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Abstract

INTRODUCTION: Sex differences in Alzheimer’s disease (AD) risk are increasingly rec-
ognized, with females exhibiting higher global prevalence rates. Yet, it remains unclear
how genetic and biomarker indicators of AD risk, such as apolipoprotein E (APOE) ¢4
and amyloid burden, relate to sex differences in brain and cognitive health during the
preclinical stage.

METHODS: Using established normative models trained on ~ 58,000 healthy partici-
pants, we computed regional Z scores from T1-weighted magnetic resonance imaging
scans in 372 cognitively normal participants from the Insight 46 cohort. Scans were
acquired at two timepoints, ~ 3 years apart, beginning at age 70. Regions with Z scores
< -1.96 were classified as brain-structure outliers and summarized as total outlier
count (tOC). We used linear mixed effects models to examine how sex, age, and AD
risk (APOE &4 status and amyloid burden) predict tOC and cognitive outcomes (Pre-
clinical Alzheimer Cognitive Composite [PACC] scores). We examined cross-sectional
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1 | BACKGROUND

associations and longitudinal changes in tOC and PACC scores, and tested whether the
effects of APOE ¢4 status and amyloid burden on brain and cognitive measures differed
by sex.

RESULTS: Cross-sectional analyses showed that males had greater tOC than females
at younger ages. At timepoint 1, spatial maps showed more outlier regions in males,
though high outlier proportions were limited to occipital areas. By timepoint 2, sex dif-
ferences became more spatially distinct, with males and females showing deviations in
different regions. Longitudinally, older males exhibited steeper increases in tOC over
time compared to females. Greater tOC and amyloid burden were both associated with
poorer cognitive outcomes, with a trend toward stronger associations in female APOE
g4 carriers. We found no evidence that AD risk influenced age-related changes in tOC
or cognition over time.

DISCUSSION: These findings highlight normative modelling’s utility in revealing the
complex interplay among sex, age, and AD risk in shaping brain structure and cognition
in later life.

KEYWORDS
amyloid burden, apolipoprotein E €4 status, brain health, cognition, normative modelling, sex
differences

Highlights

* Normative models detect sex- and Alzheimer’s disease risk-related brain changes in
older adults.

* Sex-specific brain outlier patterns emerge in distinct regions over time.

* Younger males show more brain outliers (greater cortical thinning) than females.

* Older males exhibit faster accumulation of brain-structure outliers.

* More outliers and amyloid predict worse cognition, stronger in female apolipopro-
tein E €4 carriers.

than males with comparable pathology,'? highlighting the need to

examine sex differences in long-term brain and cognitive trajectories.

Sex differences in Alzheimer’s disease (AD) risk and prevalence are well
documented.! Females carrying the apolipoprotein E (APOE) 4 genetic
variant are at greater risk of developing AD at younger ages? and show
higher amyloid beta (AB) burden.3# Yet it remains unclear how these
factors relate to brain structure in cognitively unimpaired older adults,
and whether their effects differ by sex. This is critical to understand, as
AD-related brain changes often emerge long before clinical symptoms.

Alongside APOE ¢4 and tau, A accumulation increases demen-
tia likelihood.>® Ag forms extracellular plaques contributing to AD
pathology and cognitive deficits.” However, sex differences in cogni-
tive performance may mask early pathology in females.® Women tend
to perform better on verbal memory tests, and females with mild cog-
nitive impairment maintain this advantage despite having greater AD
pathology.”~1* However, a longitudinal study of clinically normal older
adults found that females with higher amyloid burden decline faster

Most prior research on sex differences in AD has relied on cross-
sectional cohorts, focusing on specific brain regions implicated early
in AD. However, the heterogeneity in AD pathology requires charac-
terizing structural changes both regionally and globally, using metrics
that capture individual differences beyond group averages. Norma-
tive modelling offers a framework for characterizing how brain regions
are expected to appear across healthy aging based on age and sex.!3
By training a model to predict cortical thickness or brain volume, we
canidentify individuals deviating from normative expectations. Beyond
regional deviations, the total outlier count (tOC) provides a global mea-
sure of the cumulative number of brain regions exhibiting negative
deviation. While normative models have been applied in dementia, 1314
no study has explored sex differences and the role of AD risk factors in
brain aging among cognitively normal individuals in population-based

longitudinal cohorts.
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In this study, we used normative modelling to examine how sex, age,
APOE &4 status, and amyloid burden predict brain outliers and cog-
nitive outcomes. We included 372 cognitively normal adults aged 69
to 75 from Insight 46, assessed across two timepoints. This cohort
of individuals from the United Kingdom were born within the same
year in 1946, allowing precise control of age effects. While prior
studies in this cohort have examined regional cortical thickness and
volume differences between the sexes,’® the tOC provides a novel
approach capturing overall burden of heterogeneous structural devi-
ations across the brain through a single metric, which we then used
to examine associations with risk factors and cognition. We exam-
ined cognitive outcomes using the Preclinical Alzheimer Cognitive
Composite (PACC).2¢

Linear mixed models were used to examine: (1) the effects of age and
sex on tOC and PACC scores; (2) the interaction between sex and AD
risk (APOE ¢4 status and amyloid Centiloid [CL]) on tOC; (3) whether
the effects of tOC and amyloid burden on PACC scores vary by sex and
APOE &4 status; and (4) the effects of age, sex, and AD risk on longitu-
dinal changes in tOC/PACC. We used statistically significant results to
guide the creation of outlier brain maps to visualize the percentage of

outliers within each group and highlight regional differences.

2 | METHODS

2.1 | Participants

The Medical Research Council (MRC) National Survey of Health and
Development (NSHD) birth cohort has followed 5362 British individ-
uals since their birth in 1946. A subgroup from this cohort participated
in the neuroscience substudy, Insight 46,2”-1? undergoing clinical and
cognitive assessments, as well as simultaneous T1-weighted MRI and
[18F]florbetapir positron emission tomography (PET) imaging using a
3T Siemens Biograph mMR combined PET/MRI scanner. Participants
were randomly selected from those aged 60 to 64. Assessments began
in 2015 when participants were ~ 70 years, with timepoint 2 occurring
2 to 4.5 years later. See Table 1 for participant demographics and Sec-
tion S1, Figure S1 in supporting information for a flowchart detailing

participant selection.

2.2 | Data availability

Data are available from the MRC NSHD Data Sharing Commit-
tee (https:/skylark.ucl.ac.uk/NSHD/doku.php?id = home). The code
used for normative modelling is available through the PCNtoolkit
version 0.20 (https://pcntoolkit.readthedocs.io/en/latest/). The refer-
ence normative models were created using PCNtoolkit (github.com/
amarquand/PCNtoolkit).

Clinical Interventions

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional (e.g., PubMed) sources. Prior studies on
sex differences in Alzheimer’s disease (AD) risk, brain
structure, and cognition are mostly cross-sectional, and
often restricted to selected brain regions. No studies have
used normative modelling in longitudinal cohorts to track
sex differences and AD risk during the preclinical stage.

2. Interpretation: Our findings point to subtle but distinct
brain and cognitive patterns across sex and AD risk
groups, offering insight into early variation that may
precede disease-related decline.

3. Future directions: Our study highlights normative mod-
elling as a sensitive method for detecting subtle, regional
variation across risk groups. Future studies with larger
samples and longer follow-up periods are needed to bet-
ter understand when and how sex differences in brain
pathology and cognitive decline emerge.

2.3 | APOE genotyping

APOE &4 status was determined by examining two single-nucleotide
polymorphisms (rs7412, rs429358) using TagMan technology.’ Indi-
viduals were “carriers” if they had ¢2/¢4, 3/¢4, or ¢4/¢4, and “non-
carriers” if they had €2/¢2, 2/¢3, or £3/¢3. Individuals with £4/¢4 were
not analyzed separately due to the small number of participants across

timepoints.

2.4 | Estimation of amyloid PET CL

The standardized uptake value ratios (SUVRs) from [8F]florbetapir
PET scans were previously processed using a whole cerebellum ref-
erence region with partial volume correction and transformed to the
CL scale.?° Amyloid positivity was defined using a bi-modal Gaussian
mixture modelling-derived cutpoint of 12 CL values, equivalent to the
99th percentile of the lower component.

2.5 | Estimation of cortical thickness and
subcortical brain volumes

T1-weighted MRI data were corrected for gradient non-linearity and
quality checked at timepoint 1 and across both timepoints. Data pass-
ing quality control were processed cross-sectionally using FreeSurfer

7.1.0, and then using the longitudinal stream.2! Cortical thickness
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TABLE 1 Sample demographics for Insight 46.

N (%) 195 (52%) 177 (48%) 159 (50%) 162 (50%)

Age Range 69.25-71.78 69.27-71.85 71.90-74.67 71.92-74.55

Mean tOC 4.36(4.11) 3.45(3.81) WT: 3.62(4.97) 3.41(3.78) WT:
p=0.01, p=0.61,
r=0.15 r=0.03

Range 0-20 0-25 0-24 0-18
Median 4 2 2 2
IQR 5 4 3 4

Right hemisphere cortical 2.40 (0.07) 2.41(0.07) t-test: 2.38(0.07) 2.39(0.07) t-test:
thickness (mm) p=0.24, p=0.03,
d=0.12 d=0.24

Amyloid PET Centiloid 11.57 (24.40) 10.59 (24.15) WT: 13.24(27.31) 15.12(29.57) WT:
N =189 N=174 p=0.69, N =157 N=161 p=0.53,
r=0.02 r=0.04
Range -13.61-97.93 —-16.14-125.49 -16.63-115.72 -14.18-133.40
Median 1.42 1.46 0.73 225
IQR 19.67 18.29 25.40 27.12

(Continues)
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TABLE 1 (Continued)
Timepoint 1 (n = 372) Timepoint 2 (n = 321)
Comparison (test: Comparison (test:
Males Females p, effect size) Males Females p, effect size)
MMSE 29.17 (0.94) 29.37(0.83) WT: 28.99(1.02) 29.30(0.90) WT:
p=0.03, p=0.002,
r=0.12 r=0.19
Range 26-30 26-30 24-30 26-30
Median 29 30 29 30
IQR 1 1 2 1

Note: Mean and standard deviation (SD) for key demographic variables. *At timepoint 1, there were 11 participants with the e4/¢4 genotype (6 females, 5
males), and 8 at timepoint 2 (4 females, 4 males). § The participants present at timepoint 1 but not at timepoint 2 did not exhibit substantially higher tOC
counts. For more details on this subsample and longitudinal analyses using participants with data from both timepoints, see Sl Section 5. P-values and effect
sizes were calculated for each group comparison: Cohen’s d for t-tests, Cramér’s V for chi-squared tests (X2), and rank-biserial r for Wilcoxon rank-sum tests
(WT); only absolute values are reported to reflect magnitude. This table excludes the 41 participants used in the normative modelling calibration step.
Abbreviations: APOE, apolipoprotein E; MMSE, Mini-Mental State Examination; NA, Not Available.

segmentations were visually inspected, and values for 148 Destrieux
atlas regions and 20 subcortical volumes were extracted.??

2.6 | Neuroanatomical normative modelling

A hierarchical Bayesian regression model previously trained on 58,836
scans (82 sites, ages 2-100) was used to model regional brain
structure.2324 Sex and age are included in the normative models to
ensure that deviation scores reflect differences relative to what is
typical for each sex and age.?> Using these variables as predictors in
subsequent mixed-effects models then determines whether males and
females in our sample differ in the magnitude of deviation from their
respective sex- and age-specific norms.

This recalibrated model was then applied to the remaining Insight
46 participants, generating regional mean cortical thickness and sub-
cortical volume Z scores, which reflect how much an individual’s brain
measure differs from what is expected, based on the normative range
of the reference dataset. Z scores < -1.96 (lowest 2.5% of the normal
distribution per region) were categorized as outliers, focusing on lower
thresholds reflecting potentially neurodegeneration-related thinning
or volume loss. The tOC across all 168 regions was calculated by

summing the number of outliers per participant.

2.7 | PACC scores

6 was assessed at

PACC scores, previously used in multiple studies,’-?
each timepoint. This score is derived from neuropsychological tests
measuring episodic memory (Wechsler Memory Scale-Revised Log-
ical Memory Test,?” Face-Name Associative Memory Exam 1228),
processing speed (Wechsler Adult Intelligence Scale-Revised Digit
Symbol Substitution Test??), and global cognition (Mini-Mental State
Examination®C). Each of the four test components is converted into
Z scores and then averaged, with higher scores indicating better

cognitive performance.!

2.8 | Statistical analyses

Statistical analyses used R version 4.3. For models with tOC mea-
sures as the outcome, we ran negative binomial generalized linear
mixed models (i.e., glmmTMB type 2 family) to fit the count data,
which exhibited a non-Gaussian distribution.®? We used linear mixed-
effects regression models (i.e., Imer) for models with PACC scores as
the outcome as these continuous cognitive measures approximated a
Gaussian distribution. Sex (male, female) and APOE ¢4 status (carrier,
non-carrier) were categorical. Age and CL values were standardized
across the entire dataset and treated as continuous measures.

Cross-sectional Models 1 through 3 included both timepoints with
participant ID as a random intercept. Longitudinal Models 4 and 5 used
difference scores as outcomes with assessment interval as a covari-
ate. Multiple comparisons were controlled using Benjamini-Hochberg
false discovery rate correction within each model, treating all fixed
effects as one family of tests. Three-way interactions were specified a
priori to guide targeted follow-up analyses of group differences; inter-
pretation is therefore based on these subsequent analyses rather than
the interaction terms alone.

To investigate spatial distributions of brain outliers, the percentage
of participants with outliers (i.e., Z scores < -1.96) was determined
for each region. This allowed for visualization of the degree of overlap
or divergence in regional outlier patterns. Brain surface mapping was
performed using the Destrieux (cortical regions) and aseg (subcortical

regions) atlas with the R package ggseg.>®

2.8.1 | Associations among age, sex, and tOC/PACC

We first tested the effects of age and sex on tOC and PACC scores:
Model 1is:
DV = By + B15ex + BoAge + 3Sex x Age+u+¢

where DV represents the tOC or PACC scores of participants and u
represents the modelling of Participant ID as a random intercept, and
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¢ is the error term. The global intercept is denoted by Sy, while the
regression coefficients for Sex, Age, and the interaction between Sex
and Age are denoted as 81, 82, and 33, respectively. As sex differencesin
PACC scores were previously examined in this cohort,2¢3! we uniquely
tested whether there were sex differences in the effect of age on PACC

scores.

2.8.2 | Associations among age, sex, AD risk, and
tOC/PACC scores

We then tested whether there were sex differences in the effect of
AD risk (APOE &4, CL) on tOC across timepoints using the following
separate models.

Model 2 is:

tOC = fBg + B1Sex + BrAge + B3AD Risk + 54Sex x Age x AD Risk +u + ¢

These models also test the underlying two-way interactions; we
also ran dedicated two-way interaction models as a cross-check.
To determine whether the effect of greater brain pathology, from
brain outliers and amyloid accumulation, on cognitive scores var-
ied by sex, we examined the interaction among sex, CL, and tOC
on PACC scores, with participants’ age at the time of the scan as a
covariate.

Model 3is:

PACC = Bg + f81Sex + BoAmyloid Centiloid + 3tOC + 4Age

+ B5Sex x Amyloid Centiloid x tOC +u+¢

For Model 3, we ran stratified analyses by APOE ¢4 status to assess
whether sex differences in the relationship between brain pathology

and cognition varied by genetic risk.

2.8.3 | Associations among age, sex, and AD risk on
longitudinal tOC/PACC changes

We performed simple linear regressions to explore the associations
among age, sex, AD risk and longitudinal changes in tOC/PACC in par-
ticipants with data from both timepoints (n = 309; Section S1, Table
S1 in supporting information for sample demographics). We calcu-
lated change using difference scores (Timepoint 2 — Timepoint 1), and
included assessment interval as a covariate so that observed changesin
tOC are not biased by differences in time between assessments (mean
assessment interval = 2.4 years, standard deviation = 0.2, range = 2.0
to 3.5).
Model 4 is:

DV Change = Bq + S1Sex + BoAgeTimepoint1 + 3Sex x Age Timepoint1

+ B4Assessment Interval + €

Model 5 is:
DV Change = By + f315ex + f8,Age Timepoint 1 + 83AD Risk

+ f4Sex x Age Timepoint 1 x AD Risk + S5Assessment Interval + €

In Model 5, amyloid PET status (negative/positive) at each time-
point was used to classify participants by change in amyloid status:
persistently negative (n = 212), persistently positive (n = 70), or con-
verters from negative to positive (n = 19). No participants reverted
from positive to negative.

2.8.4 | Sensitivity analyses

Supplementary analyses included: (1) alternative change score anal-
yses, rerunning Models 4 and 5 using timepoint 2 values with time-
point 1 values regressed out (modelling changes in DV independent
of its baseline value); (2) matched longitudinal subsample to assess
within-individual effects over time; (3) binary amyloid status (pos-
itive/negative; 12-CL threshold) and stratified analyses by amyloid
status, though CL was modeled continuously in primary analyses to
preserve power; and (4) Pearson correlations between baseline tOC
and longitudinal changes in total brain volume and mean cortical
thickness to assess relationships with conventional structural metrics.
Diagnostic checks across linear mixed effects models assessed resid-
ual normality (Kolmogorov-Smirnov test) and robustness using rimer,

which downweighs outliers without exclusion.3*

3 | RESULTS

31 |
scores

Associations among age, sex, and tOC/PACC

Model 1 revealed a significant interaction between age and sex on tOC
(B=-0.13,standard error [SE] = 0.05,z=-2.39,p = 0.02, pcorr = 0.03),
indicating that males had higher tOC than females at younger ages.
PACC scores were greater in females compared to males (8 = -0.33,
SE =0.06,t=-5.26, p < 0.005, pcorr < 0.05). There was no significant
effect of age (3= -0.02, SE =0.02, t = -1.40, p = 0.16, pcorr = 0.22) or
interaction between age and sex on PACC (8=0.02,SE =0.02,t=0.84,
p = 0.40, pcorr = 0.40). Section S2, Figure S2 in supporting information
shows the relationships between age and tOC and PACC scores in both
sexes.

Figures 1 and 2 show the proportion of participants with outliers in
each brain region, for females and males at each timepoint. See Sec-
tion S2, Figures S3 and S4 in supporting information for outlier maps
with truncated color scales to enhance visibility of regional variations,
and list of brain regions most affected by sex across timepoints. While
tOC captures the total number of outlier regions per individual, these
maps reflect group-level variation across regions, highlighting how the

spatial distribution of outliers differs within and between groups.
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Timepoint 1
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FIGURE 1 The percentage of outliers present within (A) males and (B) females at timepoint 1. The color bar represents the outlier proportion
(thresholding of Z scores). Regions in gray reflect areas where participants did not have any outliers (< 2.5%). C, The arithmetic difference in outlier
proportions between females and males; it does not represent a statistical test of group differences. The color gradient indicates the direction and
magnitude of the difference: dark blue represents regions where males have more outliers than females, white indicates no difference between
sexes, and dark red represents regions where females have more outliers than males. Color scales are adjusted to reflect the range of group
differences at each timepoint. See Figure S3 in supporting information for an outlier map with the color scale truncated to enhance visibility of

regional variations.

32 |
toC

Associations among age, sex, AD risk, and

Model 2 showed no significant three-way interaction among age, sex,
and APOE ¢4 status ontOC (3=0.13,SE=0.12,z=1.14,p = 0.26, Pcorr
=0.68), nor among age, sex, and CL on tOC (8=-0.02,SE=0.05,z= -
0.36,p=0.72, Pcorr =0.82). See Section S3, Tables S2-S7 in supporting

information for full regression outputs.

3.2.1 | Associations among sex, amyloid burden, and
tOC on cognitive outcomes

Model 3 revealed a significant three-way interaction among sex, CL,
and tOC on PACC scores (3= 0.11,SE =0.04,t=2.52, p = 0.01, Pcorr
= 0.03; Section S3, Figure S5 in supporting information). In females,
greater amyloid was associated with poorer cognitive performance at
higher tOC levels (8 = -0.10, SE = 0.04, p = 0.007). This association

was not observed in males (8 = 0.01, SE = 0.02, p = 0.69; based on
the model re-estimation with male as the reference category). When
this model was run within APOE ¢4 non-carriers, no significant three-
way interaction was observed (8 = 0.04, SE = 0.09,t = 0.41, p = 0.68).
However, among APOE &4 carriers, females with both greater tOC
and amyloid showed worse cognitive outcomes (8 = -0.11, SE = 0.05,
p = 0.04), whereas this association was not observed in male carriers
(B = 0.005, SE = 0.03, p = 0.86). Figure 3 illustrates the relationship
between tOC and PACC scores by APOE &4 status. See Section S3,
Tables S8-519 in supporting information for full regression outputs.

3.3 | Associations among age, sex, and AD risk on
longitudinal tOC/PACC changes

Model 4 revealed a significant interaction between age and sex on
changes in tOC (8= 1.89,SE = 0.34, t = 5.58, p < 0.01, Pcorr < 0.01),

indicating that an older age was related to a greater increase in tOC,
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Timepoint 2

hemisphere
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FIGURE 2 The percentage of outliers present within (A) males and (B) females at timepoint 2. The color bar represents the outlier proportion
(thresholding of Z scores). Regions in gray reflect areas where participants did not have any outliers (< 2.5%). C, The arithmetic difference in outlier
proportions between females and males; it does not represent a statistical test of group differences. The color gradient indicates the direction and
magnitude of the difference: dark blue represents regions where males have more outliers than females, white indicates no difference between
sexes, and dark red represents regions where females have more outliers than males. Color scales are adjusted to reflect the range of group
differences at each timepoint. At timepoint 1, group differences were larger but observed in fewer regions; at timepoint 2, differences were
smaller in magnitude but present across more regions, resulting in higher visual contrast under the narrower scale. See Figure S4 in supporting
information for an outlier map with the color scale truncated to enhance visibility of regional variations.

with stronger effects in males compared to females (Figure 4). When
changes in PACC scores were used as the outcome, this model did not
reveal any significant effects of age (3=-0.01,SE=0.03,t=-0.41,p=
0.69, Pcorr = 0.74), sex (3= 0.01, SE = 0.05, t = 0.33, p = 0.74, Pcorr =
0.74), or their interaction (8 = 0.04, SE = 0.05, t = 0.86, p = 0.39, Pcorr
=0.68; Figure 4).

Model 5 showed no significant interactions among age, sex, and
APOE ¢4/amyloid status on changes in tOC/PACC (Section S3, Tables
S$20-S23 in supporting information for regression outputs).

3.4 | Sensitivity analyses

Alternative change score analyses (Section S4, Tables $24-S27 and
Figure S6 in supporting information) and matched samples (Sec-
tion S5, Tables S28-534 in supporting information) were consistent

with primary findings. Binary amyloid and stratified analyses con-

firmed findings were primarily driven by amyloid-positive individ-
uals (Section S6, Tables S35-S42 in supporting information). Cor-
relations between baseline tOC and changes in brain volume (r =
0.01, p = 0.83) and cortical thickness (r = 0.11, p = 0.06) were
small. Model diagnostics indicated no significant deviation from resid-
ual normality (Kolmogorov-Smirnov tests: all p > 0.05), and robust
regression methods confirmed consistency with primary analyses
(Section S7, Tables S43-S46 in supporting information). However,
when excluding one visually distinct observation, the effect was
attenuated and no longer statistically significant (Tables S47-549 in

supporting information).

4 | DISCUSSION

This longitudinal birth-cohort study highlights variation in brain and

cognitive patterns across sex and AD risk groups among cognitively
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memory, processing speed, global cognition), with higher scores reflecting better cognitive performance. Data points on the plots represent raw
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normal older adults. Males showed more brain outliers than females,
primarily at younger ages. At baseline, males had outliers in more
regions, although high outlier proportions were mostly confined to
occipital areas. By follow-up, sex differences became more spatially dis-
tinct, with males and females showing deviations in distinct regions.
Older males exhibited steeper increases in total outliers over time,
reflected in an age-by-sex interaction on tOC change. Females showed
higher PACC scores overall, but there were no sex differences in cog-
nitive change over time. Greater tOC and amyloid were associated
with poorer cognition cross-sectionally, with the strongest association
observed in female APOE ¢4 carriers; however, this effect was modest
and partially driven by one deviating data point. We found no evidence
that AD risk influenced age-related changes in tOC or cognition over
the follow-up period. Together, these findings suggest early sex-specific
variation in brain aging that may precede overt cognitive decline.

Cross-sectional sex differences in tOC were evident primarily at
younger ages, suggesting earlier structural brain vulnerability in males.
Previous studies have shown that males exhibit steeper age-related
declines in cortical thickness and gray matter volume beginning
in midlife, potentially driven by faster vascular changes.!835-37
Although attrition in this cohort was more likely among individuals
with lower cognition and socioeconomic status,'® supplementary
analyses restricted to participants with data at both timepoints yielded
consistent results, and participants lost after baseline did not show
substantially greater outliers. Our longitudinal analyses further
revealed that males who were older at baseline showed greater
increases in tOC over time compared to females of the same age,
indicating steeper structural decline with advancing age. While the
short follow-up window limits interpretation of long-term trajectories,
this suggests that sex differences in the timing of structural brain
decline may emerge even within a narrow age range in later life.

Sex differences were also evident in the spatial distribution of
brain deviations. Males showed greater deviations in visuospatial and
sensorimotor areas, while females showed more deviations in mem-
ory and default mode areas. While both sexes showed deviations in
regions vulnerable in preclinical AD,38-40 the spatial patterns differed,
pointing to sex-specific aging trajectories. Importantly, group-average
maps masked substantial inter-individual variability: although males
showed higher overall outlier burden at baseline, only a small number
of regions exhibited consistent overlap across individuals. This het-
erogeneity suggests that elevated outlier counts reflect focal rather
than widespread structural vulnerability, reinforcing the value of
individual-level analyses, consistent with prior work in AD-diagnosed
samples. 131441

Consistent with previous reports from this cohort, 2431 females
showed a cognitive advantage on the PACC, likely influenced by its
strong verbal memory component.*? When stratifying data by sex
and AD risk, female APOE ¢4 carriers with higher amyloid and outlier
burden showed lower cognitive performance than males with simi-
lar risk profiles, though effects were modest. Although effects were
modest, this underscores how group-level averages may mask emerg-
ing deficits in high-risk subgroups. We observed no sex differences in

cognitive change over time, though this may change when patholog-

ical burden thresholds are met.1143 Longer follow-up is essential to
determine whether these patterns predict subsequent decline. Sensi-
tivity analyses indicated that associations with cognition were driven
primarily by the amyloid-positive subgroup; within these individuals,
continuous amyloid measures revealed dose-response relationships,
supporting continuous rather than binary classification, though the
modest amyloid-positive sample likely limited power in binary analy-
ses. Given the closer link between tau and cognitive decline,** larger
samples with broader amyloid ranges and tau PET data will be critical to
clarify these relationships. Additionally, because several outliers local-
ized to frontal regions, future work should examine whether regional
outlier patterns relate to executive function measures that may be
more sensitive than PACC.

Several limitations warrant consideration. The predominantly
White, highly educated UK-based sample limits generalizability.
Sex-specific biological factors, including menopause and hormone
therapy,*> as well as interactions with vascular and inflammatory
risk,*¢*’ may contribute to observed differences in brain aging.*®
Prior work in this cohort has shown stronger associations between
vascular risk and brain health in females compared to males,®® sug-
gesting that vascular factors may partially contribute to the observed
differences in brain and cognitive patterns across sex and AD risk
groups.*? Future research should prioritize the inclusion of under-
represented groups and broader risk profiles to better capture the
complexities of sex- and gender-related factors in brain aging and
disease risk.*&°0

In summary, our findings reveal a nuanced picture of brain and cog-
nitive health in older adulthood, shaped by sex and AD risk. Although
males showed greater brain outliers than females at younger ages, out-
lier maps highlighted greater sex-specific heterogeneity in the spatial
distribution of structural deviations at follow-up. Stratified analy-
ses revealed that the overall female cognitive advantage may mask
early deficits in at-risk females. The observed effects, though small,
underscoretheneed for longitudinal, sex-stratified research to char-
acterize the influence of genetic risk and disease markers on brain
aging trajectories.
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