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ABSTRACT

Background: Alzheimer’s disease (AD) pathology, particularly amyloid-p (AB) deposition, occurs years before
clinical symptoms. Modifiable risk factors may influence cognitive trajectories during this preclinical stage, but
whether amyloid status alters their effects remains unclear.

Objectives: To investigate interactions between amyloid pathology and modifiable risk factors in predicting
longitudinal cognitive decline among cognitively unimpaired older adults.

Design and Setting: This study was a secondary analysis of data derived from two large multicenter longitudinal
cohort studies, the Anti-Amyloid Treatment in Asymptomatic Alzheimer Disease (A4) Study and the Longitudinal
Evaluation of Amyloid Risk and Neurodegeneration (LEARN) Study.

Participants: A total of 1707 cognitively unimpaired adults aged 65-85 years were included, comprising 1169
amyloid-positive participants from the A4 Study (Ap+) and 538 amyloid-negative participants from the LEARN
Study (Ap-).

Measurements: Cognitive function was assessed every six months using the Preclinical Alzheimer’s Cognitive
Composite (PACC) over a mean follow-up of 4.9 years. Eight established modifiable risk factors—low education,
alcohol use, diabetes, high cholesterol, high blood pressure, obesity, depressive symptoms, and physical inac-
tivity—were evaluated. Linear mixed-effects models were applied to examine associations between each risk
factor and longitudinal PACC decline, and to test interactions with amyloid status, adjusting for demographic and
genetic covariates.

Results: Significant interactions between amyloid status and modifiable risk factors were observed for diabetes
(adjusted p = —0.206, p = 0.032), high cholesterol (adjusted p = —0.155, p < 0.001), and physical inactivity
(adjusted f = —0.161, p = 0.046), indicating combined effects rather than additive effects on cognitive decline
among A+ individuals. In the A4 study (Ap+), low education, diabetes, high cholesterol, and physical inactivity
were independently associated with accelerated cognitive decline, whereas obesity was linked to slower decline.
In contrast, in the LEARN study (Ap-), these associations were not statistically significant.

Conclusions: In conclusion, the significant interactions with amyloid status were observed for diabetes, high
cholesterol, and physical inactivity, indicating that these risk factors were associated with faster cognitive
decline specifically in Ap+ individuals. The results suggest that consideration of amyloid status may be important
when evaluating the potential role of metabolic and lifestyle risk factors in preclinical cognitive decline. In AB+
individuals, obesity was associated with slower cognitive decline, while low education was linked to lower
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baseline cognition or a reduced symptom threshold, without a significant interaction with amyloid status. Future
studies should incorporate amyloid status and longitudinal biomarkers to assess whether modifying these factors
can slow preclinical cognitive decline.

1. Introduction

Alzheimer’s disease (AD), a leading cause of dementia worldwide,
represents an increasing public health challenge as populations age [1].
Pathological changes, particularly amyloid-f (AB) deposition, occur
years before the onset of clinical symptoms and define the preclinical
stage of AD [2]. This stage, characterized by preserved cognitive func-
tion despite the presence of Ap pathology [3], offers a critical window
for identifying factors that influence cognitive trajectories. Recent large
prevention trials and observational studies have focused on identifying
early determinants of cognitive decline in cognitively unimpaired older
adults [1,4].

In addition to Ap pathology, numerous epidemiological studies have
identified modifiable risk factors for cognitive decline and progression
to dementia, such as low education, physical inactivity, obesity, hy-
pertension, diabetes, dyslipidemia, smoking, excessive alcohol use, and
depressive symptoms [5-7]. Importantly, over 40% of dementia risk is
attributable to factors that are potentially preventable or manageable
through targeted interventions [1]. High education has been associated
with lower A burden in AD, indicating that certain protective factors
may be particularly relevant for individuals at elevated risk of Af pa-
thology [8]. Large population-based neuroimaging studies have shown
that diabetes triples the likelihood of amyloid deposition, with greater
burden over time. They also found that hypertension is linked to
increased amyloid burden among APOE €4 carriers, suggesting that
genetically susceptible individuals are at increased vascular risk [9].
Additionally, elevated LDL-C appears to amplify the impact of AP
deposition on tau pathology, underscoring the potential role of lipid
management in modifying AD progression [10].

However, due to differences in study populations and methodolo-
gies, findings on the association between modifiable risk factors and
cognition stratified by amyloid status remain inconsistent. Findings
from the Korean Brain Aging Study suggest that vascular risk control
may provide cognitive benefits in amyloid-negative (Ap-) individuals,
whereas the benefits in amyloid-positive (Af+) individuals remain un-
certain [11]. Similarly, a study in mixed small vessel disease and AD
pathology populations found that vascular burden primarily affected
cognition via amyloid-independent pathways, through localized neu-
rodegeneration, suggesting that vascular risk may influence cognition
independently of amyloid pathology [12] Therefore, further research is
warranted to determine whether modifiable risk factors influence
cognitive trajectories differently in Ap+ and Af- individuals, and to
clarify whether they exert additive effects among cognitively unim-
paired older adults.

The present study aimed to examine the association between amy-
loid pathology and modifiable risk factors with longitudinal cognitive
changes, as measured by the Preclinical Alzheimer’s Cognitive Com-
posite (PACC). We hypothesized that the combined effects of amyloid
pathology and modifiable risk factors on cognitive decline exceed ad-
ditive expectations. Modifiable risk factors were selected based on evi-
dence synthesized in the 2024 Lancet Dementia Commission [1],
including low education, diabetes, high cholesterol, blood pressure,
obesity, depressive symptoms, and physical inactivity. These findings
may contribute to risk stratification and guide prevention strategies in
preclinical cognitive decline.

2. Methods
2.1. Study population

We conducted a secondary analysis of data from the Anti-Amyloid
Treatment in Asymptomatic Alzheimer’s Disease (A4) Study (Clin-
icalTrials.gov Identifier: NCT02008357) and the Longitudinal Evalua-
tion of Amyloid Risk and Neurodegeneration (LEARN) Study
(ClinicalTrials.gov Identifier: NCT02488720). The screening procedures
and outcome measures for both studies have been described previously
[13,14], and the relevant sections are briefly summarized below. Both
studies enrolled cognitively unimpaired individuals aged 65-85 years
with Clinical Dementia Rating (CDR) Global Scores of 0 (range 0-3),
Mini-Mental State Examination (MMSE) scores of 25-30 (range 0-30)
and a Weschler Memory Scale-Revised Logical Memory Delayed Recall
score of 6-18 (range 0-25), consistent with the eligibility criteria used in
the original A4 and LEARN prevention trials [13,14]. Participants with
stable chronic conditions including hypertension, diabetes, hypercho-
lesterolemia, and mild-to-moderate small vessel ischemic disease were
permitted.

Participants underwent 18F-Florbetapir PET imaging, with mean
cortical SUVRs calculated using a cerebellar reference [15]. Amyloid
status was determined at a central laboratory using an algorithm that
combined quantitative SUVR values, which were converted to the
Centiloid (CL) scale, with qualitative visual assessments [16]. Partici-
pants with elevated amyloid who met all inclusion and exclusion criteria
[17] were randomized 1:1 to receive intravenous solanezumab or pla-
cebo. This randomization was part of the original A4 trial and was not
considered in the present secondary analysis, which does not evaluate
treatment effects. Participants who were otherwise eligible for the A4
study but did not show elevated amyloid were enrolled in the LEARN
study, which was launched a year later at a subset of A4 sites. LEARN
participants completed the same cognitive and functional assessments
and served as the non-amyloid comparator group. All participants from
the A4 and LEARN studies who had available baseline amyloid PET and
longitudinal PACC data were included in this secondary analysis.
Baseline demographic variables including age, sex, ethnicity, marital
status and APOE &4 carrier status were collected and included as cova-
riates in the statistical analyses.

2.2. Assessment of modifiable risk factors

Modifiable risk factors were selected based on the 2024 Lancet
Commission report on dementia prevention [1]. Variables were limited
to those documented in both the A4 and LEARN studies, resulting in
eight factors: low education, alcohol use, diabetes, high cholesterol,
high blood pressure, obesity, depressive symptoms, and physical inac-
tivity. Smoking status was excluded from the analyses due to the very
low prevalence in the study population (A4: N = 20, 1.7%; LEARN: N =
3, 0.6%). Educational level was dichotomized as <12 years versus >12
years. Alcohol use was incorporated as binary variables. Participants
were classified as non-drinkers (0 drinks/day) or drinkers (>1 drink/-
day), with one drink defined as 4 ounces of wine, 12 ounces of beer, or 1
ounce of liquor. Elevated HbA1lc was defined as >6.5%, consistent with
the diagnostic threshold for diabetes [18]. Total cholesterol levels >200
mg/dl were classified as high [19]. High blood pressure was defined at
baseline as a single measurement with systolic blood pressure >140
mmHg or diastolic blood pressure >90 mmHg [20]. Body mass index
(BMI) was classified as obesity (>30 kg/m?) or no obesity (<30 kg/m?)
[21,22]. Depressive symptoms were defined using the 15-item Geriatric
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Depression Scale (GDS-15) [23], with a cutoff score of >5. Self-reported
walking time was categorized as physical active (>10 min/day) or
physical inactive (<10 min/day) to distinguish individuals with very
low levels of daily walking from those reporting some walking activity
[24]. Other risk factors identified by the Lancet Commission (e.g.,
hearing loss, traumatic brain injury, social isolation, and air pollution)
were not included because relevant variables were not available or could
not be harmonized across the A4 and LEARN datasets.

2.3. Evaluation of cognitive performance

The primary outcome was longitudinal cognitive performance,
evaluated using the Preclinical Alzheimer’s Cognitive Composite
(PACC) [25] and assessed at 6-month intervals throughout the study
period. The participants were followed for a mean duration of 4.92 years
(standard deviation [SD] = 2.28), with an average of 12.5 visits (SD =
4.7) over the study period. The PACC represents the sum of normalized
scores on four cognitive assessments: the Free and Cued Selective
Reminding Test [26], assessing semantic memory and learning; the
Logical Memory Delayed Recall test [27], measuring episodic memory;
the Digit Symbol Substitution Test [28], capturing attention and pro-
cessing speed; and the MMSE [29], reflecting global cognitive function.
Raw scores from each component were transformed into z-scores based
on baseline means and standard deviations, and the total PACC score
was calculated as the unweighted sum of these four z-scores. Lower
PACC scores over time indicated greater cognitive decline.

2.4. Statistical analysis

Continuous variables are expressed as means + standard deviations,
and categorical data are expressed as numbers (percentages). Contin-
uous variables were compared using the independent Student’s t-test.
Categorical data were compared using the chi square test or Fisher’s
exact test, as appropriate. Linear mixed-effects models were used to
examine associations between each modifiable risk factor and longitu-
dinal PACC decline, including its interaction with amyloid status (A4
[AB+] vs. LEARN [Ap-]), adjusted for baseline age, sex, marital status,
education, APOE &4 carrier status, and ethnicity. When education itself
was analyzed as the exposure variable, it was not included as a covariate
to avoid overadjustment. Linear mixed-effects models with random in-
tercepts and random slopes for participants were used to account for
between-subject variability in baseline PACC scores and individual dif-
ferences in longitudinal rates of cognitive change. The primary focus of
the analysis was on differences in the slopes of cognitive change over
time. Group-specific slopes were compared using Tukey-adjusted post
hoc tests, and contrast analyses were used to evaluate whether the
combined effects of amyloid status and modifiable risk factors exceeded
additive expectations by comparing the observed slope in the joint
exposure group (Af+ with the risk factor present) with the expected
slope under an additive model, defined as the slope in the Ap+ group
without the risk factor plus the slope in the Ap— group with the risk
factor minus the slope in the AB— group without the risk factor. P values
were adjusted for multiple comparisons using the Bonferroni correction
[30]. In addition, a sensitivity analysis using false discovery rate (FDR)
control based on the Benjamini-Hochberg method was performed [31].
Adjusted p-value < 0.05 (two-tailed) was considered statistically sig-
nificant for all tests. Analyses were conducted using R, version 4.4.0 (R
Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Study population
A total of 1707 cognitively unimpaired participants aged 65-85

years were included: 1169 individuals with elevated amyloid from the
A4 study (Ap+) and 538 individuals without elevated amyloid from the
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LEARN study (Af-) (Fig. 1). All participants completed baseline amyloid
PET imaging and were followed longitudinally with cognitive assess-
ments using the PACC.

3.2. Baseline characteristics

Table 1 summarizes the baseline demographic and clinical charac-
teristics of participants in the A4 and LEARN study. Compared with
participants in the LEARN study, those in the A4 study were older (71.9
+ 4.8 vs. 70.5 + 4.3 years; p < 0.001), had lower educational years
(9.8% vs. 6.3%; p = 0.02), and were more frequently APOE &4 carriers
(58.9% vs. 22.9%; p < 0.001). The prevalence of high cholesterol was
also higher in A4 than in LEARN (49.1% vs. 42.5%; p = 0.01). Other
baseline demographic and clinical characteristics did not differ signifi-
cantly between the two studies.

3.3. Interaction between amyloid status and modifiable risk factors

In Table 2, significant interactions between Ap status and risk factors
were identified for diabetes (B = —0.206, SE = 0.072; adjusted P =
0.032), high cholesterol (f = —0.155, SE = 0.037; adjusted P < 0.001),
and physical inactivity (3 = —0.161, SE = 0.058; adjusted P = 0.046),
indicating combined effects rather than additive effects on cognitive
decline among Ap+ individuals.

In the A4 study (Ap+), linear mixed-effects models revealed that low
education (f = -0.129, SE=0.030; adjusted p < 0.001), diabetes ( =
-0.350, SE=0.039; adjusted p < 0.001), high cholesterol (p = -0.068,
SE=0.018; adjusted p = 0.007), and physical inactivity (f = -0.121,
SE=0.029; adjusted p = 0.002) were each independently associated with
accelerated cognitive decline, as measured by PACC scores. Sensitivity
analyses using FDR correction yielded similar results, with diabetes,
high cholesterol, and physical inactivity remaining statistically signifi-
cant (Supplementary Table). These patterns are illustrated in Supple-
mentary Figure 1A-1H, which display the estimated group-specific
PACC slopes across the four amyloid-risk factor groups, with selected
Tukey-adjusted pairwise comparisons. Pairwise comparisons showed
that Ap+ groups with low education, diabetes, high cholesterol, and
physical inactivity exhibited significantly more negative slopes than the
other groups (all P < 0.05). In contrast, obesity showed an opposite

Age 65-85 year-old
cognitively unimpaired
Amyoid PET image
(N=1707)

Not elevated amyloid (Ap-)

LEARN study (N=538)

Elevated amyloid (AB+)
A4 study (N=1169)

Cognitive assesessment (PACC) every 6 months
Follow-up:mean 4.92 + 2.28 years

AP status x Modifiable Risk Factors
in Cognitive Trajectories

Fig. 1. Study design flowchart.
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Table 1

Baseline characteristics of A4 (Ap+) and LEARN (AB-) study participants.
Category A4 (Ap+) (N = LEARN (AB-)(N=  p-value

1169) 538)
Age (mean + SD*) 71.9 +£ 4.8 70.5 £ 4.3 <0.001
Male 475 (40.6%) 208 (38.7%) 0.47
Marital status 0.22
Married 836 (71.5%) 386 (72.3%)

Divorced/ Widowed 272 (23.7%) 119 (22.3%)
Never married 42 (3.7%) 29 (5.4%)
Ethnicity 0.74

Hispanic or Latino 34 (2.9%) 18 (3.4%)

Not Hispanic or Latino 1124 (97.1%) 516 (96.6%)
Education < 12 years 114 (9.8%) 34 (6.3%) 0.02
APOE Carrier' 689 (58.9%) 123 (22.9%) <0.001
Smoker 20 (1.7%) 3 (0.6%) 0.09
Alcohol use 599 (51.3%) 289 (53.7%) 0.38
Diabetes (HbA1C > 6.5%) 71 (6.1%) 42 (7.8%) 0.22
High total cholesterol (> 200 572 (49.1%) 228(42.5%) 0.01

mg/d])
High blood pressure 519 (44.4%) 249 (46.3%) 0.51
Obesity (BMI >30 kg/m?) 285 (24.4%) 143 (26.6%) 0.37
Depressive mood 26 (2.2%) 15 (2.8%) 0.59
Physical activity (Walking 1028 (88.2%) 475 (88.5%) 0.93

time>10 mins)

" SD: standard deviation.

 APOE carrier status was defined as the presence of at least one ¢4 allele.

! Depressive mood: using the 15-item Geriatric Depression Scale with a cutoff
score of >5.

pattern, with the Ap+ obesity group exhibiting a less negative slope than
the AB+ non-obesity group. However, only diabetes, high cholesterol,
and physical inactivity demonstrated patterns consistent with combined
effects exceeding additive expectations in the Ap+ group, as confirmed
by contrast analyses comparing the estimated longitudinal PACC slopes
across the four amyloid-risk factor groups. These findings were not
observed in the LEARN study (Ap—). Additional trajectory analyses are
provided in Supplementary Figures 2A-2H

Within the A4 (AB+) group, obesity demonstrated a positive asso-
ciation with PACC scores (p = 0.094, SE = 0.021; p < 0.001), indicating
a slower rate of cognitive decline among obese participants compared to
those without obesity. We further examined whether this association
differed by sex. A significant three-way interaction between time,
obesity, and sex was observed (f = —0.095, p = 0.01, data not shown),
indicating that the association between obesity and longitudinal PACC
decline differed between men and women, with a stronger protective
association observed in women. In contrast, none of the modifiable risk
factors showed significant associations with cognitive decline in the
LEARN study (Ap—) (Table 2).
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4. Discussion

In this longitudinal analysis of cognitively unimpaired older adults
from the A4 and LEARN studies, we found that diabetes, high choles-
terol, and physical inactivity exhibited significant interactions with
amyloid status, indicating that the combined effects of amyloid status
and these risk factors exceeded additive expectations, resulting in
greater cognitive decline among Ap+ individuals. In the A4 study (Ap+),
low education, diabetes, high cholesterol, and physical inactivity were
associated with accelerated cognitive decline in PACC scores, under-
scoring the potential vulnerability of AB+ individuals to these risk fac-
tors. Obesity was linked to a slower rate of cognitive decline compared
to non-obese participants. In contrast, these associations were absent in
the LEARN study (A -). Cognitive change in the LEARN cohort was
generally modest over the follow-up period, and longer follow-up may
be required to detect potential effects of these risk factors in amyloid-
negative individuals. Together, these findings highlight the impor-
tance of considering both amyloid pathology and modifiable risk factors
in predicting cognitive trajectory.

The combined effects of amyloid positivity and three major modifi-
able risk factors, including diabetes, high cholesterol, and physical
inactivity may inform potential intervention strategies in cognitively
unimpaired older adults. Consistent with our findings, previous litera-
ture suggests that diabetes is associated with an increased risk of
cognitive decline and dementia [32,33]. Furthermore, diabetes has been
shown to promote A aggregation and tau hyperphosphorylation via
mechanisms involving insulin resistance and chronic hyperglycemia,
and may further exacerbate neurodegeneration through cerebrovascular
damage, chronic inflammation, oxidative stress, and impaired central
insulin signaling, thereby contributing to synaptic dysfunction and
cognitive decline [34-36].

An observational study from the Alzheimer’s Disease Neuroimaging
Initiative cohort reported that dyslipidemia has been associated with
increased amyloid burden and accelerated cognitive decline [37]. These
associations may be explained by several underlying biological mecha-
nisms. High cholesterol, aligned with our results, is linked to Af accu-
mulation through cholesterol-rich lipid rafts that facilitate Ap binding
and aggregation at neuronal membranes, leading to membrane toxicity
[38]. It may also impair Af clearance across the blood-brain barrier,
while dyslipidemia-induced inflammation can further exacerbate amy-
loid related pathology [39,40].

In addition, a prospective longitudinal cohort study demonstrated
that greater physical activity and lower vascular risk independently
attenuated the negative association of Ap burden with cognitive decline
and neurodegeneration in asymptomatic individuals [41]. Regular
physical activity can enhance neurotrophic support, improve perfusion,
and promote synaptic plasticity, potentially reducing amyloid-related

neurodegeneration [42]. Conversely, Physical inactivity may
Table 2
Interaction between amyloid status and modifiable risk factors in cognitive decline.
Variables AP status x modifiable risk factors Strata specific results
interaction A4 (AB+H) LEARN (AB-)
B (SE) 95% CI Adjusted P B (SE) 95% CI' Adjusted P P (SE) 95% CI Adjusted P
Low education —0.147 (0.073) —0.29 to —0.004  0.34 —0.129 (0.030) —0.21to —0.05  <0.001 0.018 (0.066) —0.15t0 0.19  >0.99
Alcohol use —0.006 (0.037) —0.08 to 0.07 >0.99 0.005 (0.018) —0.04 to 0.05 >0.99 0.011 (0.033) —0.07 t0 0.09  >0.99
Diabetes —0.206 (0.072) —0.35 to —0.07 0.032 —0.350 (0.039) —0.45t0 -0.25  <0.001 —0.144 (0.060) —0.30 to 0.01 0.58
High cholesterol —0.155 (0.037) —0.23 to —0.08 <0.001 —0.068 (0.018) —0.11 to —0.02 0.007 0.088 (0.033) 0.004 to 0.17 0.30
High BP* 0.053 (0.037) —0.02 t0 0.13 >0.99 0.024 (0.018) —0.02 to 0.07 >0.99 —0.029 (0.033) —0.11t0 0.05  >0.99
Obesity 0.070 (0.042) —0.01t0 0.15 0.75 0.094 (0.021) 0.04 to 0.15 <0.001 0.024 (0.036) —0.07t0 0.12  >0.99
Depressive mood 0.161 (0.133) —0.10 to 0.42 >0.99 —0.051 (0.070) —0.23t0 0.13 >0.99 —0.212(0.113) —0.50 to 0.08 >0.99
Physical inactivity =~ —0.161 (0.058) —0.28 to —0.05 0.046 —0.121 (0.029) —0.20 to —0.05  0.002 0.039 (0.051) —0.09 to 0.17 >0.99

* BP: Blood pressure.
SE: Standard error.

RN

95% CI:95% Confidence Interval
P values were adjusted using the Bonferroni correction; values exceeding 1 are presented as >0.99.



Y.-H. Hsu et al.

aggravate amyloid-related cognitive decline by reducing cerebral blood
flow, impairing neurotrophic signaling, and increasing systemic
inflammation [43]. However, reverse causation should also be consid-
ered. Previous literature has shown that declines in physical activity
may occur several years prior to the onset of dementia, suggesting that
reduced activity may represent an early behavioral manifestation of
neurodegenerative processes [44]. Therefore, lower levels of physical
activity observed among cognitively unimpaired individuals with
elevated amyloid may partly reflect preclinical disease rather than a
direct causal effect. Nevertheless, these observations and mechanistic
pathways suggest that Ap+ individuals may be particularly susceptible
to the combined effects of metabolic and lifestyle risk factors, high-
lighting the potential value of targeted preventive interventions in this
high-risk group.

These findings may also have implications for precision prevention
strategies in preclinical Alzheimer’s disease. With the increasing avail-
ability of amyloid PET and blood-based biomarkers (e.g., plasma p-
tau217 and AB42/40), cognitively unimpaired individuals with elevated
amyloid may be identified earlier in clinical settings [45]. Our results
suggest that metabolic and lifestyle risk factors such as diabetes, dysli-
pidemia, and physical inactivity may accelerate cognitive decline spe-
cifically in A+ individuals. These results raise the possibility that Ap+
cognitively unimpaired individuals may represent a subgroup who could
particularly benefit from early and targeted management of metabolic
and lifestyle risk factors. Such interventions may potentially serve as an
adjunct strategy alongside emerging anti-amyloid therapies by reducing
co-pathological burden. Future studies are needed to determine whether
optimizing metabolic and lifestyle factors may enhance the effectiveness
of anti-amyloid treatments or improve the -cost-effectiveness of
amyloid-stratified prevention approaches.

In contrast, although low education was significantly associated with
faster cognitive decline in the A4 study (Ap+), this association was not
observed in the LEARN study (Af—), and the interaction between low
education and amyloid status did not reach statistical significance. One
possible explanation is that the proportion of low education was higher
in the AB+ group than in the Ap- group (9.8% vs. 6.3%, p = 0.02),
despite small absolute numbers. Although the mean years of education
also differed significantly between groups (16.58 + 2.73 vs. 16.80 +
2.58, p = 0.02), the absolute difference was small, suggesting limited
clinical significance.. This pattern may suggest that education level
modifies the cognitive effects of amyloid pathology, with lower educa-
tion linked to greater vulnerability. Higher education, consistent with
the cognitive reserve hypothesis, reduces the impact of elevated amyloid
burden, with no benefit when amyloid levels are low [46]. In the pre-
clinical stage, education affects baseline performance or symptom
threshold [47], rather than accelerating cognitive decline, which may
explain the lack of a significant interaction between education and
amyloid status.

Another finding was that the A4 study (mean age = 71.92 years)
showed that obesity was positively associated with PACC scores, sug-
gesting slower cognitive decline, consistent with evidence that higher
late-life BMI may reduce dementia risk [48,49]. However, this finding
should be interpreted cautiously because the relationship between
adiposity and cognition in older adults may differ substantially from that
observed in midlife populations [50]. A potential mechanism involves
improved nutritional status and hormonal pathways, such as leptin,
which regulates hippocampal synaptic plasticity and may help reduce
the risk of Alzheimer’s dementia [48,51]. This pattern is also consistent
with the so-called obesity paradox [52,53], in which higher body mass
index in late life appears to be associated with a lower risk of dementia.
One possible explanation for this paradox is reverse causation, whereby
individuals in the early stages of neurodegenerative disease may expe-
rience unintentional weight loss prior to the onset of clinically detect-
able cognitive decline [50,54]. In this context, lower BMI in late life may
reflect underlying preclinical disease processes rather than a direct
protective effect of adiposity. Sex differences may also influence the
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relationship between adiposity and cognitive outcomes in preclinical
Alzheimer’s disease. A cross-sectional analysis of the A4 cohort reported
that overweight and obesity were associated with better verbal memory
in women but worse global cognition in men [22]. Consistent with these
findings, our longitudinal analysis suggests that the association between
obesity and cognitive trajectories differs by sex, with a stronger inverse
association observed among women. Potential explanations may include
sex-related differences in adipose tissue distribution, estrogen meta-
bolism, and inflammatory pathways, although these mechanisms
require further investigation. Although obesity was significantly asso-
ciated with slower cognitive decline in Ap+ individuals, the interaction
between AP status and obesity was not significant. This is likely because
the Ap- group showed a similar but smaller, non-significant association,
possibly reflecting that the potential protective effects of late-life obesity
occur independently of amyloid pathology. Therefore, future studies
incorporating longitudinal weight trajectories and metabolic bio-
markers are needed to clarify whether the observed association reflects
biological protection or prodromal weight loss associated with
neurodegeneration.

In contrast, depressive mood and alcohol use were not significantly
associated with cognitive decline and amyloid status in our analysis.
Several explanations may account for these negative findings. The
prevalence of depressive symptoms in this cohort was very low
(approximately 2-3%), and depressive symptoms were assessed using a
screening tool at a single time point, which may not capture chronic or
clinically significant depression that has been linked to cognitive decline
in prior studies [55]. Similarly, alcohol use was defined as a binary
variable without accounting for dose or long-term exposure, potentially
obscuring nonlinear or threshold effects. In addition, blood pressure was
assessed using a single baseline measurement without longitudinal
variability or treatment status, which may have led to misclassification.
Therefore, the absence of significant associations should be interpreted
with caution and does not exclude a potential role of these factors in
cognitive decline.

This study analyzed two large, well-characterized cohorts with lon-
gitudinal cognitive assessments and amyloid PET imaging, enabling
direct comparison between Af+ and Ap- individuals. However, this
study has several limitations. First, as an observational secondary
analysis, causal inference cannot be established and residual con-
founding may remain. In addition, the Ap+ and Af— groups were
derived from two related but separate cohorts (A4 and LEARN) rather
than a single cohort stratified by amyloid status. Although both cohorts
were derived from a unified screening process, with amyloid-negative
individuals from A4 screening enrolled into LEARN, and used stan-
dardized cognitive assessments, residual between-cohort differences
may still exist. Furthermore, the LEARN study was conducted at a subset
of A4 sites and initiated approximately one year later, raising the pos-
sibility of secular trends in clinical practice over time. For example, A4
participants were slightly older and had higher APOE &4 carrier rates
than LEARN participants. Although age and APOE &4 status were
included as covariates in the statistical models, such adjustments may
not fully capture the complex and potentially nonlinear biological ef-
fects of APOE &4 on amyloid accumulation and cognitive trajectories.
Therefore, the observed interactions between amyloid status and
modifiable risk factors should be interpreted with caution, as they may
partially reflect residual between-cohort confounding. Moreover,
detailed site-level information was not available in the publicly released
dataset, preventing site-restricted analyses or propensity-score match-
ing. Second, modifiable risk factors were assessed only at baseline.
Because longitudinal laboratory measurements were not consistently
available across both cohorts, risk factors were defined at baseline to
maintain comparability between groups. In addition, detailed informa-
tion on pharmacological treatments was not consistently available in the
publicly released dataset used for this analysis. Moreover, metabolic
conditions such as diabetes, hypercholesterolemia, and hypertension are
dynamic; incorporating time-varying or cumulative exposure measures
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may provide a more accurate characterization of metabolic burden.
Third, obesity was defined using a single BMI threshold (>30 kg/m?)
and modeled as a binary variable, which may obscure potential non-
linear or J-shaped associations between adiposity and cognitive
decline across obesity classes. Because of limited numbers in higher BMI
categories, we used a binary classification consistent with prior A4 an-
alyses. Fourth, the low prevalence of certain risk factors, such as low
education, diabetes, and depressive mood, in this study may have
limited the statistical power to detect meaningful associations; never-
theless, the positive interaction observed for diabetes is consistent with
prior evidence but should be interpreted with care. In addition, the very
low prevalence of smoking in this cohort prevented evaluation of this
important modifiable risk factor. Fifth, the A4 and LEARN cohorts
comprised highly selected participants who were predominantly non-
Hispanic White, highly educated, and cognitively intact at baseline.
These characteristics, along with the likelihood that participants were
more health-conscious, may limit the generalizability of our findings to
more diverse populations. Future studies incorporating longitudinal
biomarkers, treatment data, and broader populations are needed to
clarify how modifiable risk factors interact with amyloid pathology and
influence trajectories of preclinical cognitive decline.

5. Conclusion

In conclusion, the significant interactions with amyloid status were
observed for diabetes, high cholesterol, and physical inactivity, indi-
cating that these risk factors were associated with faster cognitive
decline specifically in AP+ individuals. The results suggest that
consideration of amyloid status may be important when evaluating the
potential role of metabolic and lifestyle risk factors in preclinical
cognitive decline. In the A4 study (Ap-+), obesity was associated with a
slower rate of cognitive decline and low education appeared to influence
baseline cognition or the symptom threshold; however, we did not
observe a significant interaction between these factors and amyloid
status. Future studies should incorporate amyloid status and longitudi-
nal biomarkers to clarify causal pathways and assess whether modifying
these factors can slow preclinical cognitive decline.
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