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Background and Purpose Education is a well-established proxy for cognitive reserve and
hence may influence the relationship between Alzheimer’s disease pathology and brain struc-
ture. This is particularly relevant in South Korea, where historical sex disparities in educational
level among current elderly populations create unique cohort characteristics. This study exam-
ined how educational level moderates the biomarker—cortical-thickness relationship in fe-
males with cognitive decline, with descriptive sex comparisons used to contextualize these find-
ings within a cohort reflecting disparities in the history of educational opportunities in South
Korea.

Methods In 80 patients (58 females, 22 males) with cognitive decline, we assessed plasma
amyloid-p 42 (AB42), phosphorylated tau 181 (p-tau), and total tau levels, p-tau/Ap42 ratio,
regional cortical thickness, and scores on the Mini-Mental State Examination. Given the sub-
stantial confounding between sex and educational level in this cohort, moderated mediation
analyses examining the biomarker—cortical-thickness—cognition pathway were restricted to
females (n=53 with complete data).

Results Females had a higher p-tau/AB42 ratio (p=0.026) and thicker frontal cortex (p=0.049)
despite the absence of a significant difference in age-adjusted cognition. No significant sexx
educational level interaction was observed for the biomarkers or cognition. In females, educa-
tional level moderated the relationship between the p-tau/Ap42 ratio and cortical thickness
(p<0.05 in all five brain regions), with high-educational level females showing the expected
cortical thinning with pathology, while low-educational level females exhibited preserved
thickness, which did not mediate the cognitive performance.

Conclusions Descriptive sex comparisons revealed a higher biomarker burden yet greater cor-
tical thickness in females. Importantly, educational level significantly moderated the biomarker—
cortical thickness relationship specifically in females, with lower-educated individuals showing
structural preservation despite the presence of pathology. These findings suggest that measure-
ments of the cortical thickness can underestimate the disease burden in lower-educated females,

. which highlights the need for educational level-stratified interpretations of structural biomarkers.
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INTRODUCTION

Alzheimer’s disease (AD) and related dementias represent a
growing public health challenge worldwide, including in
South Korea.' The escalating global burden underscores the
urgent need to identify modifiable and biological risk fac-
tors that influence disease onset and progression. Educa-
tional level serves as a key proxy for cognitive reserve and
has been shown to influence the relationship between AD
pathology and clinical outcomes. However, the mechanisms
via which educational level modulates the structural brain
response to pathology remain unclear.”* Sex has emerged
as a critical biological variable in AD pathophysiology, with
females comprising approximately two-thirds of diagnosed
cases and often experiencing more-rapid cognitive decline,
more-severe tau pathology, and diverse responses to vascu-
lar and genetic risk factors.>

Understanding potential sexxeducational level interac-
tions is particularly relevant in South Korea, where large gen-
erational sex-related differences in educational opportunities
persist in the current elderly population. If a lower educa-
tional level confers less reserve in females because they have
had systematically less access, or conversely a higher educa-
tional level provides greater compensatory benefit, diagnos-
tic cutoffs, prognostic counseling, and trial stratification may
need adjustment.

Few previous studies have integrated data obtained for
plasma AD biomarkers, cortical thickness, and formal inter-
action testing in the same cohort.>*® The primary aim of this
study was to determine how educational level moderates the
relationship between plasma AD biomarkers, cortical thick-
ness, and cognition in South Korean females with cognitive
decline. We also investigated sex and educational differences
in a cohort of South Korean patients with cognitive decline,
focusing on clinical scores, plasma AD biomarkers, and re-
gional cortical thickness to elucidate how these factors in-
dependently and interactively influence AD-related clinical
outcomes.

METHODS

Participants

We enrolled patients presenting with memory complaints
who visited the Department of Neurology and Psychiatry at
Konkuk University Medical Center in South Korea from No-
vember 2021 to March 2022. Their basic demographic char-
acteristics were assessed, including age, sex, education level,
and vascular risk factors, along with the presence of hyper-
tension (HTN), diabetes mellitus (DM), and dyslipidemia.
The vascular risk score was calculated based on the presence
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of HTN, DM, and/or dyslipidemia, giving a range of 0-3.
Comprehensive neuropsychological tests, global cognitive
assessments (Clinical Dementia Rating-Sum of Boxes [CDR-
SOB] and Mini-Mental State Examination [MMSE] scores),
and brain imaging were also conducted. CDR-SOB and MMSE
scores were determined using standard procedures,”
MMSE scores were converted to z-scores adjusted for age
and educational level. Participants diagnosed with demen-

and

tia due to nonneurodegenerative causes such as metabolic
causes, trauma, tumor, psychiatric disease, or drugs were ex-
cluded, as were patients with severe hearing or vision im-
pairments who could not undergo neuropsychological tests.
Detailed exclusion criteria are provided in our previous pub-
lications."* Mild cognitive impairment and dementia were
diagnosed based on the criteria suggested by Petersen et al."*
and the Diagnostic and Statistical Manual of Mental Disor-
ders (5th edition),"” respectively.

No subjects refused blood tests and there were no incom-
plete results including outliers, and so all 80 enrolled patients
(22 males, 58 females) were included in the analyses. The
cohort was stratified according to sex and educational level,
with those receiving 0-6 years and 7-16 years of educational
level categorized in the low- and high-educational level groups,
reflecting the completion of elementary school and the com-
pletion of middle and high schools, respectively. This clas-
sification reflects the historical educational system of South
Korea’s elderly population.

MRI data acquisition and analysis

MRI was performed at Konkuk University Medical Center us-
ing a Magnetom Skyra 3.0-Tesla unit (Siemens Medical Sys-
tems) with a 20-channel high-resolution head coil. The MRI
protocol included three-dimensional (3D) T1-weighted im-
ages, 3D fluid-attenuated inversion-recovery images, and 3D
susceptibility-weighted images.' The specific parameters and
protocols used for structural MRI are provided in Supple-
mentary Table 1 (in the online-only Data Supplement). Eight
of the 80 participants were excluded due to their MRI ex-
aminations being incomplete, caused either by poor image
quality related to motion artifacts or by their refusal to un-
dergo research-related MRI at our institution.

Automatic segmentation of distinct brain regions (frontal,
parietal, temporal, occipital, and insular cortices) from 3D
T1-weighted volumetric images was performed using the
InBrain platform (http://inbrein.com/; MIDAS Information
Technology).'** Based on the Freesurfer platform (version
6.0), InBrain applies deep-learning algorithms to the analy-
sis of failure prediction, brain extraction, white-matter seg-
mentation, cortex segmentation, and analytical quality
management.
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Plasma collection and AD biomarker analysis

Blood samples were drawn using venipuncture and collect-
ed into EDTA (ethylenediaminetetraacetic acid) tubes. Par-
ticipants were required to have fasted for a minimum of 2
hours prior to sample collection. All samples were centri-
fuged at 2,000xg for 10 min at 4°C. The plasma supernatant
was collected, divided into aliquots, and then frozen at -80°C
until further analysis.

The plasma levels of amyloid-[ 42 (Ap42), phosphorylat-
ed tau 181 (p-tau), and total tau were quantified using the
Single Molecule Array (SIMOA) platform (Quanterix), from
which the p-tau/AP42 ratio was calculated.

Statistical analyses

Kolmogorov—-Smirnov tests indicated that age, MMSE score,
imaging biomarkers, and AB42 level were normally distrib-
uted. The p-tau/AB42 ratio data were not normally distrib-
uted, and so were log-transformed to improve their normal-
ity for parametric testing. Continuous variables are presented
as meantstandard deviation or median and interquartile
range values, while categorical variables are presented as n
(%) values. Group comparisons were performed using in-
dependent t-tests (parametric), Mann—Whitney U tests (non-
parametric), or chi-square or Fisher’s exact tests. A generalized
linear model (GLM) was used to examine sexXeducational
level interactions for the p-tau/AP42 ratio and MMSE score,
with main effects included.

To eliminate sex—educational level confounding and ex-
plore the underlying mechanisms, we restricted the sample
to females (n=53 with complete MRI and plasma biomark-
er data). We conducted moderated mediation analyses using
the PROCESS macro in SPSS (version 26; IBM Corp.) that
was developed by Hayes and Rockwood."” We applied PRO-
CESS model 7, which examines a moderated mediation
model in which the effect of the independent variable on the
mediator is moderated by a third variable. In our model, the
education level" was specified as the moderator of the rela-
tionship between the p-tau/AP42 ratio and cognition. Age
was included as a covariate. PROCESS model 7 estimates
conditional indirect effects by including a product term be-
tween the independent variable and the moderator, which
made it possible to examine how the mediation process var-
ied with the education level.”” The model uses ordinary least
squares to estimate mediation and moderated mediation ef-
fects, as well as bootstrapping to calculate 95% confidence
intervals (CIs) for the indirect effects. Specifically, bias-cor-
rected bootstrap Cls were derived from 10,000 samples at a
95% CI; if the bootstrapped Cls do not include zero, the ef-
fect was considered significant."”
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Protocol approvals, registrations, and patient
consent

This prospective study was approved by the Institutional
Review Board of Konkuk University Medical Center (no.
KUH1170180). All procedures used in this study were per-
formed in accordance with the ethical standards set by the
Helsinki Declaration of 1975 (and as revised in 1983). Writ-
ten informed consent was obtained from all participants.

RESULTS

Characteristics according to sex and educational
level

The participants were aged 77.9+6.9 years, 72.5% (1n=58)
were female, and they had an education level of 7.37+5.25
years and an MMSE score of 18.0+5.9. There were no signif-
icant sex-related differences in age (males: 79.246.6 years;
females: 77.5+7.1 years; p=0.332) or vascular risk factors (HTN:
>0.999; DM: p=0.897; dyslipidemia: p=0.199). Males were
more common in the high-educational level group (males:
86.4%; females: 31.0%; p<0.001) and had higher MMSE scores
(males: 21.2+6.2; females: 16.8+5.4, p=0.002), but the MMSE
z-score and CDR-SOB score did not differ significantly with
sex. Regarding plasma biomarkers, the p-tau/Ap42 ratio was
lower in males (males: -0.53%0.23; females: -0.37+0.35; p=
0.026). Females showed a thicker frontal cortex (females:
4.2+1.7 mm; males: 3.2+2.3 mm; p=0.049), with near-signif-
icant differences in thickness for the parietal (p=0.066), tem-
poral (p=0.068), occipital (p=0.084), and insular (p=0.091)
cortices.

The low-educational level group included more females
(low educational level: 93.0%; high educational level: 48.6%;
p<0.001), and scored lower on the MMSE (low educational
level: 15.9+5.3; high educational level: 20.4+5.8; p<0.001),
but the MMSE z-score, CDR-SOB score, plasma p-tau/A {42
ratio, and cortical thickness did not differ significantly be-
tween the low- and high-educational level groups. The de-
mographic characteristics of all participants and each group
are summarized in Table 1.

Interaction analyses

The GLM analyses for the p-tau/Ap42 ratio revealed no sig-
nificant main effects of sex (p=0.069) or educational level (p=
0.370), nor a significant interaction between these two vari-
ables (p=0.820; model R*=0.068, adjusted R*=0.031). Simi-
larly, for the MMSE score neither the main effects (sex: p=
0.076; educational level: p=0.209) nor the interaction term
(p=0.478) reached statistical significance (model R*=0.176,
adjusted R?=0.144). Formal testing of sexXeducational level
interactions for the regional cortical thickness was not per-



Table 1. Group comparisons according to sex and education
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. Males Females Low education High education
Variable p
(n=22) (n=58) (n=43) (n=37)

Age (yr) 79.2+6.6 775171 0.332 78.916.8 76.817.0 0.176
High education 19 (86.4) 18 (31.0) <0.001 = = =

Females - - - 40 (93.0) 18 (48.6) <0.001
HTN 14 (63.6) 38 (65.5) >0.999 29 (67.4) 23 (62.2) 0.796
DM 9 (40.9) 21(36.2) 0.897 14 (32.6) 16 (43.2) 0.452
Dyslipidemia 4(18.2) 21(36.2) 0.199 14 (32.6) 11 (29.7) 0.976
MMSE score 21.2+6.2 16.8+5.4 0.002 159453 204158 <0.001
MMSE z-score -0.8 [-3.0t0 0.6] -1.4[-2.1t0-0.5] 0.354 -1.4[-2.0t0 -0.3] -1.1[-2.4 t0 -0.2] 0.696
CDR-SOB score 48[3.5t06.0] 5.0[2.5to 10.0] 0.623 6.0[2.5 to 10.0] 40[3.5to 6.0] 0.154
AB42 (pg/mL) 10.0+2.9 8.813.9 0.228 9.5+3.7 8.8+3.6 0.429
p-tau (pg/mL) 28[19t03.4] 3.4[2.2t049] 0.185 32[22t04.7] 3.1[1.9t04.7] 0.710
t-tau (pg/mL) 3324 t04.5] 3.0[24t04.2] 0.872 3.1[2.4 t0 4.2] 3.2 [2.4 t0 4.4] 0.717
Lg p-tau/AB42 -0.53+0.23 -0.37£0.35 0.026 -0.43%£0.33 -041+0.34 0.791
Frontal thickness* (mm) 3.2423 42+17 0.049 44+16 3.612.1 0.071
Parietal thickness* (mm) 29420 3.7%15 0.066 38%+14 3.1+18 0.078
Temporal thickness* (mm) 35424 45+18 0.068 46+17 3.8+22 0.087
Occipital thickness* (mm) 26+18 33%13 0.084 3.4+12 29+17 0.115
Insular thickness* (mm) 37426 47+19 0.091 48+18 41124 0.116

Data are n (%), meanZSD, or median [IQR] values.

*Cortical thicknesses were only measured in the subset of participants with valid MRI data (n=75).
AB42, amyloid-p 42; CDR-SOB, Clinical Dementia Rating-Sum of Boxes; DM, diabetes mellitus; HTN, hypertension; IQR, interquartile range; Lg p-tau/
APB42, log-transformed p-tauf/AB42 ratio; MMSE, Mini-Mental State Examination; p-tau, phosphorylated tau 181; SD, standard deviation; t-tau, total tau.

formed due to the near-complete confounding of low edu-
cational level with female sex (since 93% of the low-educa-
tional level participants were female), which rendered the
sample of low-educational level males too small for stable
estimations (Supplementary Table 2 in the online-only Data
Supplement).

Multiple regression analyses

The analyses of the multiple regression model aimed at iden-
tifying predictors of global cognition revealed that age (B=
-0.202, p=0.033), educational level (B=1.591, p=0.016), fron-
tal thickness (B=-9.356, p=0.005), and occipital thickness (B=
12.078, p=0.004) were significantly associated with a higher
MMSE score. No factor significantly predicted the cortical
thickness (Supplementary Table 3 in the online-only Data
Supplement).

Moderated mediation analyses in females

Moderation of the p-tau/Ap42 ratio-cortical-thickness
relationship (a-path)

Since we restricted the sample to females to eliminate sex—
educational level confounding and defined cortical thick-
ness as the mediator, age was adjusted for in these analyses
based on the significant predictors identified from the mul-

tiple regression model. Educational level significantly mod-
erated the relationship between the plasma p-tau/Ap42 ra-
tio and cortical thickness in all five investigated regions. The
interaction effect was strongest in the occipital cortex (b=
-0.918, standard error [SE]=0.400, p=0.026) and temporal cor-
tex (b=-0.865, SE=0.378, p=0.026), followed by the frontal
cortex (b=-0.788, SE=0.357, p=0.032), insular cortex (b=
-0.669, SE=0.312, p=0.038), and parietal cortex (b=-0.569,
SE=0.282, p=0.049) (Table 2 and Supplementary Fig. 1 in the
online-only Data Supplement).

Conditional effects by education level

Decomposition of these interactions revealed distinct pat-
terns according to educational level. In the high-education-
al level group, females exhibited an inverse relationship in
which a higher p-tau/AP42 ratio was significantly associat-
ed with reduced cortical thickness. This was observed con-
sistently in all five investigated regions, most strongly in the
occipital cortex (b=-2.612, p=0.028) and temporal cortex (b=
-2.562, p=0.023), followed by the frontal cortex (b=-2.381,
p=0.025), insular cortex (b=-2.351, p=0.005), and parietal cor-
tex (b=-1.953, p=0.020). Conversely, there was no significant
association between biomarker burden and cortical thick-
ness in the low-educational level group (Table 2).
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Table 2. Results from moderated mediation analyses using PROCESS model 7 in females

Interaction Thickness —
i . Conditional effect, Conditional effect, Index of moderated
Cortical coefficient . . . MMSE score .
. SE p low-education high-education mediation (95% CI from
region (a-path) (b-path)
b (p) b (p) 10,000 bootstraps)
b b (p)
Frontal -0.788 0.357 0.032 0.966 (0.247) -2.381(0.025) -0.026 (0.932) 0.119
(-2.379 to 2.884)
Insular -0.669 0312 0.038 0.909 (0.215) -2.351 (0.005) -0.013 (0.973) -0.155
(-2.762 t0 2.512)
Temporal -0.865 0.378 0.026 1.160 (0.190) -2.562 (0.023) 0.033 (0.933) -0.123
(-2.845 10 2.575)
Parietal -0.569 0.282 0.049 0.667 (0.311) -1.953 (0.020) 0.131 (0.806) -0.343
(-3.098 to 2.430)
Occipital -0.918 0.400 0.026 1.342 (0.152) -2.612(0.028) -0.059 (0.874) 0.234

(-2.396 10 3.112)

Age was adjusted.

Cl, confidence interval; MMSE, Mini-Mental State Examination: SE, standard error.

Mediated effects on cognition (b-path)

Despite the significant moderation of the structural path,
the path from cortical thickness to the MMSE score (b-path)
was not statistically significant for any region. Consequent-
ly, the index of moderated mediation was not significant for
any of the five regions, since the 95% bootstrapped Cls in-
cluded zero. This indicates that while educational level sig-
nificantly alters how the p-tau/AP42 ratio is related to corti-
cal thickness in females, this structural preservation did not
translate into a statistically detectable indirect effect on MMSE
scores in the analyzed model (Table 2). Direct and total ef-
fects (c-path) were also not statistically significant.

DISCUSSION

This study examined how educational level moderates the
biomarker—cortical-thickness relationship in females with
cognitive decline in a cohort reflecting historical educational
disparities in South Korea. Descriptive sex comparisons re-
vealed that females had higher plasma p-tau/AP42 ratios yet
paradoxically greater cortical thickness, particularly in the
frontal cortex, despite the absence of a significant difference
in age-adjusted cognition. The primary mechanistic finding
was that educational level significantly moderated the rela-
tionship between AD pathology and cortical structure spe-
cifically in females, revealing a dissociation pattern in lower-
educated individuals wherein structural preservation coexisted
with an elevated biomarker burden without conferring a cog-
nitive benefit.

The elevated p-tau/AP42 ratio in females aligns with a
growing body of evidence from both plasma and CSF stud-
ies demonstrating that amyloid and tau pathology is greater
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in females than in males at equivalent clinical stages of cog-
nitive impairment.>*** This pattern has been observed across
ancestries and biomarker modalities, and is thought to reflect
sex-specific hormonal, genetic, or neuroinflammatory influ-
ences on the accumulation of amyloid and the spread of tau
pathology.>** Notably, the absence of significant sex-related
differences in AP42 or p-tau individually while there was a
clear difference in their ratio suggests that composite plasma
biomarkers could be useful for detecting sex-related effects
that the use of single analytes may miss. However, this con-
clusion is based on the current dataset, which is character-
ized by a relatively modest and unbalanced sample size and
so further investigations with larger, more balanced cohorts
are warranted to determine whether composite biomarkers
are indeed more sensitive to sex-specific pathology.

The cortical thickness was greater in females than in males,
particularly in the frontal cortex, despite their higher amy-
loid biomarker burden. This pattern is consistent with obser-
vations made in several recent structural MRI studies in-
volving symptomatic and preclinical cohorts.”**** Those
studies have consistently found that the cortex is thicker in
females in AD-vulnerable brain regions even when the pa-
thology load is equal or greater, a phenomenon sometimes
described as transient structural compensation or delayed
atrophy onset.>” Longitudinal follow-up will be critical for
determining whether this apparent female advantage repre-
sents true resilience or is merely a delay before more-rapid
thinning occurs once a pathological threshold is crossed, con-
sistent with patterns documented in several large cohorts.”

Educational level is a well-established proxy for cognitive
reserve,>* and was robustly associated with MMSE scores in
the expected direction but did not interact with sex for the



p-tau/AP42 ratio. This null interaction contrasts with some
previous reports suggesting sex-related educational bene-
fits>*® but aligns with several larger studies that also failed to
detect significant moderation.** A fundamental method-
ological limitation of this study was the severe confounding
and near collinearity between sex and educational level, which
reflects the historical educational disparities in the older South
Korean population. The large proportion (93.0%) of the low-
educational level group being female and the relatively small
sample of males (n=22) resulted in a significant reduction in
statistical power that precluded reliable estimations of for-
mal sexXeducational level interactions. Consequently, the
observed sex-related differences in biomarkers and cortical
thickness must be interpreted strictly as descriptive cohort
characteristics rather than definitive biological or mechanis-
tic distinctions. This sex—educational level confounding is
particularly pronounced in the South Korean elderly popu-
lation, where female educational level has lagged dramati-
cally behind that of males due to sociocultural norms.' To
disentangle these factors in future research, it is imperative
to integrate data from multiple institutions to construct larg-
er and more-balanced cohorts that sufficiently represent the
sex and educational level strata.

Despite the presence of considerable confounding, our
findings demonstrate that educational level significantly
moderates the relationship between the plasma p-tau/Ap42
ratio and regional cortical thickness in females. Sensitivity
analyses using alternative cutoffs (0-3, 4-9, and 210 years)
and a continuous variable (0-16 years) further confirmed
the robustness of our results, yielding patterns consistent with
the initial dichotomization at 6 years of educational level
(Supplementary Tables 4 and 5 in the online-only Data Sup-
plement). Among the females in the high-educational level
group we observed a consistent and expected inverse rela-
tionship, where an increased pathological burden was sig-
nificantly associated with reduced cortical thickness in all
five investigated regions. In contrast, this association failed
to reach statistical significance in low-educational level fe-
males. These results underscore educational level as a criti-
cal factor that modulates the structural manifestation of AD
pathology, suggesting that the brain’s morphological response
to AD biomarkers is not uniform but instead heavily contin-
gent upon the individual educational level.

This structural preservation pattern observed in low-ed-
ucational level females likely reflects a dissociation between
neurodegeneration and macrostructural cortical thinning
rather than true biological resilience.***** Our observation
that this preserved thickness did not translate into commen-
surate cognitive performance suggests that it represents a
delayed morphological response to pathology rather than
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cognitive reserve in the traditional sense of functional main-
tenance. Furthermore, this dissociation may be partially at-
tributable to the inherent measurement limitations of the
MMSE. As a global screening tool, the MMSE may lack the
sensitivity required to detect subtle, domain-specific cogni-
tive nuances that might still be supported by preserved cor-
tical structures, especially in individuals with lower educa-
tional level.”” This discrepancy further highlights the complex
and potentially nonlinear relationship between structural
reserve—the maintenance of physical brain integrity—and
functional reserve, which is the actual capacity for cognitive
performance. Several biological mechanisms may underlie
this phenomenon. First, reactive astrogliosis and neuroin-

flammation,***

which are prominent during the early stages
of AD, may induce transient glial swelling that masks early
neuronal loss in MRI, particularly in individuals with a low-
er reserve. Second, the higher burden of vascular pathology
often associated with a lower socioeconomic status can lead
to chronic ischemic changes or subtle edema, which may par-
adoxically maintain the cortical volume despite the presence
of active neurodegeneration.'>***' These factors may result
in cortical thickness representing a less-sensitive biomarker
of the disease burden in low-educational level cohorts. This
would increase the risk of underestimating the true extent of
neurodegeneration until a critical threshold is reached, after
which atrophy and clinical decline may accelerate once these
alternative compensatory or masking buffers are exhausted.

The strengths of the study include the multimodal inte-
gration of clinical scores, plasma AD biomarkers quantified
using the ultrasensitive SIMOA, and cortical thickness mea-
surements. However, it was also subject to some limitations.
The first set of limitations include the modest sample size,
the cross-sectional design, reliance on a dichotomous edu-
cational level variable, and potential for selection bias inher-
ent when including a cohort from a single memory clinic.
Second, the cognitive assessments performed in this study
only employed global screening measures such as the MMSE
and CDR-SOB. While these tools are widely used for clinical
staging, they may lack the sensitivity to detect subtle, do-
main-specific cognitive changes. The absence of a compre-
hensive neuropsychological battery precluded more-detailed
analyses of how plasma biomarkers and cortical thinning
specifically relate to individual cognitive domains, such as
executive function or episodic memory. The third signifi-
cant limitation is the number of male participants being mark-
edly smaller (n=22) than that of female participants. This
imbalance prevented robust sex-stratified mechanistic anal-
yses in males, and may have reduced the statistical power in
detecting sex<educational level interactions. Furthermore,
in the context of the older South Korean population, educa-
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tional level often serves as a proxy not only for cognitive re-
serve but also for the early-life socioeconomic status,” in-
cluding the family economic conditions during childhood
and adolescence, which can independently influence brain

t3*3* and late-life neural resilience.*** Therefore,

developmen
the observed effects of educational level in our study should
be interpreted with caution since they may have been par-
tially affected by broader life-course environmental advan-
tages. While there were no significant sex-related differenc-
es in vascular risk factors, their high comorbidity may have
also obscured subtler sex-related effects.

In this South Korean cohort reflecting substantial histori-
cal educational disparities, we found that educational level
significantly moderated the relationship between AD bio-
marker burden and cortical structure in females. Lower-ed-
ucated females exhibited preserved cortical thickness de-
spite having an elevated pathological burden, but this did not
confer a cognitive benefit and likely represents a delayed
morphological response rather than a true reserve. This find-
ing suggests that conventional structural measures can sys-
tematically underestimate the disease burden in lower-edu-
cated individuals, leading to the risk of delayed diagnoses.
Our descriptive comparisons suggested that the females had
a higher biomarker burden yet greater cortical thickness
than the males; however, the small male sample and severe
sex—educational level confounding preclude definitive inter-
pretations of these sex-related observations. Critically, the
absence of significant sexxeducational level interactions in
formal testing should not be interpreted as evidence of in-
dependent effects.

Our findings underscore the importance of educational
level-stratified interpretations of structural biomarkers and
highlight that the diagnostic utility of cortical thickness mea-
surements may vary with the educational level. Future stud-
ies examining cognitive reserve and AD biomarkers in pop-
ulations with cohort-specific educational disparities should
employ designs that either balance sex—educational level
distributions or explicitly acknowledge and address con-
founding in their analytical approach and interpretation. Larg-
er studies that have an adequate statistical power are need-
ed to definitively characterize potential sexxeducational level
interactions and their implications for precision-medicine
approaches in AD.
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