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Abstract

Aims—Elevated small dense LDL cholesterol (sd-LDL-C) increases atherosclerotic
cardiovascular disease (CVD) risk. Although coronary artery calcification (CAC) is widely used
for predicting CVD events, few studies have examined the relationship between sd-LDL-C and
CAC.

Methods and results—This study included 4672 individuals with directly measured baseline
sd-LDL-C and CAC from the Multi-Ethnic Study of Atherosclerosis [mean (standard deviation)
age: 61.9 (10.4) years; 52.5% women; 47.3% with baseline CAC (mean score >0)]. We used
multi-variable general linear models and restricted cubic splines with the goodness of fit testing
to evaluate the association of sd-LDL-C with the presence of CAC. Odds ratios [OR (95%
confidence interval)] were adjusted for demographics and cardiovascular risk factors, including
estimated total LDL-C. Higher quartiles of sd-LDL-C were associated with the presence of
CAC, even after accounting for total LDL-C. Compared with the lowest quartile of sd-LDL-C,
participants in Quartiles 2, 3, and 4 had higher odds for the presence of baseline CAC [Quartile
2 OR: 1.24 (1.00, 1.53); Quartile 3 OR: 1.51 (1.19, 1.93); and Quartile 4 OR 1.59 (1.17, 2.16)].
Splines suggested a quadratic curvilinear relationship of continuous sd-LDL-C with CAC after
adjustment for demographics and CVD risk factors (quadratic vs. first-order sd-LDL-C terms
likelihood ratio test: Z=0.015), but not after accounting for total LDL-C (quadratic vs. first-order
terms: A= 0.156).

Conclusion—In a large, multi-ethnic sample without known CVD, higher sd-LDL-C was
associated with the presence of CAC, above and beyond total LDL-C. Whether selective direct
measurement of sd-LDL-C is indicated to refine cardiovascular risk assessment in primary
prevention warrants further investigation.
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Higher levels of small dense particles of LDL cholesterol, better known as the ‘bad cholesterol’,
are associated with a greater risk for the presence of coronary artery calcium, a strong marker for
heart disease, even when accounting for estimated total (small dense + large body particles) LDL
cholesterol.

. This risk is stronger in older individuals.
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Peak risk seems to occur between 49 and 71 mg/dL and does not increase further at
higher levels.

Small dense low-density lipoprotein cholesterol; Coronary artery calcium; Cardiovascular disease

Introduction

Methods

Multiple lines of evidence suggest a causal association between LDL cholesterol (LDL-

C) and atherosclerotic cardiovascular disease (CVD).! The size of LDL particles varies
considerably among individuals, yielding two distinct phenotypes (A and B).2 Phenotype

A is characterized by predominantly large buoyant LDL (Ib-LDL), whereas individuals
with predominantly small dense LDL (sd-LDL) comprise phenotype B.2 Numerous
epidemiologic studies and randomized controlled trials have shown an independent
association of sd-LDL cholesterol (sd-LDL-C) with coronary heart disease.2=2 Additionally,
sd-LDL may be the most atherogenic lipoprotein, even compared with other apolipoprotein
B (apoB) lipoproteins including total LDL content and lipoprotein(a) [Lp(a)],1° due in part
to its longer circulation time and presumed higher likelihood of arterial wall penetration and
oxidation.2

The presence of computed tomography (CT)-detected coronary artery calcification (CAC)
is a strong marker of subclinical atherosclerosis and a worldwide decision tool used

to risk-stratify individuals in primary prevention.11:12 Several studies have shown an
association of elevated apoB lipoproteins with CAC;13-18 however, few have evaluated
directly measured sd-LDL-C. Recently, a study in a community-based sample of 10 357
men and women found LDL-C/apoB ratio, a proxy for sd-LDL-C, was a superior predictor
for CAC compared with total apoB alone.1® In the Multi-Ethnic Study of Atherosclerosis
(MESA), an ongoing, population-based, longitudinal cohort study investigating the causes
and progression of subclinical vascular disease, it was previously shown that CAC score
independently predicted time to CVD events across the four most common racial and ethnic
groups in the USA.2° To build upon the findings of this large, multi-ethnic study in primary
prevention, we used directly measured sd-LDL-C to evaluate its association with prevalent
baseline CAC in MESA.

The study objectives and design of MESA have been previously described.?! Briefly, MESA
is a community-based cohort that recruited 6814 White, Chinese-American, Black, and
Hispanic men and women across six US field centres to better understand predictors of
subclinical CVD. Participants were 45-84 years of age and free from clinically known

CVD at enrolment (2000-02). The field centres included the academic medical centres

of Columbia University (New York, NY, USA), Johns Hopkins University (Baltimore,

MD, USA), Northwestern University (Chicago, IL, USA), University of California at Los
Angeles (Los Angeles, CA, USA), University of Minnesota (Minneapolis, MN, USA),

and Wake Forest University (Winston-Salem, NC, USA). The present study included 4672
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participants with measured baseline sd-LDL-C and CAC. Individuals on lipid-lowering
medications or with limited serum sample availability (7= 2142) did not have sd-LDL-C
measured and were excluded from the present study.® Informed consent was collected from
all participants prior to enrolment, and all participating field centres obtained Institutional
Review Board approval for the study.

Demographic and cardiovascular risk factor data were obtained at the baseline MESA
clinical examination (Exam 1) that occurred over a period of 24 months from 15 July 2000
to 14 July 2002.21 Participants self-reported their age, sex, race/ethnicity (White, Chinese-
American, Black, or Hispanic), highest level of educational attainment [no schooling,
Grades 1-8, Grades 9-11, completed high school (Grade 12), some university but no degree,
technical school certificate, associate degree, bachelor degree, or graduate or professional
school degree], smoking status (never, former, or current, defined as any cigarette use in the
last 30 days), medical history, and medication use. Resting blood pressure was measured in
triplicate in a seated position at two-minute intervals using an automated Dinamap Pro 100
oscillometric sphygmomanometer (Critikon, Tampa, FL, USA). The average of the latter
two measurements were used to define hypertension status: systolic blood pressure =140
mmHg, diastolic blood pressure =90 mmHg, or blood pressure—lowering medication use.
Diabetes mellitus was defined by fasting plasma glucose =126 mg/dL (6.99 mmol/L), or
glucose-lowering medication use or insulin for the treatment of diabetes.

Total cholesterol, HDL cholesterol (HDL-C), and triglycerides were obtained from
overnight fasting blood samples stored in EDTA-coated tubes at =70°C at the MESA
central laboratory (Minneapolis, MN, USA).2! Total cholesterol and HDL-C were
measured using the cholesterol oxidase method (Roche Diagnostics, Indianapolis, IN,
USA). Triglycerides were measured using a triglyceride glycerol-blanked reagent (Roche
Diagnostic, Indianapolis, IN, USA). The total LDL-C level was estimated according to
the Friedewald,22 Martin-Hopkins,23 and Sampson—National Institutes of Health (N1H)24
equations for validity. A fully automated homogenous method with a short assay time was
used to measure sd-LDL-C particles, defined as 15-20 nm in size (sd-LDL-EX, Denka
Sieken Co., Tokyo, Japan).’:25

Coronary artery calcification was measured using either electron-beam CT (Columbia
University, Northwestern University, and University of California at Los Angeles) or
four-detector row CT (Johns Hopkins University, University of Minnesota, and Wake
Forest University).28 In participants who weighed more than 100 kg, the CT scanner tube
current was increased by 25%. All images used cardiac gating: one image for electron
beam and four images for four-detector row CT per cardiac cycle. Participants had two
consecutive scans completed at baseline that were assessed for quality by trained image
analysts. Cardiologists or radiologists interpret CT scans using a specialized in-house
program (University of California at Los Angeles) to assess for calcified coronary artery
plaque. Images were reconstructed using phantom calibration to adjust for changes in CT
image attenuation between different scanners (Image Analysis, Columbia, KY, USA). After
phantom adjustment, the mean CAC score from the two scans was calculated. Intra- and
inter-observer agreement was high (kappa statistics of 0.93 and 0.90, respectively).
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Baseline characteristics across sd-LDL-C quartiles were compared using XZ tests for
proportions and one-way analysis of variance for continuous variables. We then compared
the characteristics of participants included and not included in this analysis using #tests and
Xz tests (see Supplementary material online, Table S1).

Based on differences in included and excluded participants, we used multi-variable logistic
regression with inverse probability weighting for exclusion to assess the association of
quartiles of sd-LDL-C with the presence of baseline CAC (mean score >0). Stabilized
inverse probability weights were generated for participants contributing and not contributing
sd-LDL data, conditioned on age, sex, race/ethnicity, CAC status, hypertension, diabetes,
and smoking status. A comparison of standardized mean differences in weighted and
unweighted variables indicates that better covariate distributional balance was achieved by
inverse probability weighting (see Supplementary material online, Table S2). In addition,
we imputed missing covariate values using multiple imputations by chained equations.
Continuous covariates were imputed via predictive mean matching and categorical
covariates were imputed via logistic regression processes. Results from 10 iterations of

20 imputed data sets were combined for validity. Missingness did not exceed 1.1% for any
covariate.

We report adjusted odds ratios (ORs) with 95% confidence interval (CI) for quartiles of
sd-LDL-C from general linear models with the lowest quartile (Quartile 1) serving as the
referent: Model 1 was minimally adjusted for field centre (to account for differences in
CAC data acquisition, i.e. electron-beam or four-detector row CT); Model 2 was adjusted
for field centre, age, sex, race/ethnicity, and educational attainment; and Model 3 was
adjusted for Model 2 covariates and hypertension, diabetes, smoking status, body mass
index, triglycerides (log-transformed to correct skewed distribution), and HDL-C. We then
assessed a fourth model (Model 4) that was additionally adjusted for Model 3 covariates plus
estimated total LDL-C according to the Friedewald equation (Model 4a), Martin-Hopkins
equation (Model 4b), and Sampson—NIH equation (Model 4c). To evaluate the consistency
of results by sex, race/ethnicity, and age group (45-54, 55-64, 65-74, and 75-84 years),
we added appropriate interaction terms to Model 3 and Model 4a, and stratified analyses by
significant interactions.

Finally, we evaluated associations of continuous sd-LDL-C using restricted cubic splines
and compared the goodness of fit for nested models with first-order, quadratic, and cubic
sd-LDL-C terms via likelihood ratio test to determine if associations with prevalent CAC
were linear or curvilinear. Hypothesis testing was completed using a two-sided alpha of 0.05
to determine the statistical significance of main effects. Statistical analyses were completed
using R version 4.2.3 (2023). Multiple imputation was performed using the mice package
(version 3.15) for R.

Baseline characteristics of the 4672 participants included in this analysis stratified by sd-
LDL-C quartiles are depicted in Table 1. Participants in higher quartiles of sd-LDL-C tended
to be younger, less likely to be female, more likely to be of Chinese-American or Hispanic
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ethnicity, less likely to have completed high school (12 years of compulsory schooling),
and had a higher prevalence of hypertension and diabetes. Additionally, higher quartiles
of sd-LDL-C were associated with lower HDL-C levels, higher triglycerides, and higher
estimated total LDL-C according to the Friedewald, Martin—Hopkins, and Sampson-NIH
equations. In total, CAC was prevalent among 2212 participants (47.3%) and was higher
among Quartile 3 (52.7%) and Quartile 4 (51.8%) of sd-LDL-C than among Quartile 1
(40.0%) and Quartile 2 (44.9%) (P< 0.001).

Adjusted odds ratios from multi-variable logistic regression of the association of baseline
sd-LDL-C quartiles and the presence of baseline weighted CAC are displayed in Table

2. Higher quartiles of sd-LDL-C were significantly associated with baseline CAC in all
models. For example, after adjusting for demographics and cardiovascular risk factors
(Model 3), participants in sd-LDL-C Quartile 2 (OR: 1.38; 95% ClI: 1.13, 1.68), Quartile

3 (OR: 1.80; 95% CI: 1.46, 2.22), and Quartile 4 (OR: 2.08; 95% CI: 1.63, 2.65) had higher
odds for the presence of CAC compared with Quartile 1 (Table 2). Further adjustment for
estimated total LDL-C (Model 4a—c) attenuated associations, though each higher quartile
remained significantly associated with baseline CAC relative to Quartile 1 (Table 2); the
equation used to estimate total LDL-C (i.e. Friedewald, Martin—Hopkins, or Sampson—NIH
equations) did not affect results. There was no suggestion that associations between Model
3 and Model 4a differed by sex or race/ethnicity (all interactions £> 0.10). However,
associations appeared to be driven most strongly by the oldest age group (75-84 years) in
Model 3 (interaction £=0.011) and Model 4a (interaction 2= 0.010) results, as shown in
Table 3.

Figure 1 shows restricted cubic splines of the association of continuous sd-LDL-C with
baseline CAC adjusted for Model 3 (Figure 1A) and Model 4 (Figure 1B) covariates. Figure
1A suggests a moderately curvilinear relationship, with the odds of baseline CAC increasing
linearly until appearing to reach a ceiling near 71.0 mg/dL (the 95th percentile value), above
which the odds of baseline CAC do not further increase. A goodness of fit comparison

of nested models with first-order, first-order and quadratic, and first-order, quadratic, and
cubic sd-LDL-C terms supported a quadratic curvilinear relationship with baseline CAC
(likelihood ratio test for quadratic vs. first-order terms: 2= 0.015; cubic vs. quadratic

terms: £P=0.879). Consistent with results in Table 2, Figure 1B suggests adjustment for
estimated total LDL-C further flattens the curve, though the relationship appears to remain
linearly proportional until reaching a ceiling at Quartile 4 of sd-LDL-C (range 49.0-214.8
mg/dL; Table 1). However, the goodness of fit testing among nested models did not support
curvilinearity, as higher-order sd-LDL-C terms did not provide a better fit for the data than
the reduced (linear) Model 4a (quadratic vs. first-order terms: 2= 0.156; cubic vs. first-order
terms: P=0.364).

Discussion

Epidemiologic data support sd-LDL-C as an independent predictor of atherosclerosis and
clinical CVD,22 and the presence of CAC is a widely adopted surrogate marker of
subclinical CVD.1112 Thus, the purpose of this study was to examine the association of
sd-LDL-C with prevalent CAC in a large cohort of middle-aged and older adults free of
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known clinical CVD at baseline. The primary finding from our analysis of 4672 MESA
participants was that higher sd-LDL-C was associated with increased odds for prevalent
CAC. These results were independent of traditional cardiovascular risk factors, even after
accounting for estimated total LDL-C according to three commonly used equations, and
were driven most strongly by the oldest participants (75-84 years of age). Finally, restricted
cubic splines and goodness of fit testing suggested that the relationship of sd-LDL-C to
prevalent CAC may be curvilinear, with the highest-high values (>95th percentile; 71.0—
214.8 mg/dL) appearing not to contribute additional risk.

Few studies have investigated the association between sd-LDL-C and CAC. In contrast to
our findings, in a cohort of 160 intermediate CVD-risk individuals, sd-LDL-C was not
associated with CAC (OR per 1-unit increment in sd-LDL-C: 1.001; 95% CI: 0.998, 1.003).
However, only individuals with a 10-year atherosclerotic CVD risk of 1-5% were referred
for CAC assessment in this study.16 For comparison, we note that participants included

in our study had a median (interquartile limits) 10-year atherosclerotic CVD risk of 8.8
(3.6, 18.8)%, so this association may be more apparent in individuals with greater than
minimal risk. Conversely and consistent with our results, in the Healthy Women Study of
286 postmenopausal women, higher sd-LDL-C was associated with increased risk of CAC
[OR per standard deviation increment in sd-LDL-C: 1.36; 95% CI: 1.04, 1.77], as well as
with higher triglycerides and LDL-C, and lower HDL-C.17 To our knowledge, our study
extends this work to a large, diverse population of older men and women for the first time.
Notably, our results did not differ by sex or across the four most common racial/ethnic
groups in the USA.

Individuals with an elevated ratio of sd-LDL-C to Ib-LDL-C (sd-to-Ib-LDL-C) require a
greater number of atherogenic lipoprotein particles to convey an equivalent cholesterol load.
This mechanistic feature may underlie the observed increased prevalence of CAC in patients
with elevated levels of sd-LDL-C.2 However, additional unique properties of sd-LDL-C
particles may promote their atherogenicity. For example, sd-LDL has a lower affinity for

the LDL receptor, delaying plasma clearance.2” Additionally, studies have found sd-LDL
particles to contain lower sialic acid content, which allows for increased affinity to arterial
wall proteoglycans, increasing the time sd-LDL remains in the subendothelial space and
making it more likely that these particles will undergo modification.2”-28¢ Moreover, sd-LDL
is more susceptible to oxidation as it does not contain vitamin E, making it a better substrate
for vascular wall macrophages.?’

Strengths of this study include its large sample size drawn from a racially and ethnically
diverse cohort in primary prevention; an evaluation of the consistency of results across

sex, race/ethnicity, and age groups; and the use of statistical techniques to reduce bias
beyond covariate adjustment. Furthermore, to our knowledge, we are the first to assess the
curvilinearity of the sd-LDL-C to prevalent CAC relationship. However, our results should
be interpreted with limitations and other considerations in mind. First, due to the cross-
sectional nature of the study, causal relationships cannot be inferred. Second, MESA is a
primary prevention population that was free from known clinical CVD at baseline, so results
may not be generalizable to higher-risk individuals. Third, since participants using lipid-
lowering medications were excluded, we were unable to assess the effect of such medication
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use on our results. Fourth, although associations of sd-LDL-C with CAC persisted after
accounting for estimated total LDL-C, the two measures are not independent of each other,
and may not be directly comparable because sd-LDL-C was assayed directly whereas total
LDL-C was estimated by the Friedewald, Martin—-Hopkins, and Sampson—-NIH equations.
Our rationale for this approach was to discern whether sd-LDL-C contributes uniquely

to the associations we observed, independent of overall LDL-C burden. Nevertheless, we
suggest that specific OR estimates from these models be interpreted with caution. Fifth,

a single measurement of sd-LDL-C may not reflect the cumulative lifetime exposure to
sd-LDL-C, and the lack of longitudinal sd-LDL-C data precludes us from assessing the
relationship of sd-LDL-C and CAC over time. Finally, we note that while several methods
for measuring sd-LDL-C have been developed, the Denka Sieken (Tokyo, Japan) sd-LDL-
EX assay used to quantify sd-LDL-C in MESA offers several advantages such as being
fully automated with excellent sensitivity and specificity in detecting sd-LDL particles,

its cost-effectiveness, and excellent correlation with density gradient ultracentrifugation
methods.29:30 However, limitations of this method to consider include that its results, like
many laboratory assays, may be influenced by certain biological variables; that it may not
differentiate between various sizes within the spectrum of sd-LDL particles; and that it does
not provide information on other lipoprotein fractions that might contribute to cardiovascular
risk. Therefore, future studies may benefit from employing complementary techniques to
provide a more comprehensive lipid profile analysis.

Conclusions

In a large, diverse primary prevention cohort, sd-LDL-C was associated with increased
odds for prevalent baseline CAC, independent of other cardiovascular risk factors including
estimated total LDL-C. Further research is warranted to determine whether selective direct
measurement of sd-LDL-C is indicated to refine cardiovascular risk assessment in primary
prevention, particularly among older men and women with the predominantly sd-LDL
phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Restricted cubic splines of continuous small dense LDL cholesterol and adjusted odds

ratio for the presence of coronary artery calcium at baseline among 4672 middle-aged and
older adults. (A) Adjusted for Model 3 covariates (field centre, age, sex, race/ethnicity,
educational attainment, hypertension, diabetes, smoking, body mass index, and plasma
triglycerides and HDL cholesterol). (B) Adjusted for Model 3 covariates plus estimated
total LDL cholesterol according to the Friedewald equation. Dashed lines represent the 95%
confidence interval. The solid horizontal line represents the null association value (1.0). The
solid vertical line represents the median small dense LDL cholesterol value (35.6 mg/dL;
reference value), and the dotted vertical lines represent the 25th percentile (26.2 mg/dL) and
75th percentile (49.0 mg/dL) values, respectively. The Y-axis is on the natural logarithmic
scale. sd-LDL-C, small dense LDL cholesterol; CAC, coronary artery calcification.
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