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Abstract

INTRODUCTION: This study investigated whether epigenetic age acceleration (AA) is
associated with the change in cognitive function and the risk of incident dementia over
9 years, separately in males and females.

METHODS: Six epigenetic AA measures, including GrimAge, were estimated in
baseline blood samples from 560 Australians aged >70 years (50.7% female). Cog-
nitive assessments included global function, episodic memory, executive function,
and psychomotor speed. Composite cognitive scores were also generated. Dementia
(Diagnostic and Statistical Manual for Mental Disorders - IV [DSM-1V] criteria) was
adjudicated by international experts.

RESULTS: Associations between epigenetic AA and cognitive performance over-time
varied by sex. In females only, GrimAA/Grim2AA was associated with worse delayed
recall, composite cognition, and composite memory (adjusted-beta ranged from -
0.1372 to -0.2034). In males only, GrimAA/Grim2AA was associated with slower
processing speed (adjusted-beta, -0.3049) and increased dementia risk (adjusted
hazard ratios [HRs], 1.78 and 2.00, respectively).

DISCUSSION: Epigenetic AA is associated with cognitive deterioration in later life but

with evidence of sex-specific associations.
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1 | BACKGROUND

Decline in cognitive function becomes increasingly common with
advanced age and is an important concern for many people in older
age.2 However, the extent of cognitive decline can vary among older
individuals.2~3 Some older individuals can retain good cognitive ability
into advanced age with only minor changes, while others may experi-
ence more severe cognitive deterioration with age.!~3 For some older
individuals, the degree of cognitive decline is substantial and impacts
the ability to complete everyday tasks and eventually results in a diag-
nosis of dementia."®> The reasons for these individual variabilities
in cognitive aging are complex and multifaceted, extending beyond
chronological age and established modifiable factors such as education.
Differences in biological aging could help account for these variations.*

Epigenetic age provides an estimate of an individual’s biological age
determined by age-related changes in DNA methylation (DNAm) lev-
els at specific sites across the genome.>~2 Epigenetic mechanisms, like
DNAm, regulate gene expression in response to lifestyle, environmen-
tal, and genetic factors.’>1* Epigenetic age may therefore provide a
more accurate measure of how well an individual’s body is function-
ing at the molecular level compared to chronological age.? Epigenetic
age acceleration (AA) refers to an older epigenetic age relative to
chronological age and is a promising aging biomarker.6~19 Evidence has
shown that epigenetic AA was associated with an increased risk of
decline in physical function, frailty, age-related diseases, and all-cause
mortality.6~10.15.16 However, it remains unclear to what extent epige-
netic AA is associated with cognitive ageing across different domains
of function, and there is inconsistent evidence regarding the associ-
ation between epigenetic AA and dementia risk.!® Investigating the
relationship between epigenetic AA and changes in cognitive function
and risk of dementia may provide insight into the validity of these as
biomarkers of healthy ageing and inform a better understanding of the
mechanisms underlying age-related cognitive decline. Moreover, fur-
ther research is needed to explore potential sex differences in these

associations, 3

as emerging evidence shows sex disparities in the rela-
tionships between epigenetic AA and risk factors for worse general
health.1>16

Therefore, this exploratory study aimed to examine whether dif-

ferent epigenetic AA scores are associated with change in cognitive

» Epigenetic age acceleration was associated with cognitive deterioration over time.
* However, these associations differed by sex.
* In females, accelerated GrimAge appeared to be a better marker of decline in

* In males, accelerated GrimAge was associated with slower processing speed over

* Association between accelerated GrimAge and dementia risk was found only in

function over 9 years, and the 9-year risk of incident dementia,
separately in males and females.

2 | METHODS

2.1 | Study population

This study sub-sampled 560 older Australians aged >70 years from
the ASPREE (ASPirin in Reducing Events in the Elderly) study, who
provided blood samples at baseline through the ASPREE Healthy
Ageing Biobank.1>17 A total of 97.3% of the ASPREE Australian partici-
pants were self-identified as White/Caucasian.'8 Full details regarding
the ASPREE sampling procedure and methods have been reported
elsewhere.'7-18 Briefly, in Australia, ASPREE participants were mainly
recruited through partnerships with general practitioners from March
2010 and December 2014 and followed prospectively. At study enroll-
ment, participants were free of known dementia, cardiovascular dis-
ease (CVD), or other major life-limiting diseases, and had a Modified
Mini-Mental State Examination (3MS) score of >78. The ASPREE study
complies with the Declaration of Helsinki and was approved by multiple
Institutional Review Boards (www.aspree.org). All participants pro-
vided written informed consent for participation before enrollment.
The present sub-study was approved by the Monash University Human
Research Ethics Committee (MHREC 30734).

2.2 | Epigenetic age

DNAm from baseline peripheral blood samples (buffy coat),
was extracted using the Qiagen DNeasy Blood & Tissue Kits
DNAm

was measured using the Illumina Infinium Methylation EPIC

(https://www.qgiagen.com/au).1%16.19 Epigenome-wide
BeadChip (EPIC) and run at the Australian Genome Research
Facility, Melbourne, Victoria.l>¢1? Preprocessing of data was
performed using R version 4.1.3 with R package minfi and
normalization of the EPIC data was undertaken using the prepro-
cessNoob method.1516.19.20 DNAm-derived epigenetic age, namely

HorvathAge,® HannumAge,” PhenoAge,® GrimAge,” and GrimAge21°,
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and their AA scores were estimated using the online DNAm age
https://
dnamage.clockfoundation.org/. The principal component (PC)-trained

calculator  https://dnamage.genetics.ucla.edu/new  and
version of the available DNAm-derived epigenetic ages (HorvathAge,
HannumAge, PhenoAge, and GrimAge), and their AA scores were
also estimated with codes available on GitHub from the Levine Lab
https:/github.com/MorganLevineLab/PC-Clocks.2! AA scores are
residuals resulting from the regression of each DNAm-derived epige-
netic age on chronological age and a positive (negative) value of AA
indicates an older (younger) epigenetic age relative to chronological
age.’"19 DunedinPACE, a DNAm-based biomarker of the Pace of
Aging, was estimated in R version 4.1.3 with the codes described in
Belsky et al.!* Higher DunedinPACE value indicates an accelerated

rate of aging.1!

2.3 | Cognitive performance
Cognitive function assessments were conducted at baseline and over
follow-up (year 1, year 3, year 9) visits. The numbers of participants
who completed cognitive function assessments at each visit were
shown in Tables S1-S7. Cognitive tests included (1) the Modified Mini-
Mental State Examination (3MS) to measure global cognition,?2 (2) the
Hopkins Verbal Learning Test-Revised (HVLT-R) delayed recall task to
measure episodic memory,2324 (3) the Controlled Oral Word Asso-
ciation Test (COWAT—-single letter F version) to measure phonemic
verbal fluency,2>2¢ and (4) the Symbol Digit Modalities Test (SDMT)
to measure psychomotor speed.?’-28 The procedures of these cogni-
tive function assessments were provided in supplementary materials
Text-S1. These four measures of cognitive functioning are the validated
tools for assessing their respective domains of cognitive function, with
high reliability and internal consistency.?228 They have demonstrated
sensitive changes in their relative cognitive domains, making them use-
ful and reliable for monitoring cognitive decline in both patients and
general populations.?2-28

The composite cognitive score was calculated to estimate overall
cognitive performance by summing the z-scores of all four tests.2?-30
The composite executive/psychomotor functioning score was esti-
mated by summing the z-scores of SDMT, COWAT, and the similarities
subscales of the 3MS.3% The composite memory score was calculated
by summing the z-scores of HVLT-R delayed recall and the memory
subscales of the 3MS.30

24 | Incident dementia

Dementia was a secondary endpoint in the ASPREE study, and full
details of the dementia trigger and a description of the dementia adju-
dication process in ASPREE have been reported previously.2? In brief,
three dementia triggers (people with a suspected dementia diagno-
sis) were identified: participants with a 3MS score < 78 or a drop
of >10.15 points from their predicted score based on their own base-

line 3MS score with adjustment for age and education; a report of

Disease Monitoring

RESEARCH IN CONTEXT

1. Systematic review: A systematic review was conducted
through MEDLINE, Embase, and PsycINFO. Findings
highlighted the extent to which epigenetic age acceler-
ation (AA) measures are associated with cognitive per-
formance across different domains remains unclear, and
the associations between epigenetic AA and dementia
risk have been inconsistently found. Additionally, further
research should explore potential sex differences in these
associations.

2. Interpretation: Our findings showed sex differences in
the associations between epigenetic AA and worse cog-
nitive performance over time. Epigenetic AA, particularly
measured by GrimAA/Grim2AA, was a better marker of
decline in memory for females and processing speed for
males. The association between GrimAA/Grim2AA and
incident dementia was only found in males.

3. Future directions: Our finding highlights the importance
of considering sex differences in addressing age-related
health disparities. Further research is warranted to inves-
tigate the reasons underlying these differential associa-

tions.

memory concerns or other cognitive problems; or a medical diag-
nosis of dementia or prescription of acetylcholinesterase inhibitors.
To reduce the possibility of delirium, further assessments were per-
formed at least 6 weeks after the initial dementia trigger.2? Further
assessments include Alzheimer’s Disease Assessment Scale-Cognitive
subscale, Color Trails, Lurian overlapping figures, and the Alzheimer’s
Disease Cooperative Study Activities of Daily Living scale.2? When
available, other documents such as results of laboratory and blood
tests, brain computed tomography (CT) scans, or magnetic resonance
imaging (MRI) reports, detailed medical records, and clinical case
notes were gathered from their healthcare providers. All available
information was reviewed by the dementia adjudication commit-
tee composed of neurologists, neuropsychologists, and geriatricians
from Australia and the United States. Dementia diagnosis was adju-
dicated based on the Diagnostic and Statistical Manual for Mental
Disorders - IV (DSM-1V), American Psychiatric Association, criteria.3?
For confirmed dementia cases by the adjudication committee, the
date of the dementia trigger was used as the date of dementia
diagnosis.

2.5 | Statistical analysis
The statistical analyses were undertaken separately in males and
females. First, the correlation between epigenetic AA markers

and different measures of baseline cognitive performance (3MS,
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HVLT-R, COWAT, SDMT, and composite scores—cognitive, execu-
tive/psychomotor functioning, and memory) was examined using
Pearson’s correlation, with pairwise deletion. Next, linear mixed
models were used to determine the association between AA and
cognitive function over time. The AA scores were standardized so
results could be interpreted as a 1-standard deviation (SD) increase
in AA. Each model included a participant-specific random intercept
and random slope, and an AA by time interaction to assess the effect
of baseline epigenetic AA on cognitive performance over time. The
multivariable models were adjusted for chronological age; education
(<12 years or >12 years); socioeconomic status (SES; very low, low,
middle, high, and very high) estimated through the Socio-Economic
Indices for Areas-Index of Relative Socioeconomic Advantage and
Disadvantage (SEIFA-IRSAD)32; smoking (never, former, and current);
number of chronic conditions (which considered hypertension, dia-
betes, dyslipidemia, chronic kidney disease, obesity, and depression);
and batch effect. Furthermore, it is known that cellular heterogeneity
in the blood can greatly affect DNAm-derived epigenetic age, and
adjusting the proportions of blood cells in the analysis can mitigate
these impacts and produce more accurate and reliable results.3334
Therefore, we also included adjustments for the online DNAm age
calculator https://dnamage.genetics.ucla.edu/new estimated cells
counts (natural killer cells [NK], monocytes [Mono], granulocytes
[Gran], Plasmablasts, CD4+ T lymphocytes, CD8pCD28nCD45RAN
[exhausted cytotoxic T cells] and CD8 naive) in our models.

In addition, the analysis was repeated using binary groups defined
as decelerated aging (<0) and accelerated aging (>0), for HorvathAA,
HannumAA, PhenoAA, GrimAA, and Grim2AA and low (<0.97) and
high (>0.97) for DunedinPACE. Next, the associations between base-
line AA measures and incident dementia were examined using the Cox
proportional hazards regression models, adjusted using the covariates
reported above.

Finally, we also examined the associations between available PC-
trained epigenetic AA measures and cognitive performance over
time, and dementia risk as additional analyses to ensure associations
remained consistent with the version of epigenetic AA measures which
are trained on PC for more robust measures.?! All analyses were
performed using Stata 17 (StataCorp).

Furthermore, using the p-values from modeling the associations
between different epigenetic clocks and each cognitive function score
over time or dementia risk, we applied the Hochberg method3°3¢
through the online calculator available at www.multipletesting.com
and checked whether our investigated associations were consistent

after the adjustment of p-values for multiple tests.

3 | RESULTS

3.1 | Participants’ characteristics

The baseline characteristics of the study participants, with 97.3% being
White Australians, are shown in Table 1. Approximately half were
female (51%), and the majority of participants had >12 years of edu-

cation (59.8% in males and 56.7% in females, Table 1). The mean
chronological age for males and females was 74.5 (4.2). GrimAge2
(75.4 [5.5] in males and 72.8 [4.8] in females) was similar to the mean
chronological age, whereas HorvathAge and GrimAge (approximately
70years in both males and females) were slightly younger than chrono-
logical age. Males compared to females showed statistically higher
epigenetic aging and lower cognitive performance scores. The positive
values found in the AA scores of males showed that their epigenetic
ages were relatively older than chronological age, indicating epigenetic
AA. In contrast, the negative values of females’ AA scores demon-
strated that they were epigenetically aging at a rate slower than their

chronological age.

3.2 | Sex-specific correlations between epigenetic
AA scores and cognitive performance at baseline

Correlations between AA scores and cognitive performance were
more commonly found in females (Figure 1), with all epigenetic AA
scores except for HorvathAA negatively correlated with multiple
domains of baseline cognitive performance (r ranged from —0.12 to
—0.34, Figure 1). DunedinPACE showed the strongest correlations with
cognitive function. In males, correlations were found between Phe-
noAA and worse cognitive performance on delayed recall for episodic
memory (r = —0.13), and between DunedinPACE and worse perfor-
mance on all domains except for COWAT (r ranged from —0.13 to
-0.19).

3.3 | Epigenetic AA scores and change in cognitive
performance over an average of 7 years of follow-up

Sex differences were found in the associations between epigenetic
AA scores (on a continuous scale and categorical groups) and the
change in cognitive performance over time (Figure 2, Table 2, Tables
S8-S14). Accelerated GrimAge and GrimAge2 were associated with
worse cognitive performance on delayed recall for episodic memory
(HVLT-R) over time in females (adjusted-beta = —0.1732 and —0.2034,
respectively, p < 0.05, Table 2), but not in males. Likewise, acceler-
ated GrimAge2 was only associated with worse performance over time
for composite cognitive score (adjusted beta = —0.1933, p = 0.04)
and composite memory score (adjusted-beta = —0.1372, p = 0.01,
Table 2) in females. The association between accelerated GrimAge
and worse performance on the speed of cognitive processing (SDMT)
was found only in males (adjusted-beta = —0.3049, p = 0.03, Table 2).
These associations remained consistent when we repeated the mod-
els by excluding cognitive function scores in years 4, 8, and 9 where
the number of cognitive assessment completions is lower compared to
other follow-up visits. Similar results were also found when addition-
ally adjusting for chronological age in the fully adjusted models (data
not shown) and when we used PC-trained epigenetic AA scores in the
additional analyses (Tables S15 and S16). The associations between
accelerated GrimAge/GrimAge2 and HVLT-R (delayed recall) and
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TABLE 1 Characteristics of participants at baseline, separately in males and females

Age inyears 74.5 (4.2) 74.5 (4.2) 0.98

Epigenetic AgeAccels (AA) in years

HorvathAA 0.49 (4.96) —0.31(4.92) 0.05
HannumAA 0.79 (5.04) —0.64 (4.54) <0.001
PhenoAA 0.76 (6.46) —-0.55(6.21) 0.01
GrimAA 1.35(3.34) -1.27(3.19) <0.001
Grim2AA 1.16(3.99) -1.08(3.78) <0.001

PC-trained epigenetic AgeAccels (AA) in years

HorvathAA 0.96(5.12) —-0.81(4.77) <0.001
HannumAA 1.03(5.13) —0.87 (4.90) <0.001
PhenoAA 1.27 (6.42) —1.06 (6.43) <0.001
GrimAA 1.20(3.14) -1.07(3.15) <0.001

Composite scores

Composite cognitive —0.13(2.55) 0.80(2.34) <0.001
Composite executive/psychomotor functioning 0.06(1.96) 0.60(1.84) <0.001
Composite memory -0.19 (1.64) 0.29 (1.41) <0.001

Ethno-racial group
White Australian 267 (96.7) 278(97.9) 0.40
Hispanic/Latino/Asiatic/Other? 9(3.3) 6(2.1)

(Continues)
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n (%) n (%) p-value
Socioeconomic status (SES)
Very low 23(8.4) 25(8.8) 0.94
Low 19 (6.9) 25(8.8)
Middle 43(15.6) 42(14.8)
High 61(22.2) 60(21.1)
Very high 129 (46.9) 132 (46.5)
Smoking
Never 129 (46.7) 183 (64.4) <0.001
Former 135 (48.9) 92(32.4)
Current 12 (4.4) 9(3.2)
Number of chronic conditions®
<2 comorbidities 110(39.9) 96(33.8) 0.14
>2 comorbidities 166 (60.1) 188 (66.2)

Notes: SES was estimated through the Socio-Economic Indices for Areas-Index of Relative Socioeconomic Advantage and Disadvantage (SEIFA-IRSAD) based
on the information from the 2011 Australian Census using the residential postcodes of participants; All p-values are from chi-squared or t-test comparison of

males versus females.

Abbreviation: 3MS, Modified Mini-Mental State Examination; COWAT, Controlled Oral Word Association Test; HVLT-R, Hopkins Verbal Learning

Test-Revised; SD, standard deviation; SDMT, Symbol Digit Modalities Test.

20ther included Aboriginal and Torres Strait Islander, other Pacific Islander, Maori, or more than one race.
bChronic conditions included hypertension, diabetes, dyslipidemia, chronic kidney disease, obesity, and depression.

composite memory scores, found in females, remained significant after

adjustment of p-values for multiple comparisons.

3.4 | Epigenetic AA scores and incident dementia

Over an average of 7 years of follow-up to capture dementia diagno-
sis, 37 males (19.61 events per 1000-persons-year) and 50 females
(25.48 events per 1000-persons-year), developed incident dementia,
respectively. Associations between epigenetic AA scores and incident
dementia are shown in Tables 3 and S17. A 1-SD increase in Gri-
mAA/Grim2AA was associated with up to two-fold increased risk of
dementia in males (Table 3), but not in females. The results were the
same when considering the competing risk of death in these multi-
variable Cox models (adjusted HRs in males: 1.77 (95% Cl 1.02-3.07)
for GrimAA and 1.95 (95% Cl 1.20-3.15) for Grim2AA). The asso-
ciation between Grim2AA and increased risk of dementia in males
remained significant even after adjustment of p-values for multiple
comparisons. In the additional analyses using PC-trained epigenetic AA
scores, a 1-SD increase in GrimAA in males was associated with a 49%
increased risk of dementia, but this association did not reach statistical
significance (Tables S18 and S19).

4 | DISCUSSION

In this study of 560 initially healthy community-dwelling older people

aged 70 years and over, we found moderate cross-sectional correla-

tions between epigenetic AA and baseline cognitive function, particu-
larly for GrimAA, Grim2AA, and DunedinPACE measures, which were
more commonly observed in females. Furthermore, there were sex
differences in the associations between epigenetic AA and cognitive
change over time. In females, over an average of 7 years of follow-
up, GrimAA/Grim2AA was associated with worse episodic memory,
composite memory, and composite cognitive function. In contrast, the
association between GrimAA and worse performance on processing
speed over time was observed only in males. Furthermore, the asso-
ciation between GrimAA/Grim2AA and incident dementia was only
observed in males.

Few studies have investigated the association between epigenetic
aging and cognitive performance in older people aged >65 vyears,
and the findings have been inconsistent across studies.’® Further,
most prior studies have been cross-sectional while others focused on
a single epigenetic age measure and cognitive performance at one
time point, rather than examining changes in cognitive performance
over time.!3 Our study thus contributes important new informa-
tion demonstrating that certain AA measures, most notably GrimAA,
were most strongly associated with worse cognitive performance over
time, but with clear sex-specific associations. Epigenetic AA was not
associated with global cognitive function or verbal fluency in either
sex but appeared to be a better marker of decline in memory (for
females) and processing speed (for males). Aligned with these find-
ings, memory and processing speed are domains which appear more
susceptible to decline in older age. Memory loss is an early sign of cog-
nitive aging. The hippocampus, important for the storage and retrieval

of episodic memory, is particularly susceptible to structural and
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unctioning

HorvathAA 0 -0.11 0 -0.12 -0.08 -0.05 -0.09
HannumAA 0.01 -0.06 0.02 -0.11 -0.04 -0.03 -0.01

-0.13
PhenoAA -0.03 - 0.1 -0.06 -0.04 0.01 -0.08
GrimAA -0.04 -0.06 -0.03 -0.07 -0.07 -0.11 -0.04
Grim2AA -0.05 -0.08 -0.03 -0.06 -0.08 -0.11 -0.04
DunedinPACE 0,14 0.17 -0.08 LY -0.19 0.14 0.14
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functioning

HorvathAA -0.06 -0.05 -0.02 -0.03 -0.06 -0.03 -0.03
HannumAA 013 018 503 0.05 0.13 0.05 0.1
PhenoAA 011 -009  -0.01 0.17 -0.14 -0.14 0.07
GrimAA -0.08 -0.05 -0.08 '9,;,%8 'O;J E '2;34 -0.04
Grim2AA 012 -0.08 -0.08 0.29 0.22 0.26 -0.09
DunedinPACE ~ 04 014 024 0.24 0.29 0.4 0.1

*p-value < 0.05; **p-value < 0.01; ***p-value < 0.001
value

.10

05

u
A0

FIGURE 1 Correlations between epigenetic age acceleration (AA) and cognitive function scores at baseline, separately in males (n=276) and

females (n = 284).

functional age-related changes.3” The more evident memory decline
in females may be partially due to their smaller hippocampal volumes
and lower tissue densities compared to males,3® which may make them
less resilient against cognitive aging. The function of processing speed
is primarily linked to the integrity of white matter tracts,>’ where
myelinated axons enable rapid neurotransmission and efficient cog-
nitive processing.*° Similarly, microstructural changes have also been
observed in these tracts with age,*! echoing the prevalent psychomo-

tor slowing observed previously.*? Although the mechanisms of sex

differences in psychomotor slowing remain inconclusive, the stronger
association between AA and processing speed decline in males may be
driven by our prior finding showing males compared to females have
lower performance in processing speed and are more susceptible to
age-related declines in this domain.28 In addition, our findings that cer-
tain AA measures were more consistently associated with cognitive
performance likely reflect the way in which these AA measures were
trained and developed.®~1! The earliest generation of AA measures,

HorvathAA and HannumAA, were trained to predict chronological
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(A) GrimAA and HVLT-R in females

(B) Grim2AA and HVLT-R in females

(C) GrimAA and SDMT in males
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FIGURE 2 Estimated marginal means of cognitive performance score over time by categorical epigenetic AA.

age®’; however, the later generations, such as GrimAA/Grim2AA?-10
and DunedinPACE,'! incorporate additional health biomarkers along-
side chronological age, to better reflect age-related chronic health
conditions and mortality. Therefore, such markers designed to predict
chronic diseases and mortality may also, to some extent, capture late-
life cognitive deterioration due to common underlying biological aging
processes as well as shared pathophysiological mechanisms such as
protein misfolding, inflammation, and vascular problems.*3

The exploration of sex differences in the association between AA
and health outcomes in older individuals has been seldom investi-
gated. We have previously shown evidence of a sex difference in the
cross-sectional associations between AA scores and chronic diseases,
including hypertension, obesity, and depression,’> and AA scores were
more strongly associated with frailty burden over time in females than
males.¢ Building upon these findings, the present study indicates clear
sex differences in the associations between AA scores and cognitive
decline over time, suggesting that these AA measures may better cap-
ture cognitive aging in females than males. Although the exact reason
behind this finding remains unclear, it may be partly driven by the sex-
specific biological phenotypes and hormonal influences along with a
higher burden of comorbidities and frailty in females. For example,

frailty and numbers of chronic disease conditions have been shown

to be more strongly associated with AA scores in females than in
males?10.15.16 and are also associated with cognitive deterioration
through common pathological mechanisms such as chronic inflamma-
tion, cardiovascular risk, and endocrine dysregulation.** This interplay
relationship underscores the need for further investigations on how
comorbidities and frailty mediate the association between AA scores
and cognitive function, separately in males and females. Moreover, it is
known that the female sex hormone estrogen regulates biological func-
tions such as metabolic regulation and epigenetic modifications.*>4¢
Estrogen also plays a multifaceted role in the neurobiology of cognitive
processing, providing neuroprotective effects and enhancing cognitive
function.*’ So, menopausal hormone changes (i.e., declining estrogen
levels) somewhat compromise these neuroprotective effects, detri-
mentally affecting cognitive performance.*’ Therefore, differences in
biological phenotypes, genetic constitutions, and hormonal fluctua-
tions between males and females may contribute to sex differences
in the associations between epigeneticAA and cognitive aging. Further
researchis warranted to explore the underlying mechanisms that cause
these relationships to differ between males and females.

In recent years, a few studies have investigated the longitudinal
association between epigenetic AA meaures and incident dementia.

However, the findings on this relationship have been inconsistent
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TABLE 2 Association between baseline GrimAA/Grim2AA and change in cognitive performance over follow-up, separately in males and
females.

3MS
GrimAA
GrimAA?xtime -0.0756 0.34 —-0.1984 0.14
Accelerated_GrimAAPxtime —0.1488 0.31 —-0.5383 0.05
Grim2AA
Grim2AA?xtime —-0.0597 0.44 —0.1668 0.20
Accelerated_Grim2AAPxtime —0.0042 0.98 —-0.3565 0.17

COWAT (verbal fluency)

GrimAA
GrimAA?xtime —-0.0345 0.38 —-0.0389 0.39
Accelerated_GrimAAPxtime 0.0002 1.00 —0.0378 0.67
Grim2AA
Grim2AA?xtime —0.0332 0.39 —0.0304 0.48
Accelerated_Grim2AAPxtime 0.0044 0.95 —-0.0428 0.61

Composite cognitive score

GrimAA
GrimAA?xtime —0.0400 0.22 —0.0858 0.09
Accelerated_GrimAAPxtime -0.0524 0.39 -0.1406 0.16
Grim2AA
Grim2AA?xtime -0.0273 0.40 —-0.0930 0.05
Accelerated_Grim2AAPxtime 0.0114 0.85 —-0.1933 0.04

(Continues)
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TABLE 2 (Continued)
Males (n = 275) Females (n = 284)
Mixed model analysis with interactions Adjusted Beta“ p-value Adjusted beta® p-Value
Composite memory score
GrimAA
GrimAA?xtime -0.0128 0.53 —-0.0339 0.24
Accelerated_GrimAAPxtime -0.0076 0.84 -0.0786 0.17
Grim2AA
Grim2AA?xtime —-0.0092 0.65 —-0.0415 0.13
Accelerated_Grim2AAPxtime 0.0241 0.52 —-0.1372 0.01

Notes: For SDMT and composite executive/psychomotor functioning score, males (n = 274) and females (n = 284); for composite cognitive score, males
(n=274) and females (n = 283). Bold text indicates statistically significant associations.
Abbreviations: 3MS, Modified Mini-Mental State Examination; COWAT, Controlled Oral Word Association Test; HVLT-R, Hopkins Verbal Learning

Test-Revised; SDMT, Symbol Digit Modalities Test.
20n a continuous scale, per 1 standard deviation increase.
bDecelerated epigenetic age acceleration was the reference group.

€Adjusted for years of education, socioeconomic status, smoking, numbers of chronic conditions, batch effect, and cells counts.

TABLE 3 Associations between epigenetic AA measures and risk of incident dementia, separately in males and females.

Males (n = 275)

Females (n = 284)

Parameter Adjusted hazard ratio
Epigenetic AA measures per 1-SD increase

HorvathAA 0.89

HannumAA 1.29

PhenoAA 0.93

GrimAA 1.78

Grim2AA 2.00

DunedinPACE 0.85

95% Cl Adjusted hazard ratio 95% ClI

(0.58-1.35) 1.18 (0.86-1.63)
(0.79-2.10) 0.92 (0.62-1.37)
(0.58-1.49) 1.05 (0.71-1.54)
(1.04-3.04) 0.96 (0.60-1.55)
(1.15-3.48) 0.96 (0.60-1.53)
(0.51-1.40) 0.74 (0.52-1.06)

Note: Adjusted for chronological age, years of education, SES, smoking, numbers of chronic conditions, batch effect, and cells counts. Bold text indicates

statistically significant associations.

Abbreviations: AA, age acceleration; Cl confidence iterval; SD, standard deviation.

across studies,1348-50

with some studies revealing epigenetic AA can
predict dementia risk*®4? whereas others showed null results.130
In addition, knowledge about sex differences in these relationships
remains limited despite our well-known understanding of sex differ-
ences in dementia risk.1® Thus, the present study employing the sex-
stratified analysis advances the field by showing associations between
GrimAA/Grim2AA and incident dementia risk only in males. Our pre-
liminary finding of sex differences in these associations underscores
the importance of investigating sex-specific biological pathways in
dementia development, highlighting the need for further investigation
into this area.

This study had notable strengths and limitations. First, our strength
includes the availability of longitudinal cognitive assessments across
different domains (global cognition, episodic memory, verbal fluency,
and psychomotor processing speed) over an average of 7 years, under-
taken by rigorously trained and qualified ASPREE staff, ensuring the
reliability and high-quality of the data. Almost half of our study par-

ticipants were females; thus, this sex-balanced cohort allowed us to
explore possible sex differences in these investigated associations. Lim-
itations are that ASPREE participants were free of diagnosed CVD,
dementia, or known major life-limiting diseases at recruitment,’ and
97.3% of our current study cohort were White/Caucasian Australians;
thus, our findings may be somewhat less generalizable to less healthy
populations and other specific ethnic-racial groups. Further, it is noted
that we assessed cognitive functions across global and three major
domains in this study, which could be a limited subset of the range
of cognitive functions. Thus, our study will be limited to capturing
potential associations with other cognitive domains which we did not
explore. In addition, we have previously shown that most participants
maintained their cognitive performance over time, with only a small
proportion experiencing a substantial decline in global cognition and
episodic memory, reflecting a healthy cohort.*? Therefore, an average
follow-up of 7 years may be relatively short to capture a substantial
decline in cognition and incident dementia.
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In conclusion, our study demonstrated the associations between
accelerated epigenetic aging (particularly in more recent iterations
of epigenetic AA measures) and worse cognitive performance over
time, even in relatively healthy older people. These associations var-
ied between males and females. Over an average follow-up of 7
years, accelerated epigenetic age (GrimAA/Grim2AA) is associated
with cognitive decline in overall cognition, delayed recall, and memory
functioning in females, and the decline in cognitive processing speed
in males. The associations between GrimAA/Grim2AA and increased
incident dementia risk were found only in males. Our comprehen-
sive findings highlight the importance of considering sex differences
in the aging process, demonstrating the need for sex-specific inter-
ventions and healthcare strategies in addressing age-related health

disparities.

ACKNOWLEDGMENTS

The authors thank the participants of the ASPREE and ASPREE-XT
studies for volunteering their time and the general practitioners and
medical clinics for supporting the participants throughout the study.
The authors also acknowledge the hard work of all ASPREE field
staff. The ASPREE and ASPREE-XT (i.e., post-ASPREE observational
study) are mainly supported by the National Institute on Ageing and
the National Cancer Institute at the United States National Institutes
of Health (grant numbers U01AG029824 and U19AG062682); the
National Health and Medical Research Council of Australia (NHMRC
grant numbers 334047 and 1127060); Monash University (Australia)
and the Victorian Cancer Agency (Australia). The ASPREE-Healthy
Ageing Biobank was supported by the Australian Government’s CSIRO
(Commonwealth Scientific and Industrial Research Organization); the
National Cancer Institute (grant number 5U01AG029824-02) at the
US National Institutes of Health; the NHMRC and Monash Univer-
sity. Other funding resources and collaborating organizations of the
ASPREE study are listed on https://aspree.org/. Joanne Ryan is funded
by a NHMRC Leadership 1 Investigator Grant (2016438) and received
NHMRC funding (1135727) to enable DNA methylation to be mea-
sured in ASPREE samples. Funders had no role in the design and
conduct of the study, in the collection, analysis, and interpretation of

data and in the writing, review, and submission of the manuscript.

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests. Author disclosures are

available in the supporting information.

CONSENT STATEMENT

The data of the present secondary data analysis study were from a 5-
year ASPREE clinical trial—Trial Registration: International Standard
Randomized Controlled Trial Number Register (ISRCTN 83772183)
and clinical trials.gov (NCT 01038583). The ASPREE trial in Aus-
tralia was approved by multiple Institutional Review Boards with
primary ethics approval granted by the Monash University Human
Research Ethics Committee (CFO7/3730-2006/745MC). In Australia,
the ASPREE-XT study received ethics approval from the Human
Research Ethics Committee of Alfred Health (HREC/17/Alfred/198);

Disease Monitoring

The University of Tasmania (H0017149); Monash University (12771);
ACT Health (ETH.3.18.037E); and The University of Adelaide (32802).
The current study was approved by the Monash University Human
Research Ethics Committee (MHREC 30734). All individual partici-
pants of the ASPREE and ASPREE-XT studies including the ASPREE
Biobank sub-study signed informed consent on participation.

ORCID

Aung Zaw Zaw Phyo " https://orcid.org/0000-0002-8834-4072

REFERENCES

1. Harada CN, Natelson-Love MC, Triebel KL. Normal cognitive aging.
Clin Geriatr Med. 2013;29(4):737-752.

2. Deary 1J, Corley J, Gow AJ, et al. Age-associated cognitive decline. Br
Med Bull. 2009;92(1):135-152.

3. Hugo J, Ganguli M. Dementia and cognitive impairment: epidemiology,
diagnosis, and treatment. Clin Geriatr Med. 2014;30(3):421-442.

4. DeCarlo CA, Tuokko HA, Williams D, Dixon RA, MacDonald SWS.
BioAge: toward a multi-determined, mechanistic account of cognitive
aging. Ageing Res Rev. 2014;18:95-105.

5. Ryan CP. “Epigenetic clocks”: theory and applications in human biol-
ogy. Am J Hum Biol. 2021;33(3):e23488.

6. Horvath S. DNA methylation age of human tissues and cell types.
Genome Biol. 2013;14(10):R115.

7. Hannum G, Guinney J, Zhao L, et al. Genome-wide methylation
profiles reveal quantitative views of human aging rates. Mol Cell.
2013;49(2):359-367.

8. Levine ME, Lu AT, Quach A, et al. An epigenetic biomarker of aging for
lifespan and healthspan. Aging (Albany NY). 2018;10(4):573-591.

9. Lu AT, Quach A, Wilson JG, et al. DNA methylation GrimAge strongly
predicts lifespan and healthspan. Aging (Albany NY). 2019;11(2):303-
327.

10. Lu AT, Binder AM, Zhang J, et al. DNA methylation GrimAge version 2.
Aging (Albany NY). 2022;14(23):9484-9549.

11. Belsky DW, Caspi A, Corcoran DL, et al. DunedinPACE, a DNA
methylation biomarker of the pace of aging. eLife. 2022;11:€73420.

12. Simpson DJ, Chandra T. Epigenetic age prediction. Aging cell.
2021;20(9):e13452.

13. Zhou A, Wu Z, Phyo AZZ, Torres D, Vishwanath S, Ryan J. Epigenetic
aging as a biomarker of dementia and related outcomes: a systematic
review. Epigenomics. 2022;14(18):1125-1138.

14. Field AE, Robertson NA, Wang T, Havas A, Ideker T, Adams PD. DNA
methylation clocks in aging: categories, causes, and consequences. Mol
Cell. 2018;71(6):882-895.

15. Phyo AZZ, Fransquet PD, Wrigglesworth J, Woods RL, Espinoza SE,
Ryan J. Sex differences in biological aging and the association with
clinical measures in older adults. GeroScience. 2024;46(2):1775-1788.

16. Phyo AZZ, Espinoza SE, Murray AM, et al. Epigenetic age accelera-
tion and the risk of frailty, and persistent activities of daily living (ADL)
disability. Age Ageing. 2024;53(6):afae127.

17. ASPREE investigator group. Study design of ASPirin in reducing events
in the elderly (ASPREE): a randomized, controlled trial. Contemp Clin
Trials. 2013;36(2):555-564.

18. McNeil JJ, Woods RL, Nelson MR, et al. Baseline characteristics of
participants in the ASPREE (ASPirin in reducing events in the elderly)
study. J Gerontol A Biol Sci Med Sci. 2017;72(11):1586-1593.

19. Fransquet PD, Lacaze P, Saffery R, et al. Accelerated epigenetic aging
in peripheral blood does not predict dementia risk. Curr Alzheimer Res.
2021;18(5):443-451.

20. Triche Jr TJ, Weisenberger DJ, Van Den Berg D, Laird PW, Siegmund
KD. Low-level processing of lllumina Infinium DNA Methylation
BeadArrays. Nucleic Acids Res. 2013;41(7):e90.


https://aspree.org/
https://orcid.org/0000-0002-8834-4072
https://orcid.org/0000-0002-8834-4072

120f12 Diagnosis, Assessment

21

22.

23.

24.

25.
26.
27.
28.
29.
30.

31

32.

33.

34.
35.

36.
37.

38.

PHYOET AL.

Disease Monitoring

Higgins-Chen AT, Thrush KL, Wang Y, et al. A computational solution
for bolstering reliability of epigenetic clocks: implications for clinical
trials and longitudinal tracking. Nat Aging. 2022;2(7):644-661.

Ryan J, Woods RL, Britt C, et al. Normative performance of healthy
older individuals on the Modified Mini-Mental State (3MS) examina-
tion according to ethno-racial group, gender, age, and education level.
Clin Neuropsychol. 2019;33(4):779-797.

Benedict RHB, Schretlen D, Groninger L, Brandt J. Hopkins verbal
learning test—revised: normative data and analysis of inter-form and
test-retest reliability. Clin Neuropsychol. 1998;12(1):43-55.

Ryan J, Woods RL, Murray AM, et al. Normative performance of older
individuals on the Hopkins Verbal Learning Test-Revised (HVLT-R)
according to ethno-racial group, gender, age and education level. Clin
Neuropsychol. 2021;35(6):1174-1190.

Ross TP. The reliability of cluster and switch scores for the controlled
oral word association test. Arch Clin Neuropsychol. 2003;18(2):153-
164.

Zhou A, Britt C, Woods RL, et al. Normative data for single-letter
controlled oral word association test in older white Australians and
Americans, African-Americans, and Hispanic/Latinos. J Alzheimers Dis
Rep.2023;7(1):1033-1043.

Smith A. Symbol Digit Modalities Test (SDMT). Manual (Revised). Western
Psychological Services; 1982.

Ryan J, Woods RL, Britt CJ, et al. Normative data for the symbol
digit modalities test in older white Australians and Americans, African-
Americans, and Hispanic/Latinos. J Alzheimers Dis Rep. 2020;4(1):313-
323.

Ryan J, Storey E, Murray AM, et al. Randomized placebo-controlled
trial of the effects of aspirin on dementia and cognitive decline.
Neurology. 2020;95(3):e320-e331.

Broder JC, Ryan J, Shah RC, et al. Anticholinergic medication bur-
den and cognitive function in participants of the ASPREE study.
Pharmacotherapy. 2022;42(2):134-144.

American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders: DSM-IV. 4th ed. American Psychiatric Association;
1994.

Australian Bureau of Statistics. 2033.0.55.001 - Census of Population
and Housing: Socio-Economic Indexes for Areas (SEIFA), Australia. Can-
berra: Australian Bureau of Statistics; 2011 [cited 2024 February 12].
https://www.abs.gov.au/ausstats/abs@.nsf/DetailsPage/2033.0.55.
0012011

Houseman EA, Accomando WP, Koestler DC, et al. DNA methyla-
tion arrays as surrogate measures of cell mixture distribution. BMC
Bioinform. 2012;13:86.

Horvath S, Levine AJ. HIV-1 infection accelerates age according to the
epigenetic clock. J Infect Dis. 2015;212(10):1563-1573.

Hochberg Y. A sharper Bonferroni procedure for multiple tests of
significance. Biometrika. 1988;75(4):800-802.

Menyhart O, Weltz B, Gyorffy B. MultipleTesting.com: a tool for life sci-
ence researchers for multiple hypothesis testing correction. PloS one.
2021;16(6):€0245824.

Bettio LEB, Rajendran L, Gil-Mohapel J. The effects of aging in the hip-
pocampus and cognitive decline. Neurosci Biobehav Rev. 2017;79:66-
86.

Ruigrok ANV, Salimi-Khorshidi G, Lai M-C, et al. A meta-analysis
of sex differences in human brain structure. Neurosci Biobehav Rev.
2014;39(100):34-50.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Wang$§, Jiaerken Y, Yu X, et al. Understanding the association between
psychomotor processing speed and white matter hyperintensity: a
comprehensive multi-modality MR imaging study. Hum Brain Mapp.
2020;41(3):605-616.

Bullock DN, Hayday EA, Grier MD, Tang W, Pestilli F, Heilbronner SR.
A taxonomy of the brain’s white matter: twenty-one major tracts for
the 21st century. Cereb Cortex. 2022;32(20):4524-4548.

Schilling KG, Archer D, Yeh F-C, et al. Aging and white matter
microstructure and macrostructure: a longitudinal multi-site diffusion
MRI study of 1218 participants. Brain Struct Funct. 2022;227(6):2111-
2125.

Wu Z, Woods RL, Wolfe R, et al. Trajectories of cognitive function in
community-dwelling older adults: a longitudinal study of population
heterogeneity. Alzheimers Dement (Amst). 2021;13(1):e12180.
Gonzales MM, Garbarino VR, Pollet E, et al. Biological aging processes
underlying cognitive decline and neurodegenerative disease. J Clin
Invest. 2022;132(10):e158453

Li C, Ge S, Yin Y, Tian C, Mei Y, Han P. Frailty is associated
with worse cognitive functioning in older adults. Front Psychiatry.
2023;14:1108902.

Bjune J-1, Stragmland PP, Jersin RA, Mellgren G, Dankel SN. Metabolic
and epigenetic regulation by estrogen in adipocytes. Front Endocrinol
(Lausanne). 2022;13:828780.

Faulds MH, Zhao C, Dahlman-Wright K, Gustafsson J-A.The diversity
of sex steroid action: regulation of metabolism by estrogen signaling. J
Endocrinol. 2012;212(1):3-12.

Conde DM, Verdade RC, Valadares ALR, Mella LFB, Pedro AO, Costa-
Paiva L. Menopause and cognitive impairment: a narrative review of
current knowledge. World J Psychiatry. 2021;11(8):412-428.

Mak JKL, McMurran CE, Hagg S. Clinical biomarker-based biological
ageing and future risk of neurological disorders in the UK Biobank. J
Neurol Neurosurg Psychiatry. 2023;95(5):481-484.

Sugden K, Caspi A, Elliott ML, et al. Association of pace of aging
measured by blood-based DNA methylation with age-related cog-
nitive impairment and dementia. Neurology. 2022;99(13):e1402-
e1413.

Shadyab AH, McEvoy LK, Horvath S, et al. Association of epigenetic
age acceleration with incident mild cognitive impairment and demen-
tia among older women. J Gerontol A Biol Sci Med Sci. 2022;77(6):1239-
1244.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing

Information section at the end of this article.

How to cite this article: Phyo AZZ, Wu Z, Espinoza SE, et al.
Epigenetic age acceleration and cognitive performance over
time in older adults. Alzheimer’s Dement. 2024;16:€70010.
https://doi.org/10.1002/dad2.70010


https://www.abs.gov.au/ausstats/abs@.nsf/DetailsPage/2033.0.55.0012011
https://www.abs.gov.au/ausstats/abs@.nsf/DetailsPage/2033.0.55.0012011
https://doi.org/10.1002/dad2.70010

	Epigenetic age acceleration and cognitive performance over time in older adults
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Study population
	2.2 | Epigenetic age
	2.3 | Cognitive performance
	2.4 | Incident dementia
	2.5 | Statistical analysis

	3 | RESULTS
	3.1 | Participants’ characteristics
	3.2 | Sex-specific correlations between epigenetic AA scores and cognitive performance at baseline
	3.3 | Epigenetic AA scores and change in cognitive performance over an average of 7 years of follow-up
	3.4 | Epigenetic AA scores and incident dementia

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


