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Abstract

Background and Objectives

The associations of high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C) with dementia risk in later life may be complex, and few studies have
sufficient data to model nonlinearities or adequately adjust for statin use. We evaluated the
observational associations of HDL-C and LDL-C with incident dementia in a large and well-
characterized cohort with linked survey and electronic health record (EHR) data.

Methods

Kaiser Permanente Northern California health plan members aged 55 years and older who
completed a health behavior survey between 2002 and 2007, had no history of dementia before
the survey, and had laboratory measurements of cholesterol within 2 years after survey com-
pletion were followed up through December 2020 for incident dementia (Alzheimer
disease-related dementia [ADRD]; Alzheimer disease, vascular dementia, and/or nonspecific
dementia) based on ICD-9 or ICD-10 codes in EHRs. We used Cox models for incident
dementia with follow-up time beginning 2 years postsurvey (after cholesterol measurement)
and censoring at end of membership, death, or end of study period. We evaluated nonlinearities
using B-splines, adjusted for demographic, clinical, and survey confounders, and tested for effect
modification by baseline age or prior statin use.

Results

A total of 184,367 participants [mean age at survey = 69.5 years, mean HDL-C = 53.7 mg/dL
(SD = 15.0), mean LDL-C = 108 mg/dL (SD = 30.6)] were included. Higher and lower HDL-
C values were associated with elevated ADRD risk compared with the middle quantile: HDL-C
in the lowest quintile was associated with an HR of 1.07 (95% CI 1.03-1.11), and HDL-C in the
highest quintile was associated with an HR of 1.15 (95% CI 1.11-1.20). LDL-C was not
associated with dementia risk overall, but statin use qualitatively modified the association.
Higher LDL-C was associated with a slightly greater risk of ADRD for statin users (53% of the
sample, HR per 10 mg/dL increase = 1.01, 95% CI 1.01-1.02) and a lower risk for nonusers
(HR per 10 mg/dL increase = 0.98; 95% CI 0.97-0.99). There was evidence for effect mod-
ification by age with linear HDL-C (p = 0.003) but not LDL-C (p = 0.59).

Discussion
Both low and high levels of HDL-C were associated with elevated dementia risk. The associ-
ation between LDL-C and dementia risk was modest.
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Glossary

AD = Alzheimer disease; ADRD = Alzheimer disease-related dementia; BMI = body mass index; EHR = electronic health
record; HDL-C = high-density lipoprotein cholesterol; KPNC = Kaiser Permanente Northern California; LDL-C = low-density
lipoprotein cholesterol; RPGEH = Research Program on Genes, Environment, and Health.

Introduction

Despite years of inquiry, evidence for a role of lipids and
lipoproteins in the development of dementia remains am-
biguous. Approximately 30% of older adults in the United
States are estimated to have high levels of low-density lipo-
protein cholesterol (LDL-C)." Thus, even small individual-
level effects of dysregulated cholesterol on dementia may
cause a large number of excess cases. Because high-density
lipoprotein cholesterol (HDL-C) and LDL-C are strongly
associated with stroke and cardiovascular disease,” they also
likely influence the risk of dementia. However, prior evidence
is inconsistent. A recent meta-analysis suggested no signifi-
cant association of low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), or
total cholesterol with dementia risk among older adults
(aged 60 years and older), but CIs were too wide to rule
out small-to-moderate effects.® A subsequent UK study, with a
larger sample than the prior meta-analyses, suggested that ele-
vated LDL-C increased dementia risk, but there was no re-
lationship with HDL-C.° The potential for detecting associations
may be affected by limitations of prior studies, including varia-
tion in how cholesterol was measured, incomplete control for
major confounders, limited diversity in some samples, and lack
of statistical power to evaluate nonlinear relationships or deliver
precise estimates.

Measurement error is a concern because both laboratory
measurement error’ and short-term individual fluctuations
contribute to variability in measured serum cholesterol.® Re-
peated measures of cholesterol may be needed to adequately
assess cholesterol-related risk, but most prior studies have had
only a single laboratory measurement.*”'° Strong links be-
tween lipoprotein cholesterol levels and social, behavioral,
and clinical risk factors of dementia (eFigure 1, linksIww.
com/WNL/D13S) require careful control for confounders,
but many prior studies used administrative data without de-
tailed confounder assessments.' "> Finally, only a few studies
have investigated nonlinear relationships between cholesterol
measures and dementia, despite evidence of nonlinearities in
effects of HDL-C'*'* and LDL-C" on cardiovascular out-
comes. A combination of these limiting factors has likely
contributed to discrepancies in the literature on cholesterol
and dementia risk.'>" "%

This analysis leveraged an exceptional cohort combining
survey data from a large diverse sample of older Kaiser Per-
manente Northern California (KPNC) members with com-
prehensive longitudinal electronic health record follow-up for
dementia incidence up to 17 years to rigorously investigate
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associations between cholesterol and dementia incidence.
The large sample, repeated cholesterol measures, and detailed
covariate assessments allowed us to address many limitations
in prior work.

Methods

Study Population

We pooled electronic health record (EHR) and survey data
collected from 2 large survey cohorts of KPNC members.
KPNC is a large integrated health care delivery system, at-
tending to more than 4.6 million members in Northern Cal-
ifornia. The older population in KPNC, specifically those
older than 65 years, are generally similar to seniors living in
California regarding relevant characteristics of this analysis,
including history of chronic disease (cardiovascular disease,
diabetes, and hypertension) and lifestyle factors (smoking and
sedentary lifestyle), although the most advantaged and dis-
advantaged groups may be underrepresented.”’

The 2 survey cohorts included in these analyses are the Cal-
ifornia Men’s Health Study (CMH) cohort and the Kaiser
Research Program on Genes, Environment, and Health
(RPGEH) cohort. The CMH enrolled men aged 45-69 years
in 2000 who completed a demographics and health behavior
survey in 2002-2003.>> The RPGEH included KPNC mem-
bers who completed a similar demographics and health be-
havior survey in 20072 Full medical, laboratory, and
pharmacy information for participants eligible for these
analyses were obtained from KPNC EHRs from 1996 to 2020.

From 265,224 participants who completed either survey, we
excluded participants (eFigure 2, links.lww.com/WNL/
D135) who were younger than SS years at survey completion
(n=5,915,2.2%), did not have at least 1 LDL-C and HDL-C
measurement within 2 years after survey completion (n =
53,016,20.0%), or had a diagnosis of any dementia (including
frontotemporal dementia and dementia with Lewy bodies),
Parkinson disease, or amyotrophic lateral sclerosis before
baseline (defined as 2 years after survey completion) (n =
4,295, 1.6%). By design, surviving participants were at least 68
years of age by the end of the study period given the low
incidence of dementia before this age. To avoid immortal time
bias and define a consistent starting point for all participants,
follow-up time for dementia began 2 years after completion of
the survey (eFigure 3); 15,061 participants (5.7%) who were
lost to follow-up or ended KPNC membership in this time
interval were excluded from analyses. Participants with
missing sex information (n = 57, 0.03%) or no documented
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measurements of systolic blood pressure in the EHR were
excluded (n = 2,513, 1.3%), which resulted in a final analytic
sample of 184,367 participants. We considered missing survey
questions on education (7.9% missing), income (13.3%
missing), and alcohol use (21.7% missing) likely to be in-
formative and retained nonresponders by including “missing”
indicator variables for all survey covariates. We additionally
conducted a sensitivity analysis dropping all observations with
missing covariates (n of complete cases = 110,940).

Serum Cholesterol Levels: LDL-C and HDL-C
We used all lipid panel measurements from eligible partici-
pants recorded in the KPNC EHR system in the 2 years after
survey completion (n = 466,911; range 1-26 panels per
participant). Each fasted lipid panel included total cholesterol,
LDL-C, triglycerides, and HDL-C levels (mg/ dL).** LDL-C
levels were available in the EHR primarily as calculated values
from the traditional Friedewald formula (based on total
cholesterol, triglycerides, and HDL-C).* Other LDL-C levels
were available in the EHR as direct measurements when tri-
glyceride levels were >400 mg/dL consistent with routine
clinical care. All other lipid types were available in the EHR as
direct measurements. We excluded 3.9% of laboratory records
with values outside of plausible ranges (10-200 mg/dL for
HDL-C and 10-500 mg/dL for LDL-C), which indicated
potential data entry errors or equipment malfunction.

Dementia Outcomes

We defined an incident dementia diagnosis in the KPNC
EHR as first documented diagnosis of Alzheimer disease
(AD), vascular dementia, or nonspecific dementia (ICD-9 or
ICD-10 codes listed in eTable 1, links.Iww.com/WNL/D136)
from any encounter type (inpatient, outpatient, ambulatory,
virtual care, etc.) except for laboratory-only and radiology-
only encounters. Other types of dementia, such as fronto-
temporal dementia and dementia with Lewy bodies, were
used as censoring variables but were not included in the pri-
mary outcome.

Covariates

We sought to control for clinical, demographic, and behavioral
covariates recorded before cholesterol measurement and pos-
ited to potentially influence both cholesterol and dementia risk.
To assess the impact of additional confounding variables, we
compared estimates from 3 models for each cholesterol mea-
sure, with controls for the following: (1) basic demographics
and known confounders (age at survey, sex [male, female],
race/ethnicity [Asian, Black, Hispanic, Other, White, or un-
known racial identity], education [less than high school, high
school completion, more than high school, or missing], income
[reported in S categories and coded as ordinal or missing], US
nativity, and marital status [never married, married, separated,
widowed, or missing]); (2) model 1 covariates plus probable
confounders (binary indicator for clinical history of diabetes,
major depression, or head injury, systolic blood pressure
[continuous; an average of all SBP measurements in the 2 years
after survey completion], current alcohol use based on the
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National Institute on Alcohol Abuse and Alcoholism guide-
lines®® [none, light to moderate, heavy, or missing], current
smoking status [yes, no, or missing], body mass index [con-
tinuous], and number of lipid measurements in the 2 years
after survey completion [continuous]); (3) model 2 cova-
riates plus confounders that might also be influenced by
cholesterol and were therefore potential mediators (binary
indicators for clinical history of cardiovascular disease [myo-
cardial infarction, ischemic heart disease, or revascularization
procedures], stroke [either ischemic or hemorrhagic, pooled],
hypertension, any history of statin use, and general health
measure self-reported on a S-point scale [poor, fair, good, very
good, and excellent]). Basic demographics, including racial-
ethnic identity and sex, were obtained from administrative
records, which are a compilation of self-report and legacy
administrative records. In supplemental analyses, we struc-
tured covariate sets based on variable availability in the EHR
or survey (see eTable 2, links.lww.com/WNL/D136). We
also conducted 2 supplemental analyses with additional
covariates. The first uses the number of statin prescription
months in the S years before survey completion, obtained
from prescription records. The other uses categorical body
mass index (BMI) calculated from self-reported weight and
height on the survey (underweight, healthy, overweight,
obese, and missing).

Statistical Analysis

We estimated Cox proportional hazard models of time to
incident dementia diagnosis predicted by LDL-C and HDL-C
(modeled as described further). Participants were censored at
death, end of KPNC membership, end of study period (12/
2020), or a diagnosis of other dementias or neurodegenerative
diseases.

To evaluate potential nonlinearities in the relationships be-
tween serum cholesterol measures and the hazard of Alz-
heimer disease-related dementia (ADRD), we assessed the
relationship between quintiles of cholesterol and ADRD risk.
Separately, we introduced cubic B-splines (basis splines) of
LDL-C and HDL-C, creating piecewise cubic line segments
between knots at the 25th, S0th, and 75th percentiles. Like-
lihood ratio tests were used to statistically compare the
models with splines with the models without splines
(i.e,, models imposing a linearity assumption).

Based on prior evidence for heterogeneous effects by age,*”
we checked for effect measure modification between each of
the cholesterol measures (linear and using splines) with a
binary measurement of age (younger than or older than 65
years). Binary age was only used for this interaction analysis.
In addition, because HDL-C cutoffs for metabolic syndrome
differ by sex (<40 mg/dL for men and <50 mg/dL for
women),”® we checked for effect measure modification be-
tween HDL-C (linear and using splines) and sex. Using binary
indicators for being above and below this threshold by sex, we
tested for statistically significant discontinuities in risk of de-
mentia at the threshold. Finally, we also evaluated models
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stratified by whether the participant was using statins before
the survey. In post hoc analyses, we evaluated interactions
with racial/ethnic identity with adjustment for multiple
comparisons.

Previous literature reported that an HDL-C to LDL-C ratio
could be a stronger predictor of cardiovascular risk than either
component alone,”®?° but prior work did not evaluate this
ratio as a predictor of dementia risk. In secondary analyses, we
therefore evaluated the association between the ratio and
dementia. We calculated an HDL-LDL ratio based on each
participant’s HDL-C and LDL-C measures recorded for the
same date and averaged over all available ratio measures for
the participant.

To allow direct comparisons with previous studies that only
measured cholesterol at a single time point,é‘g’10
considered the first available postsurvey measurement of
LDL-C, HDL-C, and ratio measures and compared these
results with findings when using the 2-year postsurvey average
of all available LDL-C, HDL-C, and ratio measurements. The
agreement between the single measurement and the 2-year
average of all measurements was quantified using an intraclass
correlation coeflicient for each cholesterol type, using 2-way
random effects models and absolute agreement.

we also

Because prior studies of the association between cholesterol
and dementia additionally adjusted for BML,%"* we included a
supplementary analysis for the association between quintiles
of cholesterol and risk of ADRD additionally adjusted for
BMI. Due to concerns about measurement error of the self-
reported measure,”’ we did not include BMI in the primary
covariate set.

In older populations, statin use is highly prevalent.*” Because
statin use is strongly associated with LDL-C, residual con-
founding by statin use could be a concern in the primary
analysis. To address this concern in a sensitivity analysis, we
used the first-ever recorded measurement of LDL-C and
HDL-C as a proxy for cholesterol under no statin treatment.
Most patients receive an LDL-C measurement before statin
initiation because guidelines from the American College of
Cardiology and the American Heart Association recommend
prescribing statins for lowering LDL-C levels.*® The correla-
tion between the first-ever measurement and the 2-year
postsurvey average was calculated using the Pearson correla-
tion coefhicient. To account for potential residual confound-
ing by statin dosage or length of use, we conducted a
supplementary analysis adjusting for number of prescription
months on statins in the S years before survey instead of a
binary statin use indicator.

Bias Assessment: Alternate Outcomes

As a positive control to confirm our models had adequate
confounder control, we included models for alternate out-
comes of known associations with cholesterol measures using
2 comparison outcomes: incident myocardial infarction and
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stroke (ischemic and hemorrhagic). We also checked for the
observed associations in the subset of our sample with no
history of myocardial infarction or stroke at baseline (n =
164,121).

Standard Protocol Approvals, Registrations,
and Patient Consents

This analysis was approved by the Institutional Review
Boards at the University of California San Francisco and the
Kaiser Permanente Northern California and Mid-Atlantic
States boards. The requirement for patient informed consent
was waived because analyses were conducted on preexisting
data.

Data Availability
Data are available to qualified researchers by application to the
KP Research Bank, contingent upon project approval by the
KP Research Bank Access Review Committee (ARC), IRB
approval, and execution of a Materials and Data Transfer
Agreement (MDTA).

Results

Our analytic sample included 184,367 participants (mean
[SD] age at survey, 69.5 years [8.46]; 55.1% female, 72.6%
White) (Table 1). In the 2 years after survey completion,
lipids were measured an average of 2.51 [1.66] times per
participant. Over an average follow-up of 8.77 years [4.12],
25,214 incident cases of dementia were observed.

Models with flexible splines indicated significant nonlinear
relationships between HDL-C and hazard of dementia, such
that both low and high values of HDL-C were associated with
slightly elevated risk of dementia (Figure 1A). In the fully
adjusted model categorizing HDL-C, HDL-C in the lowest
quintile (11-41 mg/dL) was associated with a 7% increase in
hazard of dementia (HR = 1.07,95% CI 1.03-1.11) compared
with the middle quintile, whereas the highest quintile of HDL-
C (>65 mg/dL) was associated with a 15% elevation in risk
(HR = 1.15, 95% CI 1.11-1.20) compared with the middle
quintile (Table 2).

In fully adjusted models, there was little association between
LDL-C and dementia (Figure 1B), and HRs were close to the
null in all quintiles (Table 2).

Dropping missing values did not alter results for either HDL-
C or LDL-C analysis (eFigure 4, links.Iww.com/WNL/
D135). Adjustment for clinical covariates, compared with
survey covariates alone, did not alter findings for HDL-C and
moved estimates even closer to the null for LDL-C (eTable 2,
links.Iww.com/WNL/D136). Additional adjustment for BMI
did not substantially change results for HDL-C or LDL-C
(eTable 3). In post hoc analyses, Black individuals tended to
have higher dementia risk compared with White individuals in
the lowest quintile of LDL-C compared with the middle
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Table 1 Baseline Characteristics of the Analytic Cohort

Characteristics

Younger than 65y
(N = 66,048)

n (%) or mean (SD)

Older than 65y
(N =118,319)

n (%) or mean (SD)

Total analytic cohort
(N =184,367)

n (%) or mean (SD)

Age at survey 60.8 (2.5) 74.3 (6.47) 69.5 (8.46)
Female 35,157 (53.2) 66,518 (56.2) 101,675 (55.1)
Race/ethnicity
Asian 6,599 (10.0) 9,371 (7.9) 15,970 (8.7)
Black 2,951 (4.5) 4,417 (3.7) 7,368 (4.0)
Hispanic 5,341 (8.1) 9,786 (8.3) 15,127 (8.2)
Other 4,002 (6.1) 7,128 (6.0) 11,130 (6.0)
White 46,688 (70.7) 87,181 (73.7) 133,869 (72.6)
Unknown 467 (0.7) 436 (0.4) 903 (0.5)
Characteristics obtained from survey
Income
$100k+ 20,889 (31.6) 13,181 (11.1) 34,070 (18.5)
$60k-$99k 19,521 (29.6) 22,898 (19.4) 42,419 (23.0)
$40k-$59k 10,592 (16.0) 22,229 (18.8) 32,821 (17.8)
$20k-$39k 6,816 (10.3) 25,386 (21.5) 32,202 (17.5)
<$20k 2,656 (4.0) 15,460 (13.1) 18,116 (9.8)
Missing 5,574 (8.4) 19,165 (16.2) 24,739 (13.4)
Education

Greater than HS Diploma

33,112 (50.1)

42,507 (35.9)

75,619 (41.0)

High School Diploma

26,142 (39.6)

53,378 (45.1)

79,520 (43.1)

Less than HS Diploma 2,467 (3.7) 10,955 (9.3) 13,422 (7.3)

Other 375(0.6) 773(0.7) 1,148 (0.6)

Missing 3,952 (6.0) 10,706 (9.0) 14,658 (8.0)
Smoking history

Never 33,334 (50.5) 54,372 (46.0) 87,706 (47.6)

Current or former 29,631 (44.9) 54,197 (45.8) 83,828 (45.5)

Missing 3,083 (4.7) 9,750 (8.2) 12,833 (7.0)
Marital status

Never married 3,497 (5.3) 3,873(3.3) 7,340 (4.0)

Married 48,577 (73.5) 73,193 (61.9) 121,770 (66.0)

Separated 9,767 (14.8) 13,779 (11.6) 23,546 (12.8)

Widowed 2,737 (4.1) 24,097 (20.4) 26,834 (14.6)

Missing 1,470 (2.2) 3,377 (2.9) 4,847 (2.6)

Alcohol class

None 21,818 (33.0) 34,901 (29.5) 56,719 (30.8)

Light to moderate 23,914 (36.2) 38,886 (32.9) 62,800 (34.1)

Heavy 10,700 (16.2) 13,987 (11.8) 24,687 (13.4)

Continued
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Table 1 Baseline Characteristics of the Analytic Cohort (continued)

Characteristics

Younger than 65 y
(N = 66,048)

n (%) or mean (SD)

Older than 65y
(N =118,319)

n (%) or mean (SD)

Total analytic cohort
(N =184,367)

n (%) or mean (SD)

Missing 9,616 (14.6) 30,545 (25.8) 40,161 (21.8)
US nativity
Yes 52,341 (79.2) 92,264 (78.0) 144,605 (78.4)
No 11,379 (17.2) 20,308 (17.2) 31,687 (17.2)
Missing 2,328 (3.5) 5,747 (4.9) 8,075 (4.4)
General health
Excellent 8,451 (12.8) 8,928 (7.5) 17,379 (9.4)
Very good 20,450 (31.0) 29,488 (24.9) 49,938 (27.1)
Good 23,523 (35.6) 50,644 (42.8) 74,167 (40.2)
Fair 7,749 (11.7) 20,928 (17.7) 28,677 (15.6)
Poor 1,241 (1.9) 2,941 (2.5) 4,182 (2.3)
Missing 4,634 (7.0) 5,390 (4.6) 10,024 (5.4)
Characteristics obtained from electronic health records
Cardiovascular disease 5,440 (8.2) 24,336 (20.6) 29,776 (16.2)

Diabetes

10,493 (15.9)

23,638 (20.0)

34,131 (18.5)

Hypertension

33,697 (51.0)

87,821 (74.2)

121,518 (65.9)

Stroke

585 (0.9)

3,698 (3.1)

4,283 (2.3)

Head injury

425 (0.6)

1,196 (1.0)

1,621 (0.9)

Major depression

13,292 (20.1)

19,139 (16.2)

32,431 (17.6)

Previous or current statin use 27,069 (41.0) 70,198 (59.3) 97,267 (52.8)
Average systolic blood pressure 128 (11.8) 131 (11.4) 130 (11.6)
Average diastolic blood pressure 75.8 (7.43) 71.7 (7.36) 73.2 (7.65)

Cholesterol measures?®

Average LDL-C (mg/dL) 115 (30.6) 104 (30.0) 108 (30.6)
Average HDL-C (mg/dL) 53.7 (15.0) 53.7 (14.9) 53.7 (15.0)
Average cholesterol ratio 0.507 (0.195) 0.561 (0.210) 0.54 (0.21)
Average number of laboratory measurements 2.33(1.66) 2.60 (1.65) 2.51 (1.66)

2 Cholesterol was measured in the 2 years after survey completion, before follow-up began.

quintile (interaction term = 1.21, 95% CI 1.01-1.45) and in
the highest quintile of LDL-C compared with the middle
quintile (interaction term = 1.18, 95% CI 0.97-1.44; eTa-
ble 4). There was no statistically significant interaction be-
tween racial-ethnic group and cholesterol after adjusting for
multiple comparisons.

The intraclass correlation of HDL-C measures was 0.97
(0.973-0.974) and that for LDL-C measures was 0.90
(0.895-0.913). Hazard ratio estimates using the first (single)

Neurology.org/N

measurement of cholesterol measure were similar to estimates
using the 2-year averages for both HDL-C and LDL-C
(Figure 2), and gains in precision were negligible (eTable S,
links.Iww.com/WNL/D136).

In fully adjusted models using linear specifications of LDL-C
and HDL-C (eTable 6, links.lww.com/WNL/D136), LDL-C
was not associated with dementia (HR = 1.00, 95% CI
0.99-1.00), and a 10-mg/dL increase in HDL-C was associ-
ated with a 2.9% increase (95% CI 1.9%-3.9%) in dementia
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Figure 1 Hazard Ratios for ADRD With B-Splines for Each Average Cholesterol Measure

A

Predicted HR

Model 1

30 50

Average HDL (mg/dL)

Predicted HR

0.9

60 80 100
Average LDL (mg/dL)

120 140 160 180

Knots at the 25th, 50th, and 75th percentiles of: (A) average HDL-C (unscaled), (B) average LDL-C (unscaled). Range of predicted HRs shown for the 2nd to the
98th percentile of LDL-C (52.7-175 mg/dL) and HDL-C (30.7-91 mg/dL) observed in the analytic data. ADRD = Alzheimer disease-related dementia.

risk. Associations with the HDL-LDL ratio were close to the
null and generally similar in pattern to associations of HDL
alone (eTables 6 and 7, eFigure S, linkslww.com/WNL/
D13S).

Participants with a history of statin use had an average LDL-C
of 97.9 mg/dL [29.1] and nonusers had an average of 119
mg/dL [28.4]. Prior statin use was a qualitative modifier of
the relationship between a linear term for LDL-C and incident
ADRD (p value for interaction <0.001), with a 10-mg/dL
difference in LDL-C associated with increased dementia risk
in statin users (HR = 1.01, 95% CI 1.01-1.02) and decreased
risk in nonusers (HR = 0.98; 95% CI 0.97-0.99). When cat-
egorizing LDL-C by quintile, there was statistically significant
effect measure modification in the 1st and 2nd quintiles
compared with that in the 3rd quintile (p value for interaction
<0.001), which can also be visualized using splines (Figure 3).

The first-ever measure of LDL-C was on average 29 mg/dL
higher compared with the 2-year postsurvey average (Pearson
correlation = 0.330). HDL-C differed by less than 2 mg/dL
(Pearson correlation = 0.764). At first-ever LDL-C mea-
surement, 7.5% of the cohort had a history of statin use
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-

compared with 52.8% at survey. First-ever LDL-C measure-
ment was not significantly associated with hazard of dementia
in any model (eTable 8, links.lww.com/WNL/D136). First-
ever measure of HDL-C was nonlinearly associated with
hazard of ADRD.

‘When adjusting for number of prescription months on statins
in the S years before survey completion (mean = 6.029, SD =
7.47), the results for the associations between quintiles of
cholesterol and risk of ADRD were not different from primary
analyses for either LDL-C or HDL-C (eTable 9, links.Iww.
com/WNL/D136).

Higher LDL-C was associated with slightly lower dementia
hazard in those younger than 65 years (HR = 0.99, 95% CI
0.98-1.00) and those older than 65 years (per 10 mg/dL
difference: HR = 0.99, 95% CI 0.97-1.00), although this as-
sociation was statistically significant only among those older
than 65 years. There was no statistically significant interaction
between LDL-C and dichotomized age when included line-
arly (p = 0.59) or categorized by quintile (p = 0.48). HDL-C
was associated with dementia risk in those younger than 65
years (HR = 1.06, 95% CI 1.02-1.09) and older than 65 years
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Table 2 Hazard Ratios for ADRD by Quintile of 2-Year Average HDL-C and LDL-C

Cholesterol measure

Quintile of cholesterol measure, HR (95% Cl)

Q1 lowest

Q2

Q3

Q4

Q5 highest

HDL-C

Model 1

1.18(1.13-1.23)

1.05(1.01-1.09)

ref

0.99 (0.95-1.03)

1.04 (1.00-1.08)

Model 2

1.10 (1.05-1.14)

1.02 (0.98-1.06)

ref

1.02 (0.98-1.06)

1.11(1.07-1.16)

Model 3

1.07 (1.03-1.11)

1.01(0.97-1.05)

ref

1.04 (1.00-1.08)

1.15(1.11-1.20)

LDL-C

Model 1

1.21(1.16-1.25)

1.09 (1.05-1.13)

ref

0.94 (0.90-0.98)

0.92 (0.88-0.96)

Model 2

1.09 (1.05-1.13)

1.04 (1.0-1.08)

ref

0.97 (0.93-1.01)

0.96 (0.92-1.00)

Model 3

1.01 (0.97-1.05)

1.00 (0.96-1.04)

ref

0.99 (0.95-1.04)

1.00 (0.96-1.04)

LDL-C and HDL-C are scaled by 10 mg/dL.
Covariate sets include the following: (1) basic demographics and known confounders (age at survey, sex, race/ethnicity, education, income, US nativity, and
marital status); (2) model 1 covariates plus probable confounders (history of diabetes, major depression, head injury; systolic blood pressure, number of lipid
measurements, current alcohol use, and current smoking status); (3) model 2 covariates plus confounders we identified as also being potential mediators
(history of diagnosed cardiovascular disease, stroke, hypertension; any history of statin use; and general health measure). Nonresponders were retained by

including “missing” indicators for all survey covariates.

Figure 2 Hazard Ratios for ADRD for First Cholesterol Measure vs 2-Year Average of Cholesterol Measures in Most
Adjusted Model

A

Predicted HR

Predicted HR

—— Average
First

1.04

1.024

1.00+

0.98

HDL (mg/dL)

60

120

LDL (mg/dL)

All models include B-splines for cholesterol with knots at the 25th, 50th, and 75th percentiles. (A) HDL-C (unscaled). (B) LDL-C (unscaled). Range of predicted
HRs shown for the 2nd to the 98th percentile of LDL-C (52.7-175 mg/dL) and HDL-C (30.7-91 mg/dL) observed in the analytic data. ADRD = Alzheimer
disease-related dementia.
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Figure 3 Hazard Ratios for ADRD for Linear Average Cholesterol Measure in Most Adjusted Covariate Set, Stratified by

History of Statin Use at Survey Completion
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All models include B-splines for cholesterol with knots at the 25th, 50th, and 75th percentiles. (A) HDL-C (unscaled). (B) LDL-C (unscaled). Range of predicted
HRs shown for the 2nd to the 98th percentile of LDL-C (52.7-175 mg/dL) and HDL-C (30.7-91 mg/dL) observed in the analytic data. ADRD = Alzheimer

disease-related dementia.

(HR = 1.06, 95% CI 1.05-1.07). There was statistically sig-
nificant interaction between HDL-C and dichotomized age
(younger and older than 65 years) when HDL-C was included
linearly (p = 0.003) or categorized by quintile (p < 0.001)
(Figure 4).

HDL-C was linearly associated with dementia risk in men
(per 10 mg/dL difference: HR = 1.03, 95% CI 1.01-1.04)
and women (per 10 mg/dL difference: HR = 1.03, 95% CI
1.02-1.04). There was no statistically significant interaction
between HDL-C and sex when HDL-C was included linearly
(p value for interaction = 0.729), categorized by quintile
(p value for interaction = 0.232), or plotted with B-splines
(eFigure 6, links.lww.com/WNL/D13S). There was no
significant increased risk of dementia for having an HDL-C
level under the metabolic disease threshold (40 mg/dL
for men and 50 mg/dL for women; HR: 1.02, 95% CI
0.97-1.07).

In positive control analyses, higher LDL-C was associated
with a higher risk of MI (HR per 10 mg/dL = 1.03,95% CI
1.02-1.04), but not with stroke (Table 3). Increases in

Neurology | Volume 101, Number 21 | November 21, 2023

HDL-C were associated with decreases in risk of MI and
stroke.

Discussion

In a large and diverse cohort of KPNC patients, both the
highest and lowest HDL-C quintiles were associated with
small elevations in incidence of dementia. We found no
clinically meaningful association between LDL-C and risk of
ADRD in the overall sample. The association of HDL-C with
increased risk of ADRD was identical for people younger and
older than 65 years at baseline, though statistically significant
only among individuals older than 65 years. Results for LDL-
C were similar for people older or younger than 65 years at
baseline. Prior statin use did not modify the association of
HDL-C and ADRD incidence. For the 47% of participants
with no history of statin use before cholesterol assessments,
however, higher LDL-C was associated with lower ADRD
incidence, whereas higher LDL-C was associated with slightly
higher ADRD risk for individuals with a history of statin use.
Using multiple measures of cholesterol instead of a single
measurement did not alter the results. Control for covariates
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Figure 4 Hazard Ratios for ADRD for Linear Average Cholesterol Measure in Most Adjusted Covariate Set, Stratified by a
Dichotomous Indicator of Age (Younger and Older than 65 Years) at Survey Completion
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All models include B-splines for cholesterol with knots at the 25th, 50th, and 75th percentiles. (A) HDL-C (unscaled). (B) LDL-C (unscaled). Range of predicted
HRs shown for the 2nd to the 98th percentile of LDL-C (52.7-175 mg/dL) and HDL-C (30.7-91 mg/dL) observed in the analytic data. ADRD = Alzheimer

disease-related dementia.

strengthened adverse estimated effects of high HDL-C but
attenuated estimated effects of LDL-C and the HDL-LDL
ratio. The pattern of associations of cholesterol measures
with stroke and MI was consistent with prior evidence,

Table 3 Hazard Ratios for Myocardial Infarction and
Stroke (n = 164,121) by Linear Average
Cholesterol Measure

Alternative outcome

Myocardial

Cholesterol measure function HR (Cl) Stroke HR (Cl)

HDL-C (per 10 mg/dL) 0.901 (0.885-0.917) 0.967 (0.952-0.981)

LDL-C (per 10 mg/dL) 1.030(1.021-1.038) 1.000 (0.993-1.008)

LDL-C and HDL-C are scaled by 10 mg/dL.

Includes adjustment for the following: age at survey, sex, race/ethnicity,
education, income, US nativity, and marital status, history of diagnosed
medical conditions (diabetes, major depression, head injury, cardiovascular
disease [excluding MI], and hypertension), any history of statin use, systolic
blood pressure, number of lipid measurements, current alcohol use, current
smoking status, and general health measure.

Neurology.org/N

strengthening interpretation of results for dementia. While
we observed no significant association between LDL-C and
stroke risk, this is consistent with some previous literature
showing weak or no association between LDL-C and

stroke.>373%

Several studies have investigated the relationship between
LDL-C, HDL-C, and ADRD risk.**'>'72%3¢3% Oyr finding
of a U-shaped association between HDL-C and dementia is
consistent with a recent study reporting an association be-
tween genetically determined high HDL-C and risk of AD
using Mendelian randomization (OR per 1 SD increase =
1.10,95% CI 1.05-1.16).* Together, our results additionally
support recent literature suggesting complex effects of HDL-
C on many diseases and mortality.'*** Because HDL-C is
nonlinearly associated with risk of cardiovascular disease,*
HDL-C may be nonlinearly associated with dementia through
this increased risk of cardiovascular disease. Alternatively, this
nonlinear relationship may be explained by physiologic
changes in HDL-C (i.e,, trajectories of increase or decrease)
due to incipient dementia. For example, stable BMI and sys-
tolic blood pressure, other cardiovascular risk factors, are
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associated with better cognitive outcomes.*'* There is in-
consistency in the small body of prior literature on the asso-
ciation between lipid trajectories and dementia.”**** Future
studies with large diverse samples should investigate the as-
sociation between trajectories in HDL-C and risk of dementia
to give more context to our nonlinear finding.

Our results are inconsistent with some prior studies showing a
significant harmful effect of elevated LDL-CO! 12193646
no effect of HDL-C'*'"'®?*® on dementia risk. Many prior
studies of HDL-C were likely too small to detect the effects of
amagnitude we reported.'”'" For example, the 3C study, with
7,470 participants, reported a 95% CI for HDL-C HR ranging
from 0.91 to 1.09."" Even a large recent UK Biobank study,"
which reported no association with HDL-C (HR = 1.04, 95%
CI 0.92-1.17), had substantial uncertainty due to the rela-
tively small number of accrued cases with dementia in its
relatively young cohort with an average age of 57 years (5,334
cases compared with 25,214 in our sample). The UK Biobank
study reported LDL-C as protective against dementia (HR
0.92, 95% CI 0.872-0.965) and did not find evidence for
nonlinearity in the effect of HDL-C. This may be attributable
to omission of important clinical covariates (i.e., history of
diabetes, cardiovascular disease, hypertension, statin use, etc.)
in the UK Biobank analysis because we found controlling for
certain covariates increased the estimated adverse effect of
high HDL-C. Differences between our findings and UK
Biobank results may also be due to differences in context or
cohort characteristics. The KPNC cohort includes more
racial/ethnic diversity than the UK Biobank and those used in
some previous studies.”'> Although we were limited by
sample size and multiple comparisons, our results suggest
there may be clinically significant interaction between racial-
ethnic identity and LDL-C on dementia risk, where Black
individuals tended to have higher dementia risk compared
with White individuals in the highest and lowest quintiles of
LDL-C. This interaction may be clinically meaningful and
should be investigated in future analyses with a larger repre-
sentation of Black individuals.

Previous studies have reported differences in the effect of
LDL-C on dementia risk by age. The largest study to date in a
cohort of UK patients found a significant effect of LDL-C in
those younger than 65 years (rate ratio 1.07, 95% CI
1.03-1.13).° Our results are inconsistent with this finding and
the UK Biobank study because we found no association be-
tween LDL-C and dementia in participants younger than 65
years. That cohort was much larger than that in this study, but
notably less diverse and in a different population. Our results
are also inconsistent with that of the 3C study, which found a
harmful association between LDL-C and dementia in patients
older than 65 years.11 Differences in medical management of
elevated LDL-C may also contribute to our findings.

We interpret the apparent effect modification of LDL-C by
prior statin use very cautiously. Because a harmful effect is
only seen in previous statin users, it is possible that this is due
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to residual confounding. Measured LDL in statin users is
likely confounded by statin use and dose. This effect should be
evaluated in future independent studies from models con-
sidering time-varying statin use and modeling the dynamic
relationship between LDL-C and statin use over time. LDL-C
cholesterol earlier in life may nonetheless be relevant for
dementia risk.”?”*” We also evaluated the ratio between
HDL-C and LDL-C on prior evidence suggesting the ratio
was more strongly predictive of cardiovascular outcome than
either measure alone.*® In our analyses, the HDL/LDL ratio
predicted ADRD incidence, though this was largely driven by
the association with HDL-C.

This study has some limitations. The dataset comprised
KPNC members who volunteered for survey participation.
Selection bias could have influenced our results, with our
survey cohort having more frequent interactions with the
Kaiser health care system, compared with their patient base or
the larger population in Northern California. In addition, we
did not adjust for APOE status, as in some previous
analyses.”'® Although we had an unusually large range of
control variables, the possibility of unmeasured confounding
cannot be definitively ruled out.

Our study also has important strengths compared with prior
work, including a large sample with nearly a decade of follow-
up, which allowed more precise estimation of nonlinear as-
sociations and permitted us to detect even fairly small effect
sizes. The sample is also unusually diverse and the compre-
hensive clinical data provided multiple cholesterol measures
on most participants. By using averages across multiple
measurements, we could rigorously evaluate and rule out
concerns about measurement error contributing to our find-
ings. Sensitivity analyses using MI and stroke as outcomes
were consistent with previous literature showing that LDL-C
is associated with an increased risk of MI and HDL-C is
associated with a decreased risk of ML.>* The consistency of
our alternative outcomes analyses with previous research adds
merit to our analyses of dementia, regarding the direction of
the effect.

In conclusion, this large diverse cohort study with ubiquitous
access to health care is an important addition to un-
derstanding the effects of cholesterol on dementia risk. We
found that in this cohort of older KPNC patients, HDL-C was
nonlinearly associated with dementia risk, with both low and
high levels corresponding to higher risk. LDL-C had little
association with incident dementia. These results support the
conclusion that some lipoproteins may be modifiable risk
factors of dementia, even in late life. Future studies should
investigate the presence of a causal relationship of HDL-C
variation and dementia risk using an HDL polygenic risk
score.
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