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Objective of the study:

Earlier menopause is associated with higher risk for chronic aging-related diseases,
including Alzheimer’s disease (AD), as well as earlier all-cause mortality (Dobson
et al., 2024; Ossewaarde et al., 2005). Further, there appears to be some evidence
that menopause may cause aging to accelerate (Daredia et al., 2025; Levine et
al., 2016; Lu et al., 2019; Mason et al., 2009). This has highlighted earlier age at
menopause as a key risk factor for dementia (Dobson et al., 2024) and has
identified hormone replacement therapy (HRT) as a promising intervention that
may prevent AD (Nelsan et al.,, 2023). However, less is known about whether
accelerated somatic aging may also precede the onset of earlier menopause.
This is crucial to establish because accelerated somatic aging is also a risk factor
for AD (Gampawar et al., 2025; Savin et al., 2024; Sugden et al., 2022), including
specifically among women (Nguyen et al., 2024). Thus, earlier menopause could
represent a dramatic inflection point in women's aging trajectories (Figure 1,
Hypothesis A). On the other hand, it could also represent a continuation of already
accelerated somatic aging (Figure 2, Hypothesis B). Determining the temporal
order of earlier menopause and accelerated somatic aging would help identify
the earliest points in the window of opportunity for neuroprotective interventions,
such as HRT, against AD in women. Likewise, this will answer the degree to which
neuroendocrine interventions should be preceded by or paired with general
preventative interventions to further mitigate AD risk. Unfortunately, existing
research has been unable to determine this temporal order and, subsequently,
identify the full potential of the critical window of opportunity for early
interventions. This is due, in part, to three key limitations.
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Figure 1. Competing hypothesis describing the temporal relationship between
menopause onset and accelerated somatic aging.

First, studies have typically collected relevant data decades after menopause has
occurred (Daredia et al., 2025; Levine et al., 2016; Lu et al., 2019; Ossewaarde et
al., 2005). While such studies allow for tests of long-term sequelae of earlier
menopause, they preclude investigation of how premenopausal somatic aging
might contribute to clinical outcomes. Second, studies comparing somatic aging
across women who are pre-, peri-, or post-menopausal are nearly always
confounded by differences in chronological age (Barth et al., 2024; Crestol et al.,
2024). This is difficult to avoid, given the highly age-dependent frajectory of
menopause. Nonetheless, it complicates the ability to draw conclusions about the
relationship  between menopause and accelerated somatic aging
independently of chronological age. Third, studies linking menopause and
common aging biomarkers are confounded by the correlation between
menopause and chronological age (Daredia et al., 2025; Levine et al., 2016).
Common aging biomarkers such as epigenetic clocks are designed to estimate
chronological age in large samples of adults, including women who are pre-, peri-
, and post-menopausal. Because the age range during which menopause occurs
is relatively narrow (mean age = 50-52, SD = 4.5 years) (Appiah et al., 2021; Arinkan
& Gunacti, 2021) it means that these clocks are, by definition, inadvertently
trained to predict menopause status itself. Thus, reported association between
menopause status and somatic aging biomarkers is somewhat circular.

We propose to overcome these key limitations by leveraging a unique existing
dataset to identify the critical window for HRT to mitigate risk for AD. Specifically,
we will analyze data collected through the longitudinal Dunedin Study, which has
followed a large population representative birth cohort for six decades. The 1,037
members of the Dunedin Study have been repeatedly studied at ages 0, 3, 5, 7,
9,11, 13, 15, 18, 21, 26, 32, 38, 45, and currently age 52 - the average year of
menopause onset. The timing of relevant measures across waves of the Dunedin
Study is presented in Figure 2. We will determine the temporal order of
accelerated somatic aging and menopause onset (Aim 1). We will further
examine how accelerated somatic aging and menopause may interact to shape
sex-specific AD midlife risk, operationalized through cognitive and brain MRI
measures (Aims 2-3).
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Figure 2. Timing and sequence of relevant measurements across waves of the
Dunedin Study.

Data analysis methods!:

Aim 1. Does accelerated somatic aging precede earlier menopause?

We have operationalized somatic aging by longitudinally collecting 19
biomarkers of metabolic, cardiovascular, kidney, respiratory, immune, and dental
organ system functioning at ages 26, 32, 38, and 45 years. Using linear mixed-
effects models, we quantified the rate of change in these 19 biomarkers for each
Study member. We combined this information across all 19 biomarkers to create
a composite measure of somatic aging referred to as the Pace of Aging. We have
used this longitudinal measure to demonstrate that accelerated somatic aging is
associated with a broad range of outcomes that predict later AD risk including
faster cognitive decline, poorer structural brain integrity, and diminished
sensorimotor capacity (Elliott et al., 2021). Critically, as only two Study women
reported menopause onset by age 45, confirmed by plasma-estrogen testing, the
Pace of Aging is derived from data unbiased by effects of menopause.
Furthermore, because each biomarker was standardized within men and women
Study members, the Pace of Aging is independent of sex-specific trends in
biomarker change that might bias associations with menopause.

1 A key concern for the Dunedin Study is superficial analyses of data that simply identify differences or deficits
between ethnic groups or other communities where inequities exist (e.g. persons with disabilities, Pasifika peoples,
members of migrant and SOGIESC (Sexual Orientation, Gender Identify and Expression and Sexual Characteristics)
communities). The cumulative effect of these types of studies is stigmatising and not of benefit. Any research that
identifies differences must (a) incorporate information on the broader context (e.g. historical or political factors);
(b) where possible undertake additional analyses to examine the source of the difference/s, and (c) include policy
recommendations for its resolution.



Policy Statement & Code of Practice §

We will use self-reported and plasma-determined estrogen levels at age 52 to
classify Study members into three groups: postmenopausal, perimenopausal, and
premenopausal. Because all Study members are the same chronological age, the
postmenopausal group (projected N=150) represents earlier-than-average
menopause, the perimenopausal group (projected N=150) represents average
age at menopause, and the premenopausal group (projected N=150) represents
later-than-average menopause.

We will then test whether somatic aging, as measured by the Pace of Aging from
ages 26-45, varies as a function of menopause status at age 52. Of note, it is not
necessary to control for sex, age, or HRT in this analysis as all Study members are
the same age and sex, and no Study members were undergoing HRT prior to age
45. This analysis will allow us to test whether earlier menopause is preceded by
accelerated somatic aging as assessed up to age 45. If accelerated aging
precedes earlier menopause, this would suggest that interventions to slow somatic
aging should begin prior to the onset of menopause and, possibly, be considered
alongside neuroendocrine interventions in post-menopausal women. If not, it
would suggest that AD prevention should prioritize interventions in post-
menopausal women, potentially through interventions such as HRT.

Aim 2. Does earlier menopause precede accelerating midlife AD risk
independently of prior somatic aging?

We will test whether menopause status is associated with change in cognitive,
brain MRI from age 45 to 52, as well as levels of AD blood plasma biomarkers
collected at age 52. We have previously collected cognitive assessments, and
brain MRI from Study members at age 45 and are currently collecting these
measures again at age 52. Our cognitive measures include a wide battery of
cognitive measures, including of age-sensitive domains such as memory and
processing speed. Our brain MRI data allows us to measure features of structural
brain integrity that are associated with later AD risk and clinical progression
including cortical thickness, hippocampal volume, burden of white matter
hyperintensities. Finally, we plan to assay APB4/AP4w ratfio, P-tauisi, and
neurofilament light chain (NfL) from blood plasma collected at age 52.

These data will allow us to first test whether earlier menopause is linked to more
rapid changes in midlife measures of AD risk. We will test for associations between
pre-, peri-, or post-menopause status and change in cognition and brain structure
between age 45 and 52. In addition, we will test for associations between
menopause status and levels of plasma AD biomarkers at age 52. Comparison of
these groups will allow us to gauge whether earlier menopause occurs alongside
more rapid cognitive decline, loss of brain structural integrity, or higher levels of
AD pathology. Crucially, we will be able to compare Study women of the same
age who did or did not experience menopause by age 52 — allowing for a
powerful control group for associations between earlier menopause and change
in AD risk.



Policy Statement & Code of Practice @

Next, we will ask whether any associations between menopause and AD risk
markers are accounted for by accelerated somatic aging (i.e. the Pace of Aging
between ages 26 and 45). Again, it is not necessary to control for sex or age in this
analysis; however, we will control for hormone replacement therapy at age 52.
We will also control for broader AD risk in midlife using a multimodal composite
index including genetic, health, and environmental factors (Reuben et al., 2022)
derived at age 45. These analyses will help establish if earlier menopause initiates
additional AD risk in midlife above and beyond general somatic aging. If so, this
would suggest menopause is an inflection point in the progression of AD risk and
that the onset of menopause represents the beginning of a critical window for
intervention, potentially through HRT.

Aim 3. Does earlier menopause interact with somatic aging to shape sex-specific
AD risk?

We will compare midlife AD risk biomarkers in post-, peri-, and premenopausal
women to those in men to establish whether menopause interacts with somatic
aging to shape sex-specific AD risk. Specifically, we will create control groups of
men matched with each menopausal group on the Pace of Aging. Next, we will
test for differences in the midlife AD risk biomarkers from Aim 2 between each
menopausal group and their respective male control group. Again, it is not
necessary to control for age in this analysis; however, we will control for HRT at age
52. These analyses will help link earlier menopause to sex differences in AD
prevalence and clinical progression (“2022 Alzheimer's disease facts and figures,”
2022). If postmenopausal women, but not premenopausal women, show
increased burden of midlife AD risk compared to men with comparable somatic
aging, this suggests that earlier menopause may initiate sex-specific
neuroendocrine changes that may ultimately predispose women to the amyloid
cascade, neurodegeneration, and AD. This would further highlight menopause as
the initiation of a critical window for intervention and suggest that neuroendocrine
interventions such as HRT are most likely to be effective.

Variables needed at which ages:

Sex

Phase 45:

Pace of Aging, PaceOfAgingP45

Age 45 1Q, 1Q45_chsid

Cortical thickness, img_CT_AVG45

Cortical surface areq, img_SA_TOT45

Ventricular volume

Subcortical volumes (accumbens, amygdala, caudate, cerebellum,
hippocampus, pallidum, putamen, thalamus, ventral DC, brainstem)
DunedinARB index, ADRD_DunedinARB45

Phase 52:



Policy Statement & Code of Practice 7

Self-reported menopause status

Estrogen plasma levels

HRT medication status

Age 521Q

Cortical thickness

Cortical surface area

Ventricular volume

Subcortical volumes (accumbens, amygdala, caudate, cerebellum,
hippocampus, pallidum, putamen, thalamus, ventral DC, brainstem)
AB42/AB4oratio from blood plasma

P-tauig1 from blood plasma

neurofilament light chain (NfL) from blood plasma

Significance of the Study (for theory, research methods or clinical practice):

Establishing the temporal order of accelerated somatic aging and earlier
menopause is crucial for understanding the role of menopause in AD risk and
targeting early interventions to maximize effectiveness. Our proposed analyses will
leverage unique data from an ongoing longitudinal study to help establish
whether the ‘window of opportunity’ for intervention begins prior to menopause,
and whether neuroendocrine interventions such as HRT should be preceded by
or paired with general anti-aging interventions to maximize effectiveness among
women aging more quickly.

How the paper will contribute to Maori health advancement and/or equitable
health outcomes?

This study may have implications for sex-specific disease risk factors and women'’s
health. Women's health, particularly in neuroscience, is badly understudied
(Jacobs, 2023). Thus, this work may help improve our understanding of a major
female-specific component of aging. This study will not include separate analysis
of specific ethnic groups, but the results are expected to be generalizable to the
Maori community. Accelerated aging and dementia risk are thought to be more
pronounced in disadvantaged communities and an improved understanding on
how menopause is related to aging and dementia will help support those most at
risk.
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