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Abstract

Background—It is uncertain whether measurement of circulating total atherogenic lipoprotein

particle cholesterol mass (nonHDLc) or particle concentration (apoB and LDLp) more accurately
reflects risk of incident coronary heart disease (CHD). We evaluated CHD risk among women in

whom these markers where discordant.

Methods—Among 27,533 initially-healthy women in the Women's Health Study
(NCT00000479), using residuals from linear regression models, we compared risk among women
with higher or lower observed particle concentration relative to nonHDLc (highest and lowest
residual quartiles, respectively) to individuals with agreement between markers (middle quartiles)
using Cox proportional hazards models.

Results—Although all 3 biomarkers were correlated (+=0.77), discordance occurred in up to
20.2% of women. Women with discordant high particle concentration were more likely to have
metabolic syndrome (MetS) and diabetes (both A<0.001). Over median follow-up of 20.4 years,
1,246 CHD events occurred (514725 person-years). Women with high particle concentration
relative to nonHDLc had increased CHD risk: for apoB (age-adjusted HR [95% CI] = 1.77 [1.56,
2.00]) and for LDLp (1.70 [1.50, 1.92]). After adjusting for clinical risk factors including MetS,
these risks attenuated to 1.22 (1.07, 1.39) for apoB and 1.13 (0.99, 1.29) for LDLp. Discordant
low apoB or LDLp relative to nonHDLc was not associated with lower risk.
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Conclusions—Discordance between atherogenic particle cholesterol mass and particle
concentration occurs in a sizeable proportion of apparently healthy women, and should be
suspected clinically among women with cardiometabolic traits. In such women, direct
measurement of lipoprotein particle concentration might better inform CHD risk assessment.
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Background

Recent evidence suggests that the total cholesterol carried by atherogenic lipoprotein
particles (estimated as non-high density lipoprotein cholesterol; nonHDLc) or the
concentration of these atherogenic lipoproteins (measured as apolipoproteinB [apoB] or low
density lipoprotein particle concentration [LDLp]) may be superior markers of longitudinal
risk of coronary heart disease (CHD) events compared with LDL cholesterol concentration
(LDLc).1> nonHDLc (calculated as total cholesterol minus HDLc) reflects LDLc, but also
the cholesterol in very low density lipoproteins (VLDL) and intermediate density
lipoproteins (IDL), and therefore may represent a more complete view of risk related to
circulating plasma cholesterol content. Beyond cholesterol content, though, it has been
hypothesized that the number [concentration] of atherogenic lipoprotein particles (the lipid-
protein assemblies which transport cholesterol in circulation) might better reflect the
potential for these cholesterol transporters to be taken up into the neointima of atheromatous
lesions, depositing cholesterol which becomes esterified, inciting and then propagating
atherosclerotic coronary disease.5 7

Although clinical practice has generally favored the use of LDLc for identifying CHD
risk,8-11 interest in the clinical applicability of these alternate measures of risk has grown in
recent years, as the number of CHD events occurring among individuals with low or normal
LDLc remains unacceptably high,12 with 1 in 10 individuals without known cardiovascular
disease (CVD), and 1 in 5 individuals with known CVD, experiencing a CVD event over a
5-year period in clinical trials of statin therapy.13 Additionally, as novel lipid-modulating
therapies become available, identifying optimal lipid/lipoprotein markers for patient
selection and assessment of therapeutic efficacy is of critical importance.

To compare the utility of these risk markers, we recently observed that when LDLc is
discordant with (that is, in disagreement with) either nonHDLc, apoB, or LDLp in women,
risk tracked more closely with the latter three markers than it did with LDLc.14 In the
present study, we sought to extend these observations by examining risk when nonHDLc is
discordant with apoB or LDLp — to determine if CHD risk is more closely related to total
atherogenic lipoprotein particle cholesterol (nonHDLc) or rather to atherogenic particle
number (apoB or LDLp). We hypothesized that circulating atherogenic lipoprotein particle
concentration could provide more accurate insight into risk when nonHDLc and these
markers of particle concentration were discordant.
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Study Population

Biomarkers

Outcomes

The study population is drawn from the Women's Health Study (WHS; NCT00000479) — a
primary prevention trial of vitamin E, p-carotene, or aspirin versus placebo in the prevention
of cardiovascular disease and cancer.2>17 From April 30t 1993, through January 24t
1996, the study enrolled 39,876 women aged 45 years or older and free of self-reported
CVD or cancer at study entry. There was no significant effect of the study drugs on CHD
events during the trial.1>-17 All participants were also asked to provide a voluntary baseline
blood sample, of whom 28,345 did so. Blood measurements were subsequently performed
on these stored samples, as below. For the current study, we excluded women with missing
data on baseline nonHDLc, apoB, or LDLp, which left 27,533 women for analysis. The
study was approved by the institutional review board of the Brigham and Women's Hospital
(Boston, Massachusetts, USA).

At the outset of the original trial, blood samples were collected in EDTA tubes and stored in
vapor-phase liquid nitrogen (-170°C). In a laboratory certified by the National Heart, Lung,
and Blood Institute/Centers for Disease Control and Prevention Lipid Standardization
Program (Dr. Nader Rifai, Children's Hospital, Boston, Massachusetts, USA), baseline
samples were thawed and analyzed for standard lipids and apolipoproteins. Standard lipids
were measured directly with reagents from Roche Diagnostics. nonHDLc was calculated as
total cholesterol (TC) minus HDLc. ApoB was measured with immunoturbidometric
technique on the Hitachi 917 analyzer (Roche Diagnostics), using reagents and calibrators
from Wako Chemicals. Coefficients of variation (CV) for standard lipids, nonHDLc, and
apoB were all £3.3%.18 LDLp was measured by 400 MHz proton nuclear magnetic
resonance (:H NMR) spectroscopy (LipoScience, now LabCorp) using the LipoProfile 111
assay, an assay with CVs generally <4.1%.

The primary outcome was an incident CHD event, defined as the composite of myocardial
infarction, coronary revascularization (coronary artery bypass graft surgery or percutaneous
coronary intervention), or CHD death. Events were ascertained annually in extended follow-
up through 2014 via questionnaire, letter, and phone calls, and confirmed by medical record
review,19. 20

Statistical Analyses

We modeled discordance in two ways: (1) using residuals from linear regression models to
reflect the discordance between expected and observed (measured) apoB or LDLp based on
nonHDLec, and (2) by dividing the population into concordant/discordant groups based on
median marker concentrations, as previously done. We chose to use two methods to assess
the robustness of the potential findings. For Method 1, modeling risk based on residuals,
each individual's degree of discordance was measured using the residuals from linear
regression models to identify the distance between the “observed” (measured) and the
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“expected” apoB or LDLp concentration based on the individual's nonHDLc (e.g. apoB = B
+ [B1]nonHDLc + [By, etc Jcovariables]). This method identifies positive residuals (higher
apoB or LDLp than expected based on nonHDLc) and negative residuals (lower apoB or
LDLp than expected based on nonHDLc), in each individual. To compare risk, we examined
risk among those with very positive residuals (>75™ percentile; i.e. observed apoB or LDLp
much higher than expected based on nonHDLc) or very negative residuals (<251 percentile;
i.e. observed apoB or LDLp much lower than expected), compared to those with
intermediate residuals (25™ - 75t percentiles; i.e. observed apoB or LDLp similar to
expected). Examination of the highest and lowest quartiles was chosen in order to evaluate
risk among women with more extreme lipid discordance phenotypes.

For Method 2, modeling risk based on medians, discordance was defined as nonHDLc <
median and the alternative measure (apoB or LDLp) = its median, or vice versa. The median
values for nonHDLc, apoB, and LDLp were 154.4 mg/dL (4.0 mmol/L), 100.2 mg/dL (2.6
mmol/L), and 1,215.9 nmol/L, respectively. A comparison of individuals selected by these
two methods is shown for apoB and nonHDLc in Figure 1a and for LDLp and nonHDLc in
Figure 1b.

Within concordant/discordant groups, baseline descriptive clinical and biochemical
characteristics were summarized as medians (25!, 75! percentiles) for quantitative variables
and as percentages for qualitative variables. Comparisons across concordant/discordant
groups were assessed with the Kruskal-Wallis test for quantitative variables and with the chi-
square or Fisher exact test for qualitative variables. Scatter plots were used to depict the
distribution of biomarker values in the overall study population. Correlations were measured
with Spearman rank correlation coefficient (7).

We compared risks between concordant and discordant groups with Cox proportional
hazards models (hazard ratio [HR] and 95% confidence intervals [CI]) and Kaplan-Meier
survival-free-of-CHD curves. For Method 1 (residuals) we used the intermediate residual
group (25t — 75t percentiles) as the reference group, and for Method 2 (medians) we used
those with concordant low nonHDLc and apoB or LDLp as the reference group. Consistent
with previous analyses,14 we performed three regression models for each group/outcome: 1)
an age-adjusted model (Model 1); 2) a model additionally incorporating randomized
treatment assignment, hormone use, postmenopausal status, smoking (baseline history or
not), and baseline history of hypertension (Model 2); and 3) a model additionally
incorporating cardiometabolic traits, including diabetes mellitus, metabolic syndrome
(MetS), body mass index (BMI), HDL.c, triglycerides, high-sensitivity C-reactive protein
(hsCRP), and parental history of premature myocardial infarction (Model 3). MetS was
defined as having 3 or more of the following traits: (1) BMI >26.7 (as a surrogate for waist
circumference, which was not measured at baseline in WHS), (2) blood pressure > 130/85
mmHg or history of hypertension or treatment for hypertension, (3) triglycerides = 150
mg/dL, (4) HDL-c <50 mg/dL (1.29 mmol/L), and (5) HbAlc = 5.7% (as a surrogate for
fasting glucose, which was not measured in WHS) or history of diabetes. Finally, as we
observed post hoc that women in the discordant high apoB and LDLp groups also had higher
concentrations of nonHDLc than the referent group, to assess potential confounding by
baseline nonHDLc concentration we performed (4) a fourth regression model (Model 4)
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which included the variables in Model 3 above plus nonHDLc concentration. All P-values
were two-tailed using a=0.05. Analyses were done using SAS v9.4 (SAS Institute).

The two methods for defining discordance differed in the patients whom they identified
(Figure 1). Although all three biomarkers were highly correlated — nonHDLc and apoB
(Spearman r=0.86, £<0.0001), nonHDLc and LDLp (r=0.77, £<0.0001), and apoB and
LDLp (r=0.85, P<0.0001) — discordance, defined based on medians, between nonHDLc and
apoB or LDLp, overall occurred in 13.9% and 20.2% of women, respectively. As
concentrations of nonHDLc deviated from the median, the prevalence of discordance
decreased progressively, with discordance between nonHDLc and apoB or LDLp decreasing
to 5.3% and 7.9%, respectively, for those in the 90t percentile of nonHDLc, and to 2.7 and
3.9%, respectively, for those in the 10t percentile of nonHDLc (Figure 2). Using residuals,
for both comparisons with nonHDLc to apoB (Table 1) and to LDLp (Table 2), women with
discordant high apoB or LDLp generally had a higher baseline prevalence of CHD risk
factors, particularly cardiometabolic risk factors such as hypertension, diabetes, and
increased hsCRP, compared with those in the concordant and discordant low apoB or LDLp
groups, and MetS was significantly more prevalent among women with discordant high
apoB and LDLp (~<0.001).

A total of 1,246 CHD events occurred over a median (maximum) of 20.4 (21.6) years of
follow-up, representing 514,725 person-years of follow-up. The proportion of CHD subtypes
comprising the primary endpoint was similar across the discordant and concordant groups
(Supplemental Tables 1 and 2). Defining discordance based on residual differences, women
with discordant high apoB were at higher risk of CHD relative to those with concordant
apoB and nonHDLc (Table 3; Figure 3a). This risk association persisted after adjustment for
clinical variables plus MetS and related variables (Model 3 HR [95% CI] = 1.22 [1.07,
1.39]). Women with discordant low apoB were not at lower risk of coronary events (Model 3
HR [95%] = 0.97 [0.83, 1.14]) relative to those with concordant values. Women with
discordant high LDLp were at higher risk of CHD relative to those with concordant LDLp
and nonHDLc in models adjusting for age and basic clinical variables (Table 3), but no
longer in the model adjusting for clinical variables plus MetS and related cardiometabolic
variables (Model 3 1.13 [0.99, 1.29]; Figure 3b). Although median nonHDLc was higher
among women with discordant high lipoprotein particle concentration, risk estimates were
not appreciably changed after adjustment for baseline nonHDLc (Table 3). Although a larger
proportion of women with MetS had discordant high particle concentration, the magnitude
of associated increased risk of CHD was similar among women with and without MetS for
both apoB (MetS present: Model 2 HR [95% CI] = 1.45 [1.22, 1.72]; MetS absent: 1.43
[1.19, 1.72]; Supplemental Table 3) and LDLp (MetS present: 1.24 [1.05, 1.48]; MetS
absent: 1.42 [1.17, 1.72]). In sensitivity analyses restricted to those with nonHDL-c below
the median, we observed a similar pattern of results to those in the overall cohort. Among
women with nonHDLc and apoB or LDLp above their medians (those in the right upper
quadrant of Figures 1a and 1b), 66% and 65%, respectively, of women had an estimated 10-
year ASCVD risk <5% by Pooled Cohort Risk Assessment Equations, and thus might not
necessarily qualify for statin therapy.
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Defining discordance based on medians, women with discordant high apoB were at greater
risk of CHD events (age-adjusted HR [95% CI] = 1.90 [1.50, 2.40]) than those with
discordant low apoB (age-adjusted HR [95% CI] = 1.33 [1.01, 1.75]), although these
differences were no longer apparent after adjustment for clinical covariables including MetS
(Supplemental Table 4). Using medians to define discordance, no major differences in risk
among nonHDLc-LDLp discordance groups were observed.

Discussion

Several highly correlated measures of atherogenic lipoproteins have been proposed by
prevention guidelines for CHD risk assessment, and there is uncertainty regarding when and
if clinicians should order tests to measure lipoprotein particle concentrations (e.g. apoB or
LDLp) or simply calculate the cholesterol (e.g. nonHDLc) that is obtained from a simple
lipid panel. This study aimed to better understand the magnitude and contribution to CHD
risk that is related to atherogenic particle cholesterol mass versus particle concentration in
apparently healthy women. We found that despite high correlations, a sizable proportion
(~20%) of these women had discordant nonHDLc and apoB or LDLp. Women with
discordant high apoB or LDLp tended to also have higher prevalence of baseline
cardiometabolic comorbidities, notably MetS. When nonHDLc and lipoprotein particle
concentration (particularly apoB) were discordant, risk tracked better with lipoprotein
particle concentration, irrespective of the presence of MetS. These findings could inform
CHD risk discussions, in particular for individuals with cardiometabolic traits, in whom it
may be reasonable to directly measure lipoprotein particle number for better risk assessment.

Accurate identification and profiling of risk related to circulating atherogenic lipids and
lipoproteins remains a priority in clinical practice. First, it has been observed that the
number of CHD events occurring among individuals with low or normal LDLc remains
unacceptably high,12 with 1 in 10 individuals without known cardiovascular disease (CVD),
and 1 in 5 individuals with known CVD, experiencing a CVD event over a 5-year period in
clinical trials of statin therapy.13 Such residual risk may reflect alternative pathways of
atherogenesis, such as inflammation, but also the imprecision of current lipid/lipoprotein
approaches to identify risk. Additionally, as novel primary and adjunctive lipid-modulating
therapies become available,21: 22 identifying optimal lipid/lipoprotein markers for patient
selection and assessment of therapeutic efficacy is of critical importance.23

Although clinical practice has generally favored the use of LDLc as the first-line marker of
CHD risk related to circulating atherogenic lipoproteins, recent evidence suggests that
measures of total atherogenic lipoprotein cholesterol concentration (nonHDLc) and
atherogenic lipoprotein particle concentration (apoB or LDLp) may be superior markers of
longitudinal risk of CHD.1: 2. 4. 5. 14 Theoretic benefits of measuring nonHDLc beyond
LDLc include more comprehensive assessment of total circulating atherogenic cholesterol
(beyond that associated with LDL). Even so, both nonHDLc and LDLc reflect circulating
lipoprotein cholesterol mass, whereas concentration of atherogenic lipoprotein particles
represents an alternate view of circulating lipoprotein burden which may better reflect risk.’
Biologically, atherogenic lipoprotein particle concentration might better reflect the potential
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for cholesterol-carrying lipoproteins to be taken up into the neointima of atheromatous
lesions, inciting and then propagating atherosclerotic coronary disease.5: 7

Building on our previous observations that nonHDLc, apoB, and LDLp better captured risk
compared with LDLc in situations of discordance,4 the current study examined risk of CHD
events when apoB and LDLp were discordant with nonHDLc. The findings herein support
the hypothesis that in many women, nonHDLc and apoB or LDLp are discordant, and in
such cases lipoprotein particle concentration (primarily apoB) better reflects their true risk.
An interesting observation was that women with discordant high apoB or LDLp generally
had a higher proportion of MetS and worse cardiometabolic risk factor profiles. Notably,
though, the associations observed among those with discordant apoB remained significant
after adjustment for MetS and covariables. There was also no evidence of effect
modification among women with compared to those without MetS in terms of the magnitude
of risk associated with discordant apoB and LDLp. Taken together, these data suggest that
women with MetS traits might be a group in whom potential for discordance should be
suspected in clinical practice, although among those with and without MetS alike, particle
number better captures true CHD risk. Equally interesting and likely to represent a challenge
to clinicians was the observation that discordance remained relatively prevalent even at the
extremes of nonHDLc. Hence, it could be difficult to endorse a cut-point where the chances
of discordance are “too low to worry about.”

Among women who would be expected to be at highest risk based on cholesterol and
lipoprotein markers above their medians (those in the right upper quadrant of Figure 1), we
observed that approximately 2/3 of women had a Pooled Cohort Risk Assessment Equations
estimated 10-year ASCVD risk <5%, and thus might not necessarily qualify for statin
therapy. Within this group, we did observe differential patterns of risk when these
individuals were further stratified by a measure of lipoprotein particle concentration. Thus,
in the further development of risk-stratifying algorithms, more personalized tailoring of
therapy could be achieved by incremental knowledge of atherogenic lipoprotein particle
concentration beyond measuring atherogenic cholesterol concentration (nonHDLc) alone.

Several other studies have used discordance analyses2 to compare risks when nonHDLc and
apoB are discordant, including in the Framingham Offspring Cohort and the INTERHEART
studies.> 25 Strengths of our study include the prospective design, longitudinal (>20 years)
follow-up, inclusion of multiple measures of lipoprotein particle concentration (apoB and
NMR-measured LDLp), and focus on women. Overall, our findings are generally in
agreement with those of these prior studies, and support the hypothesis that CHD risk may
be more closely related to the number of atherogenic lipoprotein particles, rather than to the
mass of cholesterol carried in them.

We evaluated two approaches for conceptualizing and defining discordance, which labeled
different groups of women as “discordant” (Figures 1a and 1b). We chose to emphasize the
residual difference method of identifying discordance over the method using median cut-
points. Although the method using medians is informative and potentially more clinically
accessible, splitting around medians carries the risk of misclassification. For example, the
analysis based on medians would categorize a woman as “discordant” if her nonHDLc was
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in the 49™ percentile and her apoB was in the 515t percentile. Conversely, a woman with
nonHDLc in the 15t percentile and apoB in the 49™ percentile would be categorized as
“concordant.” This misclassification would, if anything, be expected to bias the results
towards the null. Indeed, in fully adjusted models based on medians, CHD risk estimates
attenuated considerably. Furthermore, in dichotomizing the population around medians,
participants with very high biomarker concentrations (hence at higher risk) or very low
biomarker concentrations (hence at lower risk) were more likely to be labeled as
“concordant” than those with intermediate marker concentrations (likely at more
intermediate risk; Figure 2). Therefore, baseline concentration of the referent biomarker
(nonHDLc) could potentially be a confounder in assessing risk associations when the
“concordant” group (characterized by more extreme marker concentrations) is used as the
reference group. In other words, using the “concordant” group as the reference group in a
median-based analysis could inherently lead to the perception of over- or under-estimation
of risk due to baseline referent biomarker (e.g. nonHDLc) concentrations being more
extreme in the “concordant” groups, an inherent result of this method. To minimize this
potential confounding, we modeled risk for all four concordant/discordant groups together,
using the “concordant low” group as the reference group. Doing so, although the
comparisons between discordant and concordant groups may continue to be affected by this
confounding, direct comparisons between the two discordant groups should be less affected.
Nonetheless, taken together, defining discordance based on the residual differences method
could avoid many of these misclassification and confounding limitations inherent to the
median cut-point method, at the expense of being more difficult to determine in clinical
practice.

Several potential limitations bear mention. By dividing the cohort into groups based on
biomarker concentrations, our study should be considered a subgroup analysis. Additionally,
our study examined CHD risk only among women. However, previous studies — including
the Health Professionals Follow-up Study — found that in men, lipoprotein particle
concentration better predicted CVD risk than nonHDLc,28 and hence our findings may be
generalizable to broader populations including men.

In conclusion, among women with discordant concentrations of nonHDLc and apoB or
LDLp, CHD risk is more strongly associated with lipoprotein particle concentration
(particularly apoB). Overall, our findings support the hypothesis that CHD risk may be more
closely related to the concentration of atherogenic lipoprotein particles rather than to the
mass of cholesterol carried by them. In clinical practice, discordance might be suspected
among women with cardiometabolic traits of metabolic syndrome and diabetes. In such
women (particularly those with a normal or low nonHDL-c, who might not otherwise be
targeted for lipid-lowering primary prevention), direct measurement of lipoprotein particle
concentration (particularly with apoB) might help better inform clinical risk assessment and
guide clinical decision making.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Median apoB

| Median LDLp

Two methods for defining discordance between (a) nonHDLc and apoB and (b) nonHDLc
and LDLp. (1) Discordance can be defined as one marker above and another below the
median marker cut-points. (2) Discordance could also be defined based on residual
differences from linear regression models estimating the difference between expected (based
on the marker in comparison) and observed marker concentrations; here, those in the lowest
residual quartile (purple circles; “apoB lower than expected based on nonHDLc”) are
compared with those on the highest residual quartile (green circles; “apoB higher than
expected”), using those in the intermediate two quartiles (red circles; “apoB close to
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excepted”) as the reference group. Median concentrations of nonHDLc, apoB, and LDLp are
154.4 mg/dL (4.0 mmol/L), 100.2 mg/dL (2.6 mmol/L), and 1,215.9 nmol/L, respectively.

Clin Chem. Author manuscript; available in PMC 2018 April 01.



Lawler et al. Page 13

S
1

Bl apoB
Bl LDLp

5

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

[a—
n
1

—
o
1

n

Proportion of Discordance (%)

nonHDLc (ng/dL; percentile)

Figure2.

Proportion of individuals with discordant nonHDLc and lipoprotein particle concentration

(apoB and LDLp), for those at or above (=50t percentile) and below (<50t percentile)
decile cutoffs of nonHDLc.
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Figure 3.

Kaplan-Meier curves demonstrating survival free of CHD based on residual differences
among women with concordant (blue) and discordant high (green) and low (red) (a) apoB
and (b) LDL-p, both relative to nonHDLc. Aog rank< 0.0001 for both.
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