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A B S T R A C T

Background: High cholesterol contributes to the development and progression of dementia due to both Alz
heimer's disease (A.D.) and vascular pathology. However, the effects of lipid-lowering regimen (LLR) on 
cognitive dysfunction and brain neuropathology are unknown.
Objective: To investigate the effect of LLR on the conversion from normal to mild cognitive impairment (MCI), 
indicated by CDR-SOB of >0–2.5 (MCI), and the progression to dementia, indicated by CDR-SOB =>3 (10-year 
follow-up) and LLR effect on the rate of survival (15-year follow-up). Participants were stratified by age (≤70 
years and >70 years), gender, and the presence of at least one copy of the APOE4 allele. We also analyzed the 
effect of LLR on brain neuropathology in participants, indicated by Braak staging, hippocampal atrophy, and CSF 
levels of total Tau. The differential effect of LLR, with or without cerebrovascular disease, lacunar infarct, or 
cystic infarction in the cognitive network, was analyzed.
Methods: We have analyzed the National Alzheimer's Coordinating Center (NACC) Uniform Data Set (UDS).
Results: In participants with CDR-SOB of >0–2.5, the use of hypolipidemic agents was associated with a reduced 
yearly increase in the CDR-SOB scores by 0.0088 (0.0038, 0.0138) unit (P < 0.001). This effect was more 
pronounced in participants with CDR-SOB =>3 showing a reduced yearly increase in the CDR-SOB scores by 
0.1733 (0.1441, 0.2025) unit (P < 0.001) in LLR-users compared to non-users, and an increased rate of survival 
[HR: 0.822 (0.746, 0.906). P = 0.001]. The pattern persisted when participants were stratified based on age, 
gender, and the presence of APOE4. LLR had no significant effect on Braak staging scores, hippocampal atrophy, 
and total CSF Tau level, and was independent of the presence or absence of cerebrovascular disease, lacunar 
infarct, and cystic infarction in cognitive network.
Conclusion: Our results have implications for delaying cognitive dysfunction and halting the progression of de
mentia, regardless of the etiology being related to AD or vascular pathology.

1. Introduction

Alzheimer's disease (AD) is the most common cause of dementia, 
with genetic and environmental factors interacting in a complex manner 

to the development and progression of the disease. The combined global 
percentage of individuals across AD continuum presented with AD de
mentia, prodromal AD [mild cognitive impairment (MCI)], and pre
clinical AD (asymptomatic clinical presentation, with changes in 
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biomarkers), is estimated to be 22 % (416 million) of all persons aged 50 
and above [1]. AD involves a progressive cognitive decline, including 
memory, language, and executive function, and is characterized by the 
abnormal aggregation and accumulation of beta-amyloid (Aβ) in the 
form of extracellular plaques and aggregation of hyper-phosphorylated 
tau protein in the formation of intracellular neurofibrillary tangles 
(NFT) [2].

The initial decline in cognitive function is often subtle, and not 
readily recognized in MCI subjects due to an overlap between what 
could be due to physiological aging and the underlying AD pathophys
iology [3,4]. MCI is heterogeneous in clinical presentation; most present 
with the amnestic (aMCI) subtype which involves deficits in episodic 
memory as single or most prominent characteristic and non-amnestic 
(na) MCI patients, where the memory remains intact, whereas other 
cognitive abilities such as executive function, attention, language, could 
be affected in a single or multiple domains [5]. The aMCI patients are 
more likely to develop AD at follow up [6]. Surrogates of cognitive 
functions such as neuropsychological testing, biomarkers, neuro
imaging, or a combination of these measures are used to define the 
various stages of the disease [3,7].

Similar to MCI development, the progression to A.D. varies 
depending on several factors, including age, the presence of the APOE4 
allele [8], CSF levels of tau [9], and hippocampal atrophy [10] among 
others. Longitudinal SPECT studies in A.D. patients have shown an in
verse correlation between age and cognitive deterioration, assessed by 
the mean annual changes in the mini-mental state examination (MMSE) 
test scores [11] Hippocampal atrophy also correlate with cognitive 
dysfunction [12], and a relationship between baseline tau-PET and 
subsequent atrophy has been observed, particularly in younger patients 
[13].

Vascular risk factors are known to be associated with both devel
opment and progression of AD [14]. This study is one in series investi
gating the effects of cardiovascular drugs on the conversion of normal to 
MCI and the rate of dementia progression and survival, taking into 
consideration both AD and cognitive dysfunction resulting from 
vascular factors among patients with Clinical Dementia Rating Scale 
Sum of Boxes (CDR-SOB) of 0–2.5 (MCI) and CDR-SOB =>3 (dementia), 
stratified by age, gender, and the presence of APOE4 allele, during a long 
term follow-up.

Recently, we have reported the beneficial effects of antihyperten
sives on delaying the rate of conversion from normal to MCI [15] and 
delaying the rate of dementia progression [15], demonstrating that 
these beneficial effects are dependent on the class of antihypertensives 
and are modulated by age, gender, and APOE4 allele.

Another vascular risk factor associated with cognitive dysfunction is 
hypercholesterolemia. A longitudinal study of a large population-based 
sample of apparently normal older community-dwelling persons fol
lowed for 13 years report an association between higher baseline total 
cholesterol serum levels and increased risk of cognitive dysfunction 
[16]. A meta-analysis of 17 studies reports a relationship between total 
cholesterol in midlife and higher risk of AD [17]. However, other studies 
in humans do not support an association between serum cholesterol and 
increased risk of AD [18,19].

A High cholesterol diet in rodents also has shown adverse effects 
inducing significant cognitive impairment and Alzheimer’s-like disease 
[20,21]. These effects have been associated with accelerating intra
neuronal Aβ accumulation [22] and increasing hippocampal hyper
phosphorylated tau [23]. Similar relationships between 
hypercholesterolemia and all AD neuropathological outcomes, 
including NFT, have been observed in the analysis of neuropathological 
and clinical data from NACC participants [24].

Although several observational studies have examined lipid- 
lowering regimens (LLRs) in relation to Alzheimer’s disease [25–27], 
the evidence remains heterogeneous and often limited by narrow in
clusion criteria, short follow-up, or incomplete adjustment for major 
confounders. The present study extends this literature by leveraging one 

of the largest, prospectively collected, clinically adjudicated datasets 
available, enabling a comprehensive evaluation of LLR exposure across 
the full spectrum of cognitive decline. By incorporating broad real-world 
treatment patterns, stratifying by age, sex, and APOE4 genotype, and 
integrating neuropathological outcomes, this analysis provides a more 
granular understanding of the potential role of lipid-lowering therapy in 
modulating disease trajectories. While the magnitude of effect is ex
pected to be modest in population-based cohorts, even small annual 
differences may accumulate to clinically relevant delays in progression 
at the population level.

2. Methods

The study was approved by the Internal Review Board of the State 
University of New York at Buffalo, Buffalo, NY, U.S.A., and all partici
pants' information were de-identified in the data set received from the 
National 'Alzheimer's Coordinating Center (NACC). Written informed 
consent is obtained from all participants and co-participants.

2.1. Study design

All data were obtained only from and validated by the NACC. From 
September 2005 to the specific data freeze of March 2020 (containing 
data on to Feb 2020) Alzheimer's Disease Research Centers (ADRCs) 
across the U.S.A. have been contributing data to the UDS, using a pro
spective, standardized, and longitudinal clinical evaluation of the sub
jects in the National Institute on Aging's (N.I.A.'s) ADRC program. In 
each subject's approximate annual UDS visit, the clinician completes 
data collection forms, covering topics from subject demographics to 
neurological examination findings, neuropsychological test results and 
psychiatric symptoms or other diagnoses issues on individuals with 
normal cognition, MCI, and dementia. For each ADRC visit, a multi
disciplinary team or a single clinician determines a clinical diagnosis 
based on established (national) guidelines. LLR exposure was modeled 
as a time-varying covariate to reflect real-world treatment patterns.

2.2. Study population

The UDS reflects the total enrollment of the N.I.A.'s ADRCs from 
2005 up to the data freeze of March 2020. Each Center enrolls its par
ticipants according to its protocol — e.g., clinician referral, self-referral 
by participants or family members, active recruitment in the community 
organizations, etc. Most centers also enroll volunteers with normal 
cognition and highly educated. Overall, participants are enrolled using 
different methods and for different research purposes at the N.I.A.'s 
ADRCs.

In this large prospective, standardized clinical case series rather than 
a longitudinal study in a strict sense, the analysis is based on complete 
covariates cases assuming that the missing patterns in covariates are 
random and do not depend on observed or unobserved observations. 
Loss of follow-up is right-censored data, incorporated in the data 
analysis.

2.3. Inclusion/Exclusion criteria

Inclusion criteria: (i) Participants with CDR-SOB>0–2.5 and CDR- 
SOB≥3; (ii) Participants who took any hypolipidemic drugs at least 
once.

Exclusion criteria: (i) Participants older than 90 years; (ii) Participants 
with no or incomplete records of hypolipidemic use for analysis; (iii) 
participants who died at their first record of CDR-SOB, with no follow- 
up. Participants with incomplete medication records were excluded to 
minimize exposure misclassification (v) Participants using antihyper
tensive or antidiabetic medications were excluded because the use of 
antidiabetic [28] and antihypertensives [15] medications independently 
influence cognitive outcomes and would introduce substantial 
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confounding if retained.
The results were limited to a 10-year follow-up for assessing the ef

fect of LLR on transition to MCI and on disease progression, and 15-year 
follow-up for assessing LLR effect on the rate of survival. LLR exposure 
was determined using a NACC code indicating current use of prescrip
tion antihyperlipidemic medications including statins, fibric acid de
rivatives, bile acid sequestrants, cholesterol absorption inhibitors, 
although the data doesn’t differentiate between classes of LLRs. The 
possible use of LLR was documented at each clinical visit as part of the 
standardized UDS medication assessment. The LLR exposure was treated 
as a time-varying covariate in our analysis.

The results were corrected for mental disease signs indicated by the 
use of antipsychotic drugs, due to a relationship between psychiatric 
diseases and cognitive deficit [29], Parkinson's disease (P.D.), history of 
traumatic brain injury (T.B.I.), alcohol abuse, active depression in the 
last two years, heart attack/cardiac arrest, education history, and his
tory of smoking.

2.4. PICO framework

To ensure clinical evidence, a PICO framework [30] was applied with 
a population consisting of an ADRC data pool. Interventions consisting 
of hypolipidemics treatments/prophylaxis focused primarily on A.D. 
progression.Comparisons between clinical and pathological A.D. pro
gression in different subgroups and outcomes vary but are based on 
neuropsychological tests.

2.5. Data collection

The UDS data, from the whole ADRCs data pool are collected using 
different standardized evaluations of participants enrolled in ADRC 
clinics. Data is recorded directly on UDS forms (hard copy or electronic) 
during the evaluation process. Information is collected during in-person 
office visits, home visits, and telephone calls. In addition, Milestone 
Forms are used to document participant death and drop-out. The UDS is 
longitudinal, and its protocol requires an approximate annual follow-up 
for as long as the participant can be involved. Late-stage participants 
forced to drop out due to health may continue to be followed strictly for 
autopsy purposes. Trained clinicians and clinic personnel collect data 
from participants and their co-participants (usually close friends or 
family members). Depending on a given and validated ADRC protocol, 
diagnosis is made by either the consensus of the involved team or 
clinicians.

Although the focus of the ADRCs is A.D., the Centers also collect data 
on various associated disorders, such as vascular dementia, Lewy body 
dementia, and frontotemporal lobar degeneration (FTLD). Furthermore, 
the use of medications — e.g., antihypertensives, hypolipidemics, anti
diabetics, antidepressants, and antipsychotics is documented at each 
visit and during follow-up. However, completing the form assessing the 
participant's use of medications is optional; therefore, completing the 
record of adherence to the treatment regimen may be incomplete.

2.6. Data management

To ensure patient privacy, the stored and transmitted data are de- 
identified at the participants and organization level. Structured data 
recorded in the electronic health records are assimilated into the data
base need, not meeting the data to standard and controlled clinical 
terms. A rigorous data quality assessment excludes records that do not 
meet quality standards and basic formatting requirements for adequate 
data representation. Missingness patterns were evaluated, and missing 
baseline covariates were addressed using the first non‑missing value 
from repeated measures.

2.7. Further diagnostic evaluation

For some UDS patients, CSF values are available for A-β42, T-tau and 
P-181 tau, and were used for the current study. In the presented dataset 
here, genotypic data (i.e., APOE status) is available at NACC for 75 % of 
UDS participants, as well as genetic information on whether the 
participant or their family has any known A.D. or FTLD mutations.

2.8. Psychiatric assessment

Psychiatric symptom data included (i) a history of depression (coded 
as consulting a clinician, (ii) being prescribed medication or receiving a 
diagnosis related to depressed mood), (iii) a depressive symptoms scale 
(Geriatric Depression Scale-Short Form), (iv) history of pseudobulbar 
affect, and (v) history of substance use disorder and the Neuropsychi
atric Inventory Questionnaire (NPI-Q) assessing presence/absence of 12 
neurobehavioral symptoms Validation of the NPI-Q, a brief clinical form 
of the Neuropsychiatric Inventory.

2.9. Neurological examination

For this study, we have used a cohort of participants from NACC- 
UDS, limiting it to patients who enrolled having CDR-SOB of >0 as in
dicator of transition from normal to MCI and CDR-SOB of =>3, indicator 
of progression to dementia, as assessed by Dementia Staging Instrument, 
with a follow-up of 10 years during disease development and progres
sion and follow-up of 15 years for assessing survival with the possibility 
of death. In addition, we have provided the values for the group dif
ferences in CDR®, MMSE scores and Montreal cognitive assessment 
(MoCA) scores.

2.10. Statistical analysis

The S.A.S. (Version 9.4) and R 4.0.2 software were used for all sta
tistical analyses. We created the time from CDR-SOB of >0–2.5 (MCI) 
and of CDR-SOB of =>3 to death with a follow-up of 10 years. The rate 
of survival was assessed at 15-year follow-up, and the data was censored 
for patients still alive at the end of 15-year. Normal conversion to MCI 
was defined as an increase in CDR-SOB of >0–2.5 and disease progres
sion was defined as an increase in the CDR-SOB scores to 3 or higher. In 
case of missing baseline demographics data, the first non-missing value 
from the repeated measure data was used. We differentiated between 
hypolipidemic-users (minimum of one-time use) and non-users, with 
further stratifications based on age, gender, and at least one copy of the 
APOE4 allele. We used χ2 tests for categorical variables and independent 
sample t-test for continuous variables for univariate data analysis. For 
the regression model for including various covariates, we fitted a logistic 
model for binary outcomes and multiple regression or the mixed effects 
model for numeric outcomes.

The primary objective was the group differences in the rate of disease 
development and progression indicated by the increase in CDR-SOB 
scores between hypolipidemic-users and non-users. The rate of disease 
development and progression were corrected for the systolic and dia
stolic B.P. values, in both lipid lowering regimen (LLR)-users and non- 
users. The date of the initial visit, when the participant was diagnosed 
with CDRSOB of >0–2.5, and of CDRSOB =>3, were defined as starting 
point or disease development and disease progression respectively and 
analyzed during 10-year follow up. The secondary objective was the 
proportion of patients' survival from CDRSOB of =>3 to death during 
15-year follow up. These unadjusted survival analyses were carried out 
using the log-rank test and Kaplan-Meier (K.M.) curve, and participants 
ending the follow-up period still alive produced censored observations.

We performed the adjusted survival analysis using the additive 
hazards regression model incorporating covariates of interest and in
teractions when moderating effects of covariates are suspected. The 
additive hazard model describes the association between the covariates 
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and time to event regarding the absolute change in the risk. Several 
important covariates including P.D. status, history of T.B.I., vitamin B12 
deficiency, alcohol abuse, smoking, education, cardiovascular disease, 
depression, and any antipsychotic drugs usage during the follow-up. 
Loss of follow-up is considered right-censored data and incorporated 
in the data analysis. Covariate selection and model specification were 
informed by a prespecified causal framework based on established 
literature.

2.11. Statistical approach

2.11.1. Justification for the additive hazards model
The additive hazards model was selected for survival analyses 

because it estimates absolute risk differences, which are more clinically 
interpretable than relative hazards in the context of chronic neurode
generative diseases. This model does not rely on proportional hazards 
assumptions, which are unlikely to hold in heterogeneous aging cohorts, 
and it accommodates time-varying exposures without inducing struc
tural bias. The choice of this model aligns with the study’s objective of 
quantifying the magnitude of survival differences attributable to LLR 
exposure.

2.11.2. Time-varying modeling of LLR exposure
LLR use was modeled as a time-varying covariate to reflect real- 

world treatment patterns and to avoid immortal-time bias. Partici
pants frequently initiate, discontinue, or modify lipid-lowering therapy 
during follow-up; treating exposure as fixed would misclassify treatment 
windows and artificially inflate effect estimates. The time-varying 
structure ensures that person-time is correctly attributed to the 
exposed or unexposed category only during periods in which LLR use 
was documented.

2.11.3. Exposure misclassification minimization
To reduce exposure misclassification, LLR use was defined strictly 

based on documented medication records at each visit. Participants with 
incomplete or inconsistent medication histories were excluded. 
Modeling LLR as a time-varying exposure further minimized misclassi
fication by ensuring that treatment status reflected the actual timing of 
documented use rather than baseline assignment.

2.11.4. Confounding control strategy
Covariate selection was guided by a prespecified causal framework 

informed by established literature linking cardiovascular, metabolic, 
and neurodegenerative pathways. Adjustment variables included de
mographic factors (age, sex, education), APOE4 genotype, vascular 
comorbidities, psychiatric symptoms, blood pressure, smoking, alcohol 
use, and neurological conditions known to influence cognitive trajec
tories. Exclusion of participants using antihypertensive or antidiabetic 
medications was implemented to reduce confounding from two major 
cardiometabolic pathways independently associated with cognitive 
decline. This strategy was designed to block major backdoor paths and 
minimize residual confounding.

2.11.5. Handling of missing data
Missing baseline demographic variables were addressed by carrying 

forward the first non-missing value from repeated measures, consistent 
with the structure of the NACC dataset. Missingness was assumed to be 
missing at random (MAR), as most missing data resulted from admin
istrative rather than clinical factors. Participants with incomplete 
medication records or missing outcome data at baseline were excluded 
according to predefined criteria to preserve internal validity. The pro
portion of missingness for key covariates was quantified and reported.

2.11.6. Assumptions and model diagnostics
Model assumptions were evaluated to ensure validity of the analyt

ical approach. For the additive hazards model, cumulative regression 

functions were inspected for stability over time. For mixed-effects 
models, residual distributions and random-effects structures were 
examined to confirm appropriate fit. No major violations of model as
sumptions were detected. Proportional hazards assumptions were not 
required due to the use of an additive hazards framework.

Together, these methodological choices were designed to maximize 
internal validity, reduce structural bias, and provide clinically inter
pretable estimates of the association between LLR exposure and cogni
tive outcomes.

3. Results

Table 1A presents patients’ demographics stratified by CDR-SOB 
scores of >0–2.5 and CDR-SOB scores of ≥ 3, W/LLR and WO/ LLR 
usage. LLR-users were older in CDR-SOB >0–2.5 (72.2± 8 years vs. 69.5 
±11 years) and CDR ≥ 3 (73.7±8 years vs. 71.8±10 years) compared to 
non-users (Ps < 0.001). The systolic blood pressure was significantly 
higher, and diastolic blood pressure was significantly lower in LLR-users 
compared to non-users, in both CDR-SOB >0–2.5 and CDR-SOB ≥ 3 
subgroups (Ps < 0.001) resulting in significantly lower mean blood 
pressure in LLR-users compared to non-users (P < 0.001).

Table 1B presents the results of neuropsychological tests stratified by 
the use of LLR. The response of participants with the CDR-SOB >0–2.5 to 
LLR was opposite to participants with CDR-SOB ≥ 3. The participants 
who used LLR with CDR-SOB >0–2.5 showed higher CDR, CDR-SOB and 
lower MoCA and MMSE scores compared to LLR non-users (P values <
0.001). In contrast, The CDR-SOB ≥ 3 subgroup on LLR had lower CDR, 
CDR-SOB (P values < 0.001) and higher MoCA (P = 0.042) and MMSE (P 
= 0.130) scores compared to LLR non-users.

3.2. Hypolipidemics and cognitive dysfunction-development and 
progression

Fig. 1 presents the effect of LLR on the conversion from normal to 
MCI stratified by age (1A), gender (1B), and the presence of at least one 
copy of APOE4 (1C) in a sample size of 28,372 participants. The use of 
LLR reduced the increase in CDR-SOB scores by 0.0088 (0.0038, 0.0138) 
unit per year (P < 0.001) compared to LLR-non-users. The average 

Table 1A 
Patients’ demographics stratified by CDR-SOB scores of 0≥ 2.5 and CDR-SOB 
scores of ≥ 3, W/LLR and WO/ LLR. P < 0.05 is statistically significant.

CDR-SOB >0–2.5 CDR-SOB≥ 3

Pt’s 
demographics

W/LLR W/O 
LLR

P- 
value

W/ 
LLR

W/O 
LLR

P- 
Value

N (%) 11,790 
(41.5)

16,582 
(58.5)

​ 9803 
(57.0)

7417 
(43.0)

N/A

Age (years, 
mean±SD)

72.2 (8.1) 69.5 
(11.0)

<0.001 73.7 
(8.49)

71.8 
(10.8)

<0.001

ApoE4 (1 or 2 
copies)

​ ​ <0.001 ​ ​ <0.001

Yes (%) 3285 
(45.0)

3955 
(55.0)

​ 3027 
(47.0)

3445 
(53.0)

​

No (%) 5199 
(40.0)

7926 
(60.0)

​ 2431 
(40.0)

3636 
(60.0)

​

Missing data 
(%)

3306 
(41.0)

4701 
(59.0)

​ 4345 
(50.0)

4336 
(50.0)

​

BP [median] ​ ​ ​ ​ ​ ​
Systolic 

(mmHg)
135 
[123,150]

133 
[120, 
150]

<0.001 136 
[122, 
150]

135 
[120, 
152]

<0.001

Diastolic 
(mmHg)

76 [69, 
83]

78 [70, 
85]

<0.001 75 
[68, 
83]

78 
[70, 
85]

<0.001

Mean 
(mmHg)

95 [88, 
104]

96 [87, 
105]

<0.001 95 
[87, 
104]

96 
[87, 
106]

<0.001

Abbreviations: BP: blood pressure; CDR-SOB: clinical dementia rating-sum of 
boxes; LLR: lipid lowering regimen.
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yearly proportion of MCI participants (0 > CDR-SOB ≤ 2.5) who tran
sitioned to CDR-SOB≥3 during the 10-year follow up was 1.48 % for 
LLR-users compared to 1.83 % for LLR non-users.

This trend continued when participants were stratified by age [≤ 70 
(n = 13,327) 0.0128 (0.0066, 0.0190, P < 0.001)] and >70 (n = 15,045) 
00.0089 (0.0014, 0.0164), P = 0.02)] (Fig. 1A); in male (n = 11,527) 
0.0204 (0.0117, 0.0290) P < 0.001)] but not in female [(n = 16,845) 
0.0018 (-0.0042, 0.0079, P = 0.555)] gender (Fig. 1B); and in partici
pants with at least one APOE4 allele [(n = 7240) 0.0185 (0.0085, 
0.0286) (P < 0.001)], but not in those without APOE4 allele [(n =
13,125) 0.0044 (-0.0015, 0.0104) (P = 0.145)] presence (Fig. 1C).

Fig. 2 presents the effect of LLR on the progression of dementia. The 
results are stratified by age (2A), gender (2B), and the presence of at 
least one copy of APOE4 (2C) in a sample size of 17,183 participants. 
The use of LLR reduced the increase in CDR-SOB scores by 0.1733 
(0.1441, 0.2025) unit per year (P < 0.001) compared to LLR-non-users. 
The average yearly proportion of participants with CDR-SOB ≥ 3 who 
transitioned to CDR-SOB = 18 during the 10-year follow up was 0.53 % 
for LLR-users compared to 1.50 % for LLR non-users.

This trend continued when participants were stratified by age [≤ 70 
(n = 6517) 0.2238 (0.1730, 0.2747), P < 0.001)] [>70 [(n = 10,666) 
0.1376 (0.1021, 0.1731), P < 0.001] (Fig. 2A). LLR had similar effects 
when participants were stratified by gender [female (n = 8725) 0.1259 
(0.0843, 0.1676, P < 0.001)] [male (n = 8458) 0.2153 (0.1743, 
0.2564), P < 0.001] (Fig. 2B) and in participants with [(n = 6464) 
0.1579 (0.1168, 0.1990) (P < 0.001)] and without [(n = 6041) 0.2167 
(0.1686, 0.2647), P < 0.001] (Fig. 2C) the presence of APOE4 allele. 
Further stratification of participants to ≤50 years vs. >50 years and ≤60 
years vs. >60 years showed that the LLR benefit on CDR-SOB is mostly 
apparent in participants >50 years old (P < 0.001) and is absent in 
participants <50 years old (n = 268) (P = 0.660). Nevertheless, 31 
participants in the <50 years old subgroup eventually reached CDR-SOB 
= 18.

3.3. Hypolipidemics and rate of survival in participants progressing to 
dementia

Fig. 3 presents the effect of LLR on the rate of survival in participants 
who progressed to dementia (CDRSOB of =>3), stratified by age (3A), 
gender (3B) and the presence of one or two APOE4 allele (3C). LLR use 
increased the rate of survival in participants who progressed to dementia 
[HR: 0.822 (0.746, 0.906). P = 0.001] (Fig. 3). This pattern was similar 
after participants’ stratification based on age [≤ 70: 10.828 (0.714, 
0.961), P = 0.01] [> 70: 0.843 (0.741, 0.959), P = 0.01] (Fig. 3A). 
Further stratification of participants to ≤50 years vs. >50 years and ≤60 
years vs. >60 years showed that the LLR benefit on survival rate is 
mostly apparent in participants >50 years old (n = 268) (P < 0.001) and 
is absent in participants ≤50 years old (P = 0.90).

LLR had similar effects when participants were stratified by gender 
[female: 0.858 (0.751, 0.981), P = 0.02] [male: 0.812 (0.704, 0.936), P 
= 0.004] (Fig. 3B) and the existence [0.818, (0.707, 0.944), P = 0.006] 
or absence [0.832 (0.706, 0.979), P = 0.03] of at least one copy of 
APOE4 allele (Fig. 3C).

3.4. LLR and post-mortem AD brain neuropathology

We compared the severity of brain neuropathology between LLR- 
users and non-users by analyzing the group differences in Braak stag
ing, and hippocampal atrophy. Among participants, 22.4 % (n = 1697) 
LLR-users, and 28.4 % (n = 2431) non-users had postmortem autopsy. 
The severity of Braak staging (I+II, III+IV, V+VI) (Fig. 4A) and hippo
campal atrophy (none, mild, moderate, severe) (Fig. 4B) were not 
different between LLR-users and non- users (P > 0.05). Similar analysis 
of 142 “pure AD” LLR-users, and 219 “pure AD” LLR-non-users did not 
show statistically significant differences in the severity of Braak staging 
and hippocampal atrophy between subgroups (results not shown). No 
significant differences in total CSF Tau levels were observed between 
LLR-users and non-users (P > 0.05). Using generalized linear mixed 
model, the LLR effect did not vary in the presence of other brain 
neuropathology, including cerebrovascular disease, lacunar infarct, and 
cystic infarction in cognitive network.

4. Discussion

This study should be interpreted within the context of literature that 
has repeatedly explored the association between LLR and cognitive 
outcomes. While conceptual overlap is unavoidable, the present analysis 
contributes incremental but meaningful evidence by examining a 
broader and more heterogeneous cohort than most prior studies, 
applying inclusive exposure definitions that reflect real-world pre
scribing patterns, and integrating long-term clinical and neuropatho
logical endpoints. The breadth of the inclusion strategy enhances 
generalizability, whereas the exclusion of individuals receiving antihy
pertensive or antidiabetic therapy reduces confounding from two major 
cardiometabolic pathways known to influence cognitive decline. This 
balance between inclusiveness and specificity strengthens the inter
pretability of the observed associations.

We have conducted exhaustive analysis of NACC participants’ 
dataset showing that LLR have the potential to delay the conversion of 
normal to MCI as well as impede the progression of dementia increasing 
survival. The same pattern was observed after participants’ stratification 
by age, gender, and the existence of at least one copy of APOE4 allele. 
Nevertheless, the clinical effects of LLR seem to be more pronounced in 
the progressive stage of the disease compared to the initial stages. Our 
results agree with a systematic review and metanalyses of 36 observa
tional studies reporting associations between statins and decreased risk 
of dementia and AD with no gender differences [31]. However, the LLR 
clinical effect is apparent in participant above 50 years old and is absent 
in younger participants. This age-dependent pattern aligns with findings 
from recent studies suggesting that statins and other lipid-lowering 
agents may exert neuroprotective effects primarily in older adults 
[32]. Moreover, a longitudinal cohort study demonstrated that statin use 
was associated with slower cognitive decline in patients with Alz
heimer’s disease and mixed dementia, with a dose-response relationship 
favoring older user [33]. Our results suggest that the LLR effect on 
cognitive function is complex and may be both age- and stage-dependent 
[34], echoing broader evidence that peripheral hypercholesterolemia in 
midlife is linked to late-life cognitive decline [33].

One can argue that the beneficial effects of statins stem from their 

Table 1B 
Neuropsychological tests in participants stratified by CDR-SOB scores and LLR.

Variables CDR-SOB >0–2.5 CDR-SOB ≥3

Neropsychological tests W LLR W/O LLR P-value W LLR W/O LLR P-value

CDR (mean±SD) 0.238 (0.255) 0.198 (0.250) <0.001 0.981 (0.561) 1.07 (0.628) <0.001
CDR-SOB (mean±SD) 0.668 (0.916) 0.552 (0.873) <0.001 5.74 (3.04) 6.25 (3.43) <0.001
MoCA (raw) 25.1 (8.62) 26.00 (9.28) <0.001 21.1 (18.8) 22.6 (21.8) 0.0422
MMSE (mean±SD) 28.5 (6.94) 29.1 (8.55) <0.001 23.4 (13.4) 23.0 (14.9) 0.1302

Abbreviations: as in Table 1A and CDR: clinical dementia rating; MMSE: mini mental test examination; MoCA: Montreal cognitive assessment.
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Fig. 1. Presents the effect of LLR on the CDR-SOB scores on the conversion from normal to MCI. Results are stratified by age (1A), gender (1B), and the existence of at 
least one copy of APOE4 allele (1C). The results are shown for 10-year follow-up. P < 0.05 is statistically significant. 
Abbreviation: LLR: Lipid Lowering Regimen Fig. 1.
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Fig. 2. Presents the effect of LLR on the CDR-SOB scores indicating the progression of dementia. Results are stratified by age (2A), gender (2B), and the existence of 
at least one copy of APOE4 allele (2C). The results are shown for 10-year follow-up. P < 0.05 is statistically significant. Abbreviation: as in Fig. 1.

Z. Sternberg et al.                                                                                                                                                                                                                               The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100555 

7 



Fig. 3. Presents the effect of LLR on the rate of survival in participants who progressed to dementia (CDRSOB of =>3), stratified b age (3A), gender (3B), and the 
existence of APOE4 allele (3C) (1 or 2 copies) during 15-year follow-up. 
P < 0.05 is statistically significant Fig. 3.

Z. Sternberg et al.                                                                                                                                                                                                                               The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100555 

8 



pleiotropic effects including anti-inflammatory effects [35]. Neverthe
less, in the Prospective Study of Pravastatin in the Elderly at Risk 
(PROSPER) trial of 5804 elderly individuals aged 70–82 years with a 
history of, or risk factors for, vascular disease, reported no effect of 
pravastatin on cognitive function despite cardiovascular benefits among 
the study participants [36]. Thus, although the pleiotropic effects of 
statins remain biologically plausible mechanisms for cognitive protec
tion, current evidence does not support their use for this purpose in older 
adults without clear indications for lipid-lowering therapy.

Our absolute effect sizes—approximately 0.01 CDR-SOB units per 
year for transition to MCI and 0.17 units per year for progression to 
dementia—are modest. Such magnitudes are expected in large, hetero
geneous cohorts where cognitive decline is multifactorial and gradual. 
Importantly, small annual differences can accumulate over extended 
follow-up, potentially delaying clinically significant milestones such as 
loss of independence or institutionalization. In the context of a disease 
with limited disease-modifying options, even incremental slowing of 
decline may have meaningful public health implications, particularly 
when applied across aging populations with high prevalence of 
hyperlipidemia.

Emerging evidence highlights cholesterol metabolism as critical 
mediator of AD pathogenesis. Amyloid PET scan data derived from non- 
demented participants in the Alzheimer’s Disease Neuroimaging Initia
tive (ADNI) show that higher levels of serum cholesterol accelerate Aβ 
deposition in the brain [37], suggesting a relationship between hyper
cholesterolemia and cognitive dysfunction. This relationship may be 
mediated, in part, through cholesterol oxidation products, such as 24 
(S)− hydroxycholesterol (24-OHC) and 27-Hydroxycholesterol 
(27-OHC). Both levels were significantly higher in the CSF of those 
diagnosed with early AD compared to the levels in controls [38]. 
Through passive diffusion, the 27-OHC can enter the CNS, with the 
potential for increasing Aβ accumulation and deposition [39], and 
promoting neuroinflammation [40].

High cholesterol, specifically high LDL, also contributes to dementia 
through increasing cerebral small vessel disease burden [41], therefore 
linking high cholesterol to both AD and vascular dementia. Consistent 
with these mechanistic insights our finding demonstrates that LLR is 

associated with slower cognitive decline, improved survival in demen
tia, and stage-dependent benefits across APOE4 subgroups, despite no 
significant difference in classical neuropathological markers. Taken 
together, these results suggest that cholesterol and its metabolites act as 
dual drivers of neurodegeneration, while hypolipidemic therapy may 
mitigate their downstream effects, providing a mechanistic rationale for 
the observed clinical benefits.

Although our findings demonstrate that LLR use was associated with 
slower clinical progression and improved survival, no notable differ
ences were observed in neuropathological or fluid biomarkers. Specif
ically, Braak staging, hippocampal atrophy, and CSF tau concentrations 
were comparable between LLR-users and non-users. This absence of 
biomarker effect suggests that the clinical benefits of LLR may not be 
mediated through direct modification of classical Alzheimer’s disease 
pathology. These results are consistent with large autopsy-based co
horts, such as the Religious Orders Study and the Rush Memory and 
Aging Project, which reported limited associations between statin 
exposure and post-mortem indices of amyloid or tau burden [42,43]. 
The absence of differences in Braak staging, hippocampal atrophy, or 
CSF tau between LLR users and non‑users suggests that the observed 
clinical benefits may operate through pathways other than core Alz
heimer’s pathology. Potential mechanisms include vascular stabiliza
tion, anti‑inflammatory effects, or modulation of peripheral cholesterol 
metabolism. These findings align with emerging evidence that vascular 
and metabolic factors contribute substantially to clinical progression 
even in the presence of established AD pathology.

Recent neuroimaging studies using tau PET have shown heteroge
neous patterns of tau accumulation that are not consistently altered by 
statin use [44]. By contrast, some epidemiological and mechanistic 
studies have suggested that statins may reduce amyloid deposition or 
tau phosphorylation, particularly in APOE4 carriers [31,45]. However, 
these findings have not been reliably replicated in neuropathological 
analyses, highlighting a divergence between clinical and mechanistic 
evidence. Meta-analyses of observational studies have further compli
cated the picture, with some reporting reduced dementia risk among 
statin users, while others found no significant association [46,47]. The 
NILVAD trial, for example, observed no biomarker-level differences 
despite modest clinical benefits in statin-treated patients with 
mild-to-moderate Alzheimer’s disease [42].

Taking it together, our findings support the view that LLR effects may 
be exerted through pathways other than those that directly modulate 
amyloid or tau pathology. This dissociation between clinical outcomes 
and biomarker neutrality underscores the need for future studies that 
integrate longitudinal biomarker trajectories with clinical endpoints. 
Such work will clarify whether the protective effects of LLR reflect 
symptomatic modulation, systemic resilience, or subtle changes below 
the threshold of current neuropathological detection. By bridging clin
ical outcomes with mechanistic pathway, our study contributes to a 
growing body of evidence that positions LLR as a potential adjunct in the 
management of AD and related dementias.

The more pronounced association observed among APOE4 carriers is 
consistent with mechanistic evidence implicating cholesterol transport 
and APOE‑dependent pathways in amyloid deposition, neuro
inflammation, and synaptic vulnerability. Although the effect remains 
modest, the genotype‑specific signal suggests that lipid‑lowering ther
apy may confer differential benefit in biologically defined subgroups. 
These findings underscore the need for future studies integrating genetic 
stratification, lipidomic profiling, and longitudinal biomarker trajec
tories to clarify whether APOE4 carriers represent a therapeutically 
responsive subgroup.

The cognitive effects of LLR, particularly statins and PCSK9 in
hibitors, remain a subject of ongoing debate. Our findings reveal a 
complex and seemingly contradictory relationship between LLR use and 
neuropsychological outcomes in individuals with varying degrees of 
dementia. In cross-sectional analyses, participants receiving LLR 
exhibited lower scores on cognitive assessments (MoCA, MMSE) 

Fig. 4A. Presents the differences in Braak staging between LLR-users and non- 
users Fig. 4A. 
P > 0.05.

Fig. 4B. Presents the differences in hippocampal atrophy between LLR-users 
and non-users Fig. 4B. 
P > 0.05.
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compared to non-LLR counterparts, particularly within the mild de
mentia subgroup (CDR >0–2.5). These differences were statistically 
significant (P < 0.001), suggesting a potential association between LLR 
and reduced cognition. However, this interpretation is complicated by 
the concurrent observation that this same LLR user group also presented 
with lower Clinical Dementia Rating (CDR) and CDR-Sum of Boxes 
(CDR-SOB) scores, indicating less severe clinical dementia at baseline.

Longitudinal data spanning a 10-year follow-up period revealed a 
more compelling narrative: participants on LLR demonstrated a signif
icantly slower progression of dementia symptoms, as evidenced by 
consistently lower CDR-SOB scores over time (P < 0.001). This suggests 
that while LLR may not confer immediate cognitive benefits, it could 
play a protective role in attenuating long-term functional decline, 
potentially through vascular or anti-inflammatory mechanisms. These 
findings align with recent meta-analytic evidence from randomized 
controlled trials, which found no significant reduction in incident 
cognitive impairment or dementia with LLR use (OR 0.96; 95 % CI: 
0.74–1.26) but affirmed the cognitive safety of such therapies [48]. 
Moreover, a large cohort study from the Swedish SveDem registry 
demonstrated a dose-response benefit of statins, with simvastatin users 
showing improved MMSE scores over three years compared to other 
statin types [33]. Similarly, a multicenter observational study found that 
LDL-C levels below 70 mg/dL were associated with a 26 % reduction in 
all-cause dementia risk, with statin use providing additional protective 
effects [49].

Taken together, these data suggest a nuanced dynamic: (a) Cross- 
sectional snapshots may reflect transient cognitive fluctuations or con
founding by indication (e.g., LLR prescribed to higher-risk individuals). 
(b) Longitudinal trajectories, however, highlight the potential for LLR to 
modulate disease progression, especially in early-stage dementia. This 
apparent contradiction underscores the importance of temporal context 
in evaluating cognitive outcomes and cautions against relying solely on 
static cognitive scores. Future research should prioritize longitudinal 
designs, stratify by dementia subtype and severity, and differentiate 
between lipid-lowering agents to elucidate their mechanistic impact on 
neurodegeneration.

4.1. Strength & limitations

This study has several strengths. It leverages one of the largest, 
prospectively collected, clinically adjudicated datasets available for 
Alzheimer’s disease research, enabling evaluation of lipid-lowering 
regimen (LLR) exposure across the full cognitive continuum. The use 
of standardized assessments from the National Alzheimer’s Coordi
nating Center (NACC) minimizes diagnostic heterogeneity and ensures 
consistency in outcome measurement. Modeling LLR exposure as a time- 
varying covariate reduces immortal-time bias and more accurately re
flects real-world treatment patterns. The integration of clinical trajec
tories, survival outcomes, and neuropathological data provides a 
uniquely comprehensive view of LLR associations with disease pro
gression. Extensive stratified and sensitivity analyses—across age, sex, 
APOE4 genotype, and neuropathological subgroups—support the 
robustness and generalizability of the findings.

Several limitations should be acknowledged. As an observational 
study, residual confounding cannot be excluded, particularly given the 
inability to differentiate between classes, doses, or duration of lipid- 
lowering therapies. Medication adherence was incompletely captured, 
and treatment exposure may be misclassified despite time-varying 
modeling. Participants enrolled in ADRCs are not fully representative 
of the general population, with higher education levels and greater 
engagement in clinical research, potentially limiting external validity. 
Missing data, although addressed using predefined rules, may introduce 
bias if missingness deviates from the assumed missing-at-random 
mechanism. Neuropathological analyses were restricted to participants 
who underwent autopsy, a subset that may differ systematically from the 
broader cohort. Finally, the absence of biomarker-based staging for all 

participants limits the ability to disentangle AD-specific from vascular or 
mixed etiologies.

Despite these limitations, the study provides robust, population-level 
evidence that LLR exposure is associated with slower clinical progres
sion and improved survival, offering insights that may inform future 
mechanistic and interventional research.

Taken together, the present findings offer moderate but robust in
cremental evidence that lipid-lowering therapy is associated with slower 
cognitive decline and improved survival, even in the absence of 
detectable differences in classical neuropathological markers. The 
dissociation between clinical benefit and biomarker neutrality high
lights the complexity of cholesterol-related mechanisms in neuro
degeneration and suggests that LLRs may exert their effects through 
pathways not captured by traditional AD pathology metrics. These re
sults should be viewed as hypothesis-generating and complementary to 
existing literature, providing a foundation for more targeted mecha
nistic and interventional studies. Future studies should incorporate 
detailed pharmacologic data, longitudinal biomarker tracking, and 
randomized designs to disentangle the cognitive effects of individual 
LLRs in hope of optimizing therapeutic strategies.

5. Conclusion

Our comprehensive analysis of the NACC dataset, supported by 
converging evidence from observational studies and longitudinal co
horts, underscores the potential of lipid-lowering agents (LLRs)— 
particularly statins—to mitigate cognitive decline and delay the pro
gression of dementia. Protective effects appear to be both age- and stage- 
dependent, with older adults and those in advanced stages of cognitive 
impairment deriving the greatest benefit. These findings align with 
emerging mechanistic insights linking cholesterol metabolism, oxysterol 
profiles, and blood–brain barrier integrity to neurodegeneration.

While the pleiotropic properties of statins offer biologically plausible 
pathways for cognitive protection, their clinical utility remains nuanced. 
The absence of consistent effects in randomized trials like PROSPER and 
the lack of differentiation between LLR classes in the NACC dataset 
highlight the need for more granular research. Future studies should aim 
to disentangle the contributions of individual LLRs, explore the impact 
of combination therapies, and assess the role of statin solubility in 
crossing the BBB.

Taken together, our results contribute to a growing body of evidence 
suggesting that cholesterol management—particularly in midlife and 
among high-risk populations—may play a critical role in preserving 
cognitive health. However, targeted interventions and personalized 
approaches will be essential to translate these findings into practical 
clinical strategies.
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