals is 
regarded as primary prevention. Thus, investigation of the relationship 
between NAFLD and Aβ deposition in CU individuals has important 
implications for primary prevention, especially considering the 
paucity of known prevention methods.

Previous studies have suggested that there were differences in the 
effects of metabolic syndrome on brain health between females and 
males (Lee et al., 2018; Kim et al., 2019). In addition, the prevalence 
of NAFLD and AD was higher in elderly females than in elderly males 
(Alzheimer's Association, 2016; Lonardo et  al., 2019; Tobari and 
Hashimoto, 2020). Therefore, the effects of NAFLD on Aβ deposition 
may differ depending on sex. However, the sex-specific relationship 
between NAFLD and Aβ deposition remains unclear.

In the present study, we  aimed to investigate the sex-specific 
relationship between the presence of NAFLD, as defined using the 
hepatic steatosis index (HSI), and Aβ deposition in a large-sized 
cohort of CU individuals. Furthermore, we  aimed to identify the 
sex-specific relationship between NAFLD severity, assessed using the 
Fibrosis-4 (FIB-4) index, and Aβ deposition. Given that brain health 
is more vulnerable to metabolic syndrome in females than in males, 
the effect of NAFLD on Aβ deposition may be more prominent in 
females than in males.

Methods

Study participants

We enrolled 673 cognitively unimpaired (CU) participants 
≥45 years of age who underwent Aβ PET at the memory clinic in the 

Department of Neurology at Samsung Medical Center in Seoul, Korea, 
between August 2015 and November 2021. These participants 
comprised volunteers who applied for comprehensive dementia 
evaluation advertised in the local community, memory clinic, and 
paper; spouses of patients who visited the memory clinic; and 
participants with subjective cognitive decline. All participants 
underwent standardized neuropsychological test battery using the 
Seoul Neuropsychological Screening Battery 2nd edition (SNSB-II; 
Kang et al., 2021), brain magnetic resonance imaging (MRI), and 
laboratory tests, including liver function tests. All participants met the 
following criteria: (1) no medical history that was likely to affect 
cognitive function based on Christensen’s health screening criteria 
(Christensen et al., 1991); (2) no objective cognitive impairment in 
any cognitive domain on a comprehensive neuropsychological test 
battery (above at least −1.0 standard deviation (SD) of age-adjusted 
norms on any cognitive test); and (3) independence in activities of 
daily living. We excluded the participants with history of viral hepatitis 
or alcohol-liver disease, severe WMH (cap or band >10 mm and 
longest diameter of deep white matter lesion >25 mm), and structural 
lesions including cerebral infarction, intracranial hemorrhage, brain 
tumors, and hydrocephalus on MRI.

This study was approved by the Institutional Review Board of 
Samsung Medical Center approved. Written informed consent was 
obtained from all the participants.

Fatty liver assessment

Fatty liver was defined using the HSI, which includes serum 
alanine aminotransferase (ALT, IU/L), serum aspartate 
aminotransferase (AST, IU/L), body mass index (BMI, kg/m2), sex, 
and presence of diabetes. The HSI was calculated using the following 
variables: HSI = 8 × (ALT/AST ratio) + BMI (+2, if female; +2, if 
diabetes mellitus).

Hepatic steatosis index has been created and validated for the 
detection of NAFLD in large populations, not only in Asians (Lee 
et al., 2010; Murayama et al., 2021) but also in Europeans (Meffert 
et al., 2014; Khani et al., 2022). In these validation studies in Asians, 
the area under the receiver operator characteristic curve was greater 
than 0.8. According to a validation study in a Korean population 
(Lee et  al., 2010), fatty liver was defined as an HSI > 36 for the 
present study.

Liver fibrosis assessment

Liver fibrosis was assessed using the Fibrosis-4 (FIB-4) index in 
participants with fatty liver. The FIB-4 index was calculated using the 
following formula: age (years) × AST (IU/L)/[platelet count 
(109/L) × ALT (IU/L)1/2]. The FIB-4 index correlates highly with 
biopsy-proven advanced liver fibrosis (Lee et al., 2021). Furthermore, 
previous studies have demonstrated that the FIB-4 index was closely 
associated with liver disease-specific mortality (Unalp-Arida and 
Ruhl, 2017) and cardiovascular disease (Schonmann et  al., 2021). 
Liver fibrosis was categorized according to the following cut-off 
values: ≤ 1.3, low fibrosis; > 1.3 and < 2.67, intermediate fibrosis; ≥ 
2.67, high fibrosis.
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Aβ PET acquisition

All the participants underwent Aβ PET [18F-florbetaben (FBB) 
and 18F-flutemetamol (FMM)] PET using a Discovery STe PET/CT 
scanner (GE Medical Systems, Milwaukee, WI, United States). For 
FBB or FMM PET, a 20-min emission PET scan in dynamic mode 
(consisting of 4 × 5 min frames) was performed 90 min after the 
injection of a mean dose of 311.5 MBq FBB or 197.7 MBq FMM, 
respectively. Three-dimensional PET images were reconstructed in a 
128 × 128 × 48 matrix with 2 mm × 2 mm × 3.27 mm voxel size using 
the ordered-subsets expectation maximization algorithm (FBB, 
iteration = 4 and subset = 20; FMM, iteration = 4 and subset = 20).

Aβ PET quantification using Centiloid 
values

Amyloid-beta uptake was defined according to Aβ PET 
quantification using Centiloid values. We  performed a direct 
comparison of FBB-FMM Centiloid (dcCL) method previously 
developed by our group (Cho et  al., 2020) to standardize the 
quantification of Aβ PET images obtained using different ligands. The 
dcCL method for FBB and FMM PET enables the transformation of 
the standardized uptake value ratio (SUVR) of FBB and FMM PETs 
to dcCL values directly without conversion to the 11C-labeled 
Pittsburgh compound SUVR.

There are three steps for obtaining dcCL values (Cho et al., 2020): 
(1) preprocessing of PET images, (2) determination of the global 
cortical target volume of interest (CTX VOI), and (3) conversion of 
dcSUVR to dcCL values. First, to preprocess the Aβ PET images, PET 
images were co-registered to each participant’s MR image and then 
normalized to a T1-weighted MNI-152 template using the SPM8 
unified segmentation method. We  used T1-weighted MR image 
correction with the N3 algorithm only for intensity non-uniformities, 
without applying corrections to the PET images for brain atrophy or 
partial volume effects. Second, we used the FBB-FMM CTX VOI, 
defined as the area of AD-specific brain Aβ deposition in our previous 
study (Cho et al., 2020). Briefly, to exclude areas of aging-related brain 
Aβ deposition, the FBB-FMM CTX VOI was generated by comparing 
SUVR parametric images (with the whole cerebellum as a reference 
area) between 20 typical patients with Alzheimer’s disease-related 
cognitive impairment (AD-CTX) and 16 healthy elderly participants 

(EH-CTX) who underwent both FBB and FMM PET scans. To 
generate the FBB-FMM CTX VOI, the average EH-CTX image was 
subtracted from the average AD-CTX image. We then defined the 
FBB-FMM CTX VOI as the area of AD-related brain Aβ accumulation 
common to both FBB and FMM PET. Finally, the dcSUVR values of 
the FBB-FMM CTX VOI were converted into dcCL units using the 
dcCL conversion equation. The dcCL equation was derived from the 
FBB-FMM CTX VOI separately for FBB and FMM PET and applied 
to FBB and FMM dcSUVR.

To determine the participants’ dcCL cut-off-based Aβ positivity, 
we applied the optimal cut-off value derived using k-means cluster 
analysis in 527 independent samples of participants with normal 
cognition. The cut-off value was set at 27.08, representing the 95th 
percentile of the lower cluster, and the whole cerebellum was used as 
a reference region.

Figure  1 presents two representative cases with respect to Aβ 
uptake and Aβ positivity on PET scan.

Standardized neuropsychological test 
battery

All participants underwent the SNSB-II (Kang et al., 2021), which 
includes standardized and validated tests of various cognitive 
functions. The SNSB-II evaluates many cognitive factors, including 
verbal and visual memory, visuo-constructive function, language, 
praxis, components of Gerstmann syndrome (acalculia, agraphia, 
right/left disorientation, and finger agnosia), and frontal/executive 
functions. We  chose to use six cognitive measures, which are 
representative and important neuropsychological tests, to evaluate 
cognitive function in five cognitive domains as follows: (1) Memory: 
Seoul Verbal Learning Test and Rey–Osterrieth Complex Figure Test 
(RCFT) delayed recall; (2) Language: Korean version of the Boston 
Naming Test; (3) Visuospatial function: RCFT copy; (4) Frontal 
executive function: Stroop Test color reading; and (5) Attention: Digit 
Span Test backward.

Statistical analyses

All statistical analyses were performed separately in males and 
females. Independent t-tests and chi-square tests were used to 

FIGURE 1

Aβ uptake and positivity in study participants. Two representative cases of Aβ PET are shown. One participant without NAFLD has low Aβ uptake (dcCL, 
12.0) and Aβ-negative on PET scan. Another participant with NAFLD has high Aβ uptake (dcCL, 101.6) and Aβ-positive on PET scan.
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compare the demographic and clinical characteristics of 
the participants.

To investigate the association between the presence of NAFLD 
and Aβ deposition, we  performed linear regression analyses in 
males and females, with the presence of NAFLD as a predictor, and 
quantified dcCL values as an outcome after controlling for age, 
education years, hypertension, diabetes, hyperlipidemia, BMI, and 
Apolipoprotein E4 (APOE4) genotype. To investigate the association 
between the severity of NAFLD and Aβ deposition, we performed 
linear regression analyses in males and females, with the severity of 
NAFLD (no NAFLD, NAFLD with low fibrosis, NAFLD with 
intermediate fibrosis, and NAFLD with high fibrosis) as a predictor 
and quantified dcCL values as an outcome, after controlling for age, 
education years, hypertension, diabetes, hyperlipidemia, BMI, and 
APOE4 genotype. We also performed a linear trend test using linear 
regression analysis in males and females, with the severity of 
NAFLD as a continuous variable, after controlling for age, education 
years, hypertension, diabetes, hyperlipidemia, BMI, and APOE4 
genotype. To evaluate the interaction of sex and NAFLD on Aβ 
deposition, we performed a linear regression analysis, with NAFLD 
and sex together as the main effect and NAFLD × sex as an 
interaction effect, after controlling for age, education years, 
hypertension, diabetes, hyperlipidemia, BMI, and APOE4 genotype 
in all participants.

A sensitivity analysis using cut-off-based categorization rather 
than quantified dcCL values was performed to further validate the 
relationship between NAFLD and Aβ deposition. We used logistic 
regression analysis with NAFLD as a predictor and Aβ positivity as an 
outcome after controlling for age, education years, hypertension, 
diabetes, hyperlipidemia, BMI, and APOE4 genotype.

All reported p values were two-sided, and the significance level 
was set at 0.05. All the analyses were performed using SAS version 9.4 
(SAS Institute Inc., Cary, NC, United States).

Results

Clinical characteristics of participants

Among the 673 participants, 410 were females and 263 were males 
(Table 1). Females had a lower mean age (70.7 ± 7.7 and 71.8 ± 7.2, 
p = 0.049), education years (10.9 ± 4.7 and 13.8 ± 3.9, p < 0.001), and 
BMI (23.8 ± 3.1 and 24.7 ± 2.6, p < 0.001) than males. There were no 
differences between males and females in the mean dcCL values 
(19.29 ± 30.68 and 23.73 ± 38.74, p = 0.117), the frequency of Aβ + (24.9 
and 26.6%, p = 0.679), and the frequency of APOE4 genotype (25.1 and 
26.6%, p = 0.732). Females had a lower frequency of hypertension 
(43.4 and 52.5%, p = 0.027) and diabetes (15.4 and 25.1%, p = 0.002) 
than males. However, the frequency of NAFLD was higher in females 
than in males (48 vs. 23.2%, p < 0.001).

Effects of NAFLD on Aβ deposition

As illustrated in Figure  2A, among females, the presence of 
NAFLD (β = 0.216, p < 0.001) was predictive of increased dcCL 
(Table 2). However, among males, the presence of NAFLD (β = 0.191, 
p = 0.064) was not associated with dcCL values (Table 2). There was no 

interaction effect between sex and the presence of NAFLD 
(sex × NAFLD, p = 0.109) on dcCL values.

Regarding the severity of NAFLD, among females, the presence of 
NAFLD with low (β = 0.254, p = 0.039), intermediate (β = 0.201, 
p = 0.006), and high fibrosis (β = 0.257, p = 0.027) was predictive of 
increased dcCL values (Table 2; Figure 3A). However, among males, 
there were no differences in the dcCL values between those without 
and with NAFLD with low (β = 0.139, p  = 0.917), intermediate 
(β = 0.262, p = 0.077), or high fibrosis (β = 0.018, p = 0.917; Table 2).

In the linear trend test, as illustrated in Figure 3A, the dcCL values 
increased as the severity of NAFLD (low, intermediate, and high 
fibrosis) increased in females (p for trend = 0.001), which was not the 
case with the males (p for trend = 0.136). There was no interaction 
effect between sex and NAFLD severity (sex × severity of NAFLD, 
p = 0.073) on dcCL values.

Sensitivity analysis

Regarding the categorical values of Aβ, among females, presence 
of NAFLD [odds ratio (OR) = 2.32, p = 0.005] was independently 
associated with higher Aβ positivity (Figure 2B), whereas, among 
males, the presence of NAFLD (OR = 1.83, p = 0.165) was not 
associated with Aβ positivity (Figure 2B). There was no interaction 
effect between sex and the presence of NAFLD (sex × NAFLD, 
p = 0.143) on Aβ positivity. The relationship between the severity of 
NAFLD and Aβ positivity showed a similar trend. Aβ positivity 
became higher as the severity of NAFLD (low, intermediate, and high 
fibrosis) increased in females (p for trend = 0.014), whereas Aβ 

TABLE 1 Demographics and clinical information of participants.

Females 
(n  =  410)

Males 
(n  =  263)

p value

Demographics

Age, years 70.7 ± 7.7 71.8 ± 7.2 0.049

Education, years 10.9 ± 4.7 13.8 ± 3.9 < 0.001

APOE4 genotype 103 (25.1%) 70 (26.6%) 0.732

Hypertension 178 (43.4%) 138 (52.5%) 0.027

Diabetes 63 (15.4%) 66 (25.1%) 0.002

Hyperlipidemia 202 (49.3%) 121 (46.0%) 0.455

BMI 23.8 ± 3.1 24.7 ± 2.6 < 0.001

Liver profiles

Presence of NAFLD 197 (48.0%) 61 (23.2%) < 0.001

NAFLD severity < 0.001

  Low fibrosis 27 (6.6%) 2 (0.8%)

  Intermediate fibrosis 140 (34.1%) 44 (16.7%)

  High fibrosis 30 (7.3%) 15 (5.7%)

Aβ deposition

dcCL values 19.3 ± 30.7 23.7 ± 38.7 0.117

 *Aβ positivity 102 (24.9%) 70 (26.6%) 0.679

Values are presented as mean ± standard deviation. *Aβ positivity was determined using 
optimal cut-off values of dcCL. Aβ, Amyloid-beta; n, Number of patients whose data were 
available for analysis; APOE4, Apolipoprotein E4; BMI, Body mass index; dcCL, Direct 
comparison of FBB-FMM Centiloid; and NAFLD, non-alcoholic fatty liver disease.
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positivity was not associated with the severity of NAFLD in males (p 
for trend = 0.365, Figure 3B). There was no interaction effect between 
sex and NAFLD severity (sex × NAFLD severity, p = 0.090) on 
Aβ positivity.

Discussion

In the present study, we systematically investigated the sex-specific 
relationships between NAFLD and Aβ deposition in a large number 
of CU individuals. We found that the presence of NAFLD, as defined 

using HSI, was associated with higher Aβ deposition in females but 
not in males. The severity of NAFLD, as defined using FIB-4, was also 
associated with higher Aβ deposition in females but not in males. 
Thus, our findings suggest that there may be a sex-specific relationship 
between NAFLD and Aβ deposition. Therefore, our results may 
contribute to the design of sex-specific strategies for NAFLD 
management to prevent Aβ deposition in CU individuals.

In the present study, females had a higher incidence of NAFLD 
than males. Considering our female participants to be  in 
postmenopausal status, our findings are consistent with previous 
studies showing that the frequency of NAFLD is higher in 
postmenopausal females than in males (Lonardo et al., 2019; Tobari 
and Hashimoto, 2020). However, the frequency of NAFLD is higher 
in males, when compared to females of pre-menopausal age group 
(Lonardo et al., 2019; Tobari and Hashimoto, 2020). This difference in 
the results before and after menopause could be explained by the 
influence of estrogen. Estrogen promotes well-metabolic conditions 
by regulating energy homeostasis, enhancing insulin release, 
modulating the role of growth hormones, and preventing 
inflammation (Rettberg et  al., 2014). Hormone therapy has been 
reported to have a protective effect against NAFLD in postmenopausal 
females (McKenzie et al., 2006).

Our first major finding was that NAFLD was associated with 
higher Aβ deposition in females. Previous studies have 
demonstrated that NAFLD is closely related to a greater risk of 
cognitive impairment and the clinical diagnosis of AD in the elderly 
population (Seo et al., 2016; Jeong et al., 2022). However, to the best 

FIGURE 2

Differences in Aβ uptake and positivity according to the presence of NAFLD. (A) Values depicted in the bar plot represent the presence of NAFLD on the 
X-axis and Aβ uptake (CL) on the Y-axis. (B) Values depicted in the bar plot represent the presence of NAFLD on the X-axis and Aβ positivity (%) on the 
Y-axis. *p for interaction was estimated using the linear regression analyses, including the presence of NAFLD as the main effect and sex  ×  presence of 
NAFLD as an interaction effect after controlling for age, education years, hypertension, diabetes, hyperlipidemia, BMI, and APOE4 genotype. ¥p value 
was estimated using linear regression analyses, with the presence of NAFLD as a predictor, after controlling for age, education years, hypertension, 
diabetes, hyperlipidemia, BMI, and APOE4 genotype. $p for interaction was estimated using logistic regression analyses, including the presence of 
NAFLD as a main effect and sex  ×  severity of NAFLD as an interaction effect after controlling for age, education years, and APOE4 genotype. &p value 
was estimated using logistic regression analyses, with the severity of NAFLD as a predictor after controlling for age, education years, hypertension, 
diabetes, hyperlipidemia, BMI, and APOE4 genotype. Aβ, Amyloid; APOE4, Apolipoprotein E4; BMI, Body mass index; dcCL, Direct comparison of FBB-
FMM Centiloid; and NAFLD, Non-alcoholic fatty liver disease.

TABLE 2 Relationship between NAFLD and Aβ deposition.

Females Males

*Beta 
(SE)

p
*Beta 
(SE)

p

Presence NAFLD 0.216 (0.060) < 0.001 0.191 (0.103) 0.064

¥Severity Low fibrosis 0.254 (0.123) 0.039 0.139 (0.440) 0.917

Intermediate 

fibrosis

0.201 (0.064) 0.006 0.262 (0.117) 0.077

High fibrosis 0.257 (0.108) 0.027 0.018 (0.170) 0.917

*Beta was obtained using linear regression analyses, with the presence or severity of NAFLD 
separately as a predictor, after controlling for age, education years, hypertension, diabetes, 
hyperlipidemia, BMI, and APOE4 genotype. ¥p values were obtained after FDR correction. 
Aβ, amyloid; APOE4, Apolipoprotein E4; BMI, body mass index; FDR, false discovery rate; 
NAFLD, Non-alcoholic fatty liver disease; and SE, standard error.
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of our knowledge, the association between NAFLD and Aβ 
deposition on PET has not been found in CU individuals. Several 
mechanisms may explain the association between NAFLD and Aβ 
deposition. First, NAFLD-related chronic inflammation may 
contribute to the activation of microglial cells in the brain, leading 
to increased levels of inflammatory cytokines, eventually resulting 
in increased Aβ deposition. An animal study found that NAFLD-
induced high-fat diet aggravates neuroinflammation, accompanied 
by increased Aβ deposition (Kim et al., 2016). Additionally, another 
study suggested that increased lipocalin-2 levels related to NAFLD 
may induce the breakdown of the blood–brain barrier and increase 
the levels of inflammatory cytokines in the brain (Mondal et al., 
2020). Alternatively, the low expression of low-density lipoprotein 
receptor-related protein (LRP-1) observed in patients with NAFLD 
may lead to decreased Aβ clearance (Tamaki et  al., 2007). The 
stimulation of LRP-1 expression in the hepatocyte decreases Aβ 
deposition in the brain of AD mice model, which improves 
cognitive function (Sehgal et al., 2012).

An intriguing finding of the present study is that the relationship 
between NAFLD and Aβ deposition is valid in females but not in 
males. Although the exact mechanism remains uncertain, 
multifactorial factors, including sex hormones and socio-behaviors, 
may underlie the sex-specific relationship between NAFLD and Aβ 
deposition. Estrogen deficiency in postmenopausal females with 

NAFLD may be a risk factor for Aβ deposition. Estrogen may also 
protect from Aβ deposition through anti-inflammatory properties 
and neurotrophic effects (Morinaga et al., 2007; Anderson et al., 
2017). Furthermore, estrogen deficiencies may be  attributed to 
blood–brain barrier breakdown, suggesting that postmenopausal 
females are more vulnerable to a highly systemic-inflammatory 
state (Maggioli et  al., 2016). However, further comprehensive 
studies are necessary to identify the exact mechanism underlying 
the interactions between sex, NAFLD, Aβ deposition, 
and inflammation.

Our second major finding was that the severity of NAFLD might 
be associated with Aβ deposition. In line with our findings, recent 
studies have shown that advanced liver fibrosis, which determines the 
severity of NAFLD, is predictive of cognitive decline and development 
(Weinstein et al., 2019; Solfrizzi et al., 2020). A link between NAFLD 
severity and Aβ deposition may occur through systemic inflammation. 
The interleukin signaling pathway is an important shared 
pathomechanism between NAFLD and AD (Karbalaei et al., 2018). 
Furthermore, animal studies have reported that systemic inflammation 
precipitates Aβ deposition, which eventually causes AD (Krstic et al., 
2012; Carret-Rebillat et al., 2015).

The strength of the present study is that we  systematically 
investigated the effects of NAFLD on Aβ deposition in a large-sized 
cohort of CU individuals. Especially, enrollment of CU individuals 

FIGURE 3

Differences in Aβ uptake and positivity according to the severity of NAFLD. (A) Values depicted in the bar plot represent the severity of NAFLD (no 
NAFDL, NAFLD with low fibrosis, NAFLD with intermediate fibrosis, and NAFLD with high fibrosis) on the X-axis and Aβ uptake (CL) on the Y-axis. 
(B) Values depicted in the bar plot represent the severity of NAFLD (no NAFDL, NAFLD with low fibrosis, NAFLD with intermediate fibrosis, and NAFLD 
with high fibrosis) on the X-axis and Aβ positivity (%) on the Y-axis. *p for interaction was estimated using linear regression analyses, including the 
severity of NAFLD as the main effect and sex  ×  severity of NAFLD as an interaction effect after controlling for age, education years, hypertension, 
diabetes, hyperlipidemia, BMI, and APOE4 genotype. ¥p for trend was estimated using linear regression analyses, with the severity of NAFLD as a 
continuous variable after controlling for age, education years, hypertension, diabetes, hyperlipidemia, BMI, and APOE4 genotype. $p for interaction was 
estimated using logistic regression analyses, including the presence of NAFLD as the main effect and sex  ×  severity of NAFLD as an interaction effect 
after controlling for age, education years, hypertension, diabetes, hyperlipidemia, BMI, and APOE4 genotype. &p for trend was estimated using logistic 
regression analyses, with the severity of NAFLD as a continuous variable after controlling for age, education years, hypertension, diabetes, 
hyperlipidemia, BMI, and APOE4 genotype. Aβ, Amyloid; APOE4, Apolipoprotein E4; BMI, Body mass index; dcCL, Direct comparison of 
18F-florbetaben-18F-flutemetamol Centiloid; and NAFLD, Non-alcoholic fatty liver disease.
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ameliorated the potential reverse effects of dementia on 
NAFLD. However, this study has several limitations that should 
be addressed. First, we could not assess NAFLD using imaging or 
histological confirmation. However, this argument is mitigated to 
some degree, considering that HSI is a widely used surrogate 
marker of NAFLD and is well-validated (Lee et al., 2010; Meffert 
et al., 2014; Murayama et al., 2021; Khani et al., 2022). Second, since 
this was a cross-sectional study, it was difficult to guarantee the 
causality of Aβ deposition due to NAFLD. Third, although Aβ 
deposition is a necessary but not sufficient condition for AD, we did 
not assess the other AD biomarkers including phosphorylated tau. 
Finally, our participants were mainly recruited from individuals 
who underwent comprehensive dementia evaluation in the memory 
clinic. This study may have resulted in the enrollment of healthier 
or more “health-seeking” individuals, which may also limit the 
generalizability of this study to other community-based individuals. 
Nevertheless, our study is noteworthy, suggesting that the 
prevention and management of NAFLD might be important for the 
primary prevention of Aβ deposition in CU individuals. 
Furthermore, CU females were more vulnerable to developing 
NAFLD and had more prominent effects of NAFLD on Aβ 
deposition than males. Thus, screening for early detection of 
NAFLD is necessary to identify individuals at high risk of Aβ 
deposition, especially females.

In conclusion, we highlighted that the presence of NAFLD was 
predictive of a higher Aβ burden in females but not in males. The 
severity of NAFLD is also associated with a higher Aβ burden in 
females. Therefore, our results suggest that sex-specific strategies are 
required for NAFLD management to prevent Aβ deposition in 
CU individuals.
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