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Narrowing Sex Differences in Lipoprotein Cholesterol Subclasses
Following Mid-Life: The Very Large Database of Lipids (VLDL-10B)
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Erin D. Michos, MD, MHS; Gary Gerstenblith, MD; Roger S. Blumenthal, MD; Steven R. Jones, MD

Background—Women have less risk of atherosclerotic cardiovascular disease compared with men up until midlife (ages 50 to 60),
after which the gap begins to narrow post menopause. We hypothesized that the average lipid profile of women undergoes
unfavorable changes compared with men after midlife.

Methods and Results—We examined lipids by sex and age in the Very Large Database of Lipids 10B (VLDL 70B) study. The
analysis included 1 350 908 unique consecutive patients clinically referred for lipoprotein testing by density gradient
ultracentrifugation from 2009 to 2011. Ratio variables were created for density subclasses of LDL-C, HDL-C, and VLDL-C (LLDR,
LHDR, LVDR, respectively). Men showed higher median LDL-C values than women for ages 20 to 59, with the greatest difference in
their 30s: 146 mg/dL in men versus 130 mg/dL in women. In contrast, women consistently had higher values after midlife (age
60), for example ages 70 to 79: 129 mg/dL in women versus 112 mg/dL in men. After age 50, women had higher LDL-C each
decade, for example 14% higher from their 30s to 50s, while HDL-C concentrations did not differ. Women had more buoyant LDL-C
and HDL-C (lower LLDR and LHDR) than men at all ages but the gap closed in higher age groups. In contrast, women had a
generally denser VLDL-C (higher LVDR) leading into midlife, with the gap progressively closing in higher age groups, approximating
that of men in their 60s and 70s.

Conclusion—The narrowing sex differential in cardiovascular disease risk after midlife is mirrored by a higher total atherogenic
lipoprotein cholesterol burden in women and a closer approximation of the less favorable density phenotype characteristic of men.
(/ Am Heart Assoc. 2014;3:000 000851 doi: 10.1161/JAHA.114.000851)
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As women age, the serum concentrations of triglycerides
(TG), low-density lipoprotein cholesterol (LDL-C), and
total cholesterol (TC) surpass those in men.' Menopause
itself, ie, independent of chronologic age, is associated with
an increased prevalence of dyslipidemia,® but not hyperten-
sion or insulin resistance,”* independent of the effect of
chronological aging. The Study of Women’s Health Across the
Nation (SWAN) showed an increase in TC and LDL-C within 1
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year of the final menstrual period and suggested that
increases in these markers leads to an increase in cardio-
vascular disease (CVD).2 Women do experience an escalation
in the incidence of CVD after menopause but continue to have
significantly lower cardiovascular morbidity and mortality
relative to age-matched men despite higher median values of
TG, LDL-C, and TC.® Indeed, after adjusting for multiple
risk factors, at any given TC,® LDL-C,”"® HDL-C level,”® CV
morbidity and mortality risk is higher in men.

Alternative features such as the length of exposure to
hyperlipidemia, biological susceptibility, or the composition of
lipoproteins may be similarly important determinants of sex-
related differences in CV risk. In a 26-year follow-up of the
Framingham cohort of subjects with optimal lipoprotein
levels, the incidence of coronary heart disease in men was
4-fold higher than that in women, suggesting additional
estimates of risk are needed.'®

The composition of lipoproteins, such as LDL, may shift
during menopause. Smaller dense LDL particles (pattern B,
predominance of subclasses LDL3.4) may be more atherogenic
than larger buoyant LDL particles (pattern A, predominance of
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subclasses LDLy,,) and are more prevalent in men,"' though
the prevalence increases in women after menopause.'? In a
large sample of the Framingham Offspring Study, Freedman
et al, using nuclear magnetic resonance (NMR) spectroscopy,
reported that the increased LDL-C concentration in older
women is largely driven by high concentrations of large, rather
than small, LDL particles.'® The study also found that men
had smaller HDL particles and larger very low-density
lipoprotein (VLDL) particles. A cross-sectional analysis of a
subset of the Study of Women’s Health Across the Nation
(SWAN) also found a trend towards smaller HDL particle size
after menopause in women.'*

The literature for age- and sex-stratified lipoprotein
subclass concentrations through menopause is limited. We
used the Vertical Auto Profile (VAP) data to characterize
differences by sex and age in major lipoproteins and their
subclasses from the very large database of lipids. We
hypothesized that the composition of major lipoprotein
classes in women characterized by distribution of density
subclass cholesterol becomes less favorable compared with
men after midlife (ages 50 to 60).

Methods
VAP Analysis of Lipoprotein Subclasses

Comparisons in the literature on subclass lipoprotein subclass
concentrations are made difficult due to varying assay
methods used.'® The gold standard for density subclassifica-
tion is analytical ultracentrifugation, but it is laborious.
Alternatively, LDL size is often measured by gradient gel
electrophoresis, which provides the predominant distribution
of size but does not directly quantify the number of large and
small particles. This is problematic as an overall small LDL
phenotype may consist of varying numbers and combinations
of large and small particles.'® NMR determines LDL size and
subclass particle concentration from proton chemical shift
and signal intensity.

We examined a cross-sectional sample of VAP lipoprotein
cholesterol data from 1 350 908 unique consecutive adults in
the very large database of lipids, which were collected from
2009 onward and compiled in 2011."7 Vertical Auto Profile
density gradient ultracentrifugation is a rapid and scalable
method that directly measures major lipoprotein class and
subclass cholesterol concentrations.'® Concentrations of lipo-
protein classes and subclasses are quantified by deconvoluting
the absorbance curve (obtained via centrifugation) using
computerized quantitative analysis. Eight density subclass
cholesterol concentrations were measured including 4 LDL
(LDL4-C—LDL4-C), 2 HDL (HDL,-C, HDL3-C), and 2 VLDL
(VLDL4+,-C, VLDL3-C) subclasses. Higher subclass numbers
designate higher density. The Johns Hopkins Institutional Review

Board declared an exemption from formal ethics approval for
this study. Statistical analyses and graphical processing were
performed using Stata Version 11.0 (StataCorp).

Density Ratios

To compare density ratios (Table 1), the densities of the
lipoprotein classes were indexed by calculating the log
transformed ratio of higher to lower subclasses of each
lipoprotein class. In doing so, we created continuous variables
to estimate density. A higher ratio indicates higher relative
density within the major lipoprotein class. Log transformation
converted density ratios to normally distributed variables. We
have previously published this methodology, showing that the
LDL density ratio (LLDR) strongly correlates with ultracentrif-
ugation-determined density (R=0.73, P<10% and LDL Max
Time (R*=0.80)."?

Timing of Menopause

Information on each woman’s final menstrual period was not
available, thus age was used as a proxy for menopause. The
average ages of perimenopause and menopause are
47.5 years and 51.3 years, respectively, with 97% of women
reaching perimenopause by 55 years of age.?°

Statistical Methods

In stratified analyses, we examined sex differences in
lipoprotein classes and subclasses using linear regression
adjusting for age. Non-Gaussian variables were log-trans-
formed. With over 1.3 million samples, all hypothesis tests
were highly statistically significant (P<0.001), thus relative
differences in lipoprotein were presented to allow for clinically
relevant interpretation. Relative differences were calculated
as median values of men minus women divided by the
population median. The interaction term, sexxage, was then
used to examine whether sex modified the association
between age and each marker.

After stratifying by sex, we calculated Pearson coefficients
for the correlations between lipids and lipoprotein subclass

Table 1. Determination of Density Ratios

Abbreviation Definition Subclass Ratio*
LLDR Logarithmic LDL density ratio |n(tDL3—4:g)
LHDR Logarithmic HDL density ratio |n(%z:g)
LVDR Logarithmic VLDL density ratio | In (V\ll_LD[l)_Ii;C C)

*Lipoprotein subclasses are separated by vertical density gradient ultracentrifugation
and their relative cholesterol concentrations are measured by deconvoluting the
spectrophotometric absorbance curve.
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cholesterol. The correlations were adjusted for age. Particu-
larly robust associations were represented graphically using
the Jpoly function of Stata 11.0, which creates a kernel-
weighted local polynomial regression with smoothed values.

By sex, we determined the median, 25th and 75th
percentiles for various potential risk markers from ages 30
to 80 to capture sex differences throughout mid- and late-life.
Male/female differences in select markers were examined,
and linear regression was used to determine whether these
sex differences were independent of age. Median values by
age group for lipoproteins and ratio variables of interest were
expressed graphically.

Results

Differences in Lipids and Lipoproteins

Overall, women had significantly higher median TC, LDL-C, and
HDL-C concentrations while men had higher concentrations of
TG and VLDL-C (Table 2). All associations were significant at

Table 2. Selected Characteristics, by Sex

P<0.001 (99.9% confidence level); however, the absolute
difference in non-HDL-C (6 mg/dL, 5% relative difference) by
sex was modest. With adjustment for age, some sex
differences were attenuated (Table 2, last column). However,
differences remained particularly robust for TC (10% relative
difference, age-adjusted 19 mg/dL), HDL-C (23%, 12.5 mg/
dL), and density ratios (70%, 0.4; 17%, 0.2; and 16%, 0.1) for
LLDR, LHDR, and LVDR, respectively. Table 3 presents the
results of effect modification by sex. As shown, all measures
were significant except HDL-C (—0.003, P=0.08).

LDL Density Ratio

Men had a higher LLDR (denser phenotype) than women
(Table 2). While the concentrations of the denser subclasses,
LDL3-C and LDL,4-C, were similar in women and men, men had
lower concentrations of the more buoyant subclasses, LDL;-C
and LDL,-C.

Stratified by sex, Pearson correlation coefficients for the
dependence of select characteristics and subclasses are

Median (Interquartile Range) Difference (Men—Women)

Men (n=645 268) Women (n=697 815) Absolute* % Relative® Age-Adjustedi
Age, y 58.2 59.1
TC 179 (150 to 209) 197 (79 to 158) —18 —9.57 -19
TGs 120 (85 to 176) 111 (102.7) 9 7.83 9
LDL-C 104 (80 to 131) 112 (89 to 139) -8 —7.41 -8.7
HDL-C 46 (39 to 55) 58 (48 to 70) —-12 —23.08 —-12.5
VLDL-C 23 (18 to 30) 21 (17 1o 28) 2 9.09 2.2
Lp(a) 6(4t09 7 (510 10) -1 —16.67 -1.4
Non-HDL-C 129 (102 to 160) 135 (110 to 165) —6 —4.51 —6.5
LDL-C/HDL-C 2.24 (1.66 to 2.96) 1.90 (1.44 to 2.51) 0.34 16.59 0.3
LLDR 0.88 (0.40 to 1.32) 0.43 (0.31 to 0.89) 0.45 70.31 0.4
LDL4-C 13.40 (8.30 to 21.10) 10.50 (6.40 to 16.20) 2.9 24.58 3.4
LDL3-C 41.60 (29.40 to 56.40) 40.90 (29.20 to 55) 0.7 1.69 0.4
LDL2-C 11.90 (5.40 to 21.70) 20.90 (11.60 to 32.50) -9 —55.21 -84
LDL1-C 11.80 (7.70 to 16.90) 13.70 (9.10 to 19.30) -1.9 —14.96 —2.1
LHDR 1.24 (1.05 to 1.44) 1.05 (0.87 to 1.24) 0.19 16.67 0.2
HDL3-C 36 (30 to 42) 43 (36 to 51) —7 —17.95 —75
HDL2-C 10 (8 to 13) 15 (11 to 20) -5 —41.67 —5.1
LVDR 0.29 (0.11 to 0.43) 0.34 (0.19 to 0.45) —0.05 —15.63 —0.1
VLDL3-C 13 (11 to 16) 12 (10 to 15) 1 7.69 0.6
VLDL(1+2)-C 9.60 (7.10 to 13.90) 8.70 (6.70 to 12.20) 0.9 9.89 15

HDL-C indicates high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;

LHDR, logarithmic HDL density ratio; LLDR, logarithmic LDL density ratio; LVDR,

logarithmic VLDL density ratio; TC, total cholesterol; TG, triglycerides; VLDL, very large database of lipids.
*Difference between men and women: positive values indicate higher in men; P<0.001 for all comparisons.

T([Men—women]/(population median))x 100.
Adjusted absolute values using linear regression.
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Table 3. Results of Effect Modification by Sex for the

Swiger et al

Relationship Between Select Lipoproteins and Age

Coefficient* P Value
TC —0.61 <0.001
TG —1.143 <0.001
LDL-C —0.45 <0.001
HDL-C —0.003 0.084
VLDL-C —0.151 <0.001
Lp(@) —0.002 0.004
Non-HDL-C —0.607 <0.001
LLDR 0.002 <0.001
LHDR —0.001 <0.001
LVDR 0.002 <0.001

HDL-C indicates high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; LHDR, logarithmic HDL density ratio; LLDR, logarithmic LDL density ratio;
LVDR, logarithmic VLDL density ratio; TC, total cholesterol; TG, triglycerides; VLDL, very
large database of lipids.

*Results determined by linear regression using the interaction term sexxage.

shown in Table 4. Higher HDL-C concentrations were asso-
ciated with a lower, or more buoyant LLDR (—0.34 for men,
—0.37 for women). TG was modestly correlated with LLDR
(0.21 for both sexes). To explore these correlations further,
Figure 1 shows the relationship between LLDR (top panel)
across concentrations of TG and HDL-C. TG and HDL-C
concentrations were restricted from the 5th to 95th percen-
tile to represent the general population, avoiding extreme
dyslipidemia phenotypes. LLDR was higher for both sexes
with higher TG serum concentrations (top panel, left column).
Differences in LLDR by sex persisted when comparisons were
made across similar concentrations of HDL-C (top panel, right
column).

Table 5 presents the median (interquartile range) of
various lipoprotein variables by sex. Ages 30 through 79
were chosen to highlight the pre-, peri-, and post-menopausal
periods in women. Median (25th, 75th percentile) values
throughout life are shown in Figure 2. LDL-C was more
strongly correlated with age in women than in men, though
both associations were modest (correlation coefficients; 0.29

Table 4. Relationship of Select Lipid and Lipoprotein Concentrations With Subclass Ratios and Concentrations

Subclass Sex TG LDL-C HDL-C VLDL-C
LLDR Men 0.21 -0.12 —0.34 0.1
Women 0.21 -0.12 —0.37 0.1
LDL4-C Men 0.31 0.33 —0.23 0.27
Women 0.18 0.17 —0.18 0.12
LDL3-C Men 0.12 0.87 0.05 0.21
Women 017 0.8 —0.09 0.23
LDL2-C Men -0.28 0.43 0.43 -0.17
Women —0.29 0.57 0.45 —0.17
LDL1-C Men 0.33 0.83 0 0.49
Women 0.36 0.75 —0.06 0.5
LHDR Men 0.2 0.1 —0.47 0.17
Women 0.24 0.06 —0.57 0.23
HDL3-C Men —0.49 0.13 0.97 —0.46
Women —0.5 0.1 0.97 —0.49
HDL2-C Men —0.41 0 0.87 —0.38
Women —0.44 0.02 0.92 —0.42
LVDR Men —0.76 -0.22 0.38 -0.73
Women —0.61 —0.21 0.29 —0.62
VLDL3-C Men 0.87 —0.43 —0.43 0.97
Women 0.89 0.31 —0.48 0.97
VLDL(1+2)-C Men 0.93 —0.46 —0.46 0.98
Women 0.91 0.31 —0.47 0.97

Values are Pearson correlation coefficients; negative value represents inverse relationship. HDL-C indicates high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;

LHDR, logarithmic HDL density ratio; LLDR, logarithmic LDL density ratio; LVDR, logarithmic VLDL density ratio; TG, triglycerides; VLDL, very large database of lipids.
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Figure 1. Relationship of LLDR (top), LHDR (middle), and LVDR (bottom) with concen-
trations of TG (left) and HDL-C (right). HDL-C indicates high-density lipoprotein cholesterol;
LHDR, logarithmic HDL density ratio; LLDR, logarithmic LDL density ratio; LVDR, logarithmic

VLDL density ratio; TG, triglycerides.

vs 0.09, respectively). LDL-C in women trailed men through
middle age but this trend reversed beginning in their 50s.
Women’s higher LDL-C in ages 50 through 79 was primarily
driven by the more buoyant LDL;-C and LDL,-C. This, along
with lower LLDR for men in late life, accounts for a
convergence of LLDR with age. While densities tend to
converge, women still maintain a more buoyant LLDR relative
to age-matched men into late life (Figure 3).

HDL Density Ratio

Men had a higher LHDR and thus denser HDL-C phenotype
than women (Table 2).

Higher HDL-C concentrations (Table 4) were associated
with a lower (more buoyant) LHDR (Pearson coefficient —0.47
for men and —0.57 for women). Similar to LLDR, the
relationship between TG concentrations and LHDR was
modestly correlated (0.20, 0.24 for men and women,
respectively). The relationship across TG concentrations
(Figure 1, middle panel, left column) was linear. Men had
higher LHDR throughout but the sex difference was reduced

by taking into account TG concentrations. As with LLDR, sex
differences in LHDR were not reduced across HDL-C concen-
trations (middle panel, right column).

Although HDL-C concentrations in both men and women
were relatively unchanged from age 30 through 79 (Figure 2)
both sexes had a more buoyant phenotype (lower LHDR) from
age 30 forward. The differences in LHDR by sex converged
with late age but, like LLDR, women maintained a lower LHDR,
and thus a more buoyant phenotype, into late life.

VLDL Density Ratio

Table 2 shows that men had a lower LVDR (more buoyant
VLDL-C phenotype) than women by a relative difference of
16%.

TG and VLDL-C concentrations correlated inversely with
LVDR and positively with VLDL-C subclasses (Table 4).
However, a higher HDL-C was associated with higher LVDR
in men (0.38) and women (0.29). Pearson coefficients showed
a stronger inverse relationship of LVDR to TG concentrations
in men (—0.76) than in women (—0.61). LVDR significantly
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Table 5. Median and Interquartile Range of Select Lipoproteins by Sex and Density Ratios, Stratified by Age

30 to 39 40 to 49 Correlation
Age, y (n=76 127) (n=207 640) 50 to 59 (=329 173) 60 to 69 (n=325 420) 70 to 79 (n=210 077) R** Coefficient
LDL-C, Men 118 (96 to 118 (95 to 121 (97 to 146) 99 (77 to 125) 89 (70-115) 0.01 | 0.09
mg/dL 142) 143)
Women | 108 (89 to 114 (94 1o 111 (86 to 137) 116 (91 to 143) 105 (82 to 133) 0.08 | 0.29
130) 138)
Non-HDL- | Men 146 (121 to 147 (121 to 138 (110 to 167) 123 (98 to 153) 112 (91 to 141) 0.08 | —0.28
C, 174) 175)
mg/dL Women | 130 (108 to 137 (114 to 144 (118 to 173) 139 (112 to 169) 129 (104 to 160) 0.00 | —0.04
155) 163)
LLDR Men 0.84 (0.36 to | 0.88 (0.41 to 0.90 (0.43 to 1.33) 0.91 (0.44 to 1.36) 0.89 (0.42 to 1.33) 0.01 | 0.09
1.28) 1.31)
Women | 0.48 (0.02 to | 0.48 (0.01 to 0.40 (—0.07 t0 0.87) | 0.42 (—0.03 to 0.89) | 0.45 (—0.01 t0 0.90) [ 0.00 | —0.06
0.95) 0.96)
LHDR Men 130 (1.12t0 | 129 (1.10t0 | 1.27 (1.10t01.46) | 1.24 (1.05t0 1.43) | 1.19 (1.00 t0 1.39) | 0.01 | —0.12
1.48) 1.48)
Women | 1.08 (0.91 to | 1.08 (0.90 to 1.07 (0.89 to 1.25) 1.06 (0.88 to 1.24) 1.03 (0.85 t0 1.22) 0.00 | —0.06
1.27) 1.26)
LVDR Men 0.22 (0.01 to | 0.23 (0.03 to 0.27 (0.09 to 0.41) 0.31 (0.14 to 0.44) 0.34 (0.18 to 0.46) 0.03 | 0.17
0.37) 0.38)
Women | 0.34 (0.19to | 0.33 (0.18 to 0.33 (0.18 to 0.44) 0.33 (0.19 to 0.44) 0.34 (0.20 to 0.45) 0.01 | 0.10
0.45) 0.45)

HDL-C indicates high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LHDR, logarithmic HDL density ratio; LLDR, logarithmic LDL density ratio;

LVDR, logarithmic VLDL density ratio.

*Statistical tests examined whether sex modified the association between age and each lipoprotein.

TCorrelation coefficient taken from square root of R?.

decreased as TG concentrations increased (Figure 1; bottom
panel, left column). The differences in LVDR by sex were also
greatly reduced when comparisons were made at similar TG
concentrations. Comparisons at similar HDL-C concentrations
did not appreciably affect the differences in LVDR between
men and women.

Table 5 shows that across ages 30 through 79, women
held a higher LVDR (denser phenotype), but this difference
narrowed with late age. Unlike both LLDR and LHDR, the
curves converge to the point where sex differences were
minimal at ages 80 and older (Figure 2).

Discussion

In an analysis of ultracentrifugation data from over 1.3 million
subjects, we found that men tend to have denser LDL and HDL,
but more buoyant VLDL relative to age-matched women. By
age 60, at which point nearly all women have reached
menopause, and throughout the remainder of life, women
have higher non-HDL-C and LDL-C. The higher LDL-C in women
is primarily driven by the more buoyant subclasses. Total HDL-
C does not appreciably change with age for both sexes but in
late life HDL,-C predominates. Thus, at the time of menopause
and beyond, women’s lipid and lipoprotein advantage narrows.

Despite higher conventional risk markers (non-HDL-C, LDL-
C), women retain advantageous density ratios, which may
partly explain the residual CVD risk differential. Alternatively,
the higher CVD burden into late age for men may relate to
earlier peaking LDL-C and non-HDL-C levels and, thus, a
longer period of exposure to conventional lipid and lipoprotein
related atherogenic risk (Figure 2).

The strengths of this study include its large size and the
physical separation of lipoprotein subclasses by ultracentrif-
ugation. The findings are concordant with other cross-
sectional,?’"?? and prospective cohort studies?’ on major
lipoproteins and closely parallel subclass analyses by NMR'3
and GGE.'”

Of the potential lipoprotein density distribution associa-
tions examined in our study, the small and dense LDL
phenotype has the most robust support for associations with
CVD.**3% Qur results show an age-related decrease in
density for men. The SWAN study showed an increase in
LDL-C in women within one year of the final menstrual period
that was independent of chronological aging.? Our findings
are compatible with the SWAN study. Additionally, using
measures beyond the standard lipid profile, we show that the
driving force behind women’s higher LDL-C at peri-menopause
is the more buoyant (“larger”) subclass. We postulate that this
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Figure 2. Median and interquartile ranges for selected characteristics. HDL-C indicates high-density lipoprotein cholesterol; LHDR,
logarithmic HDL density ratio; LLDR, logarithmic LDL density ratio; LVDR, logarithmic VLDL density ratio.

could partly explain why, at equivalent concentrations of LDL-
C, women continue to retain a survival advantage in coronary
artery disease outcomes beyond middle age.7’33 Indeed, in a
large sub-analysis of the Women’s Health Study, Mora et al
recently showed that women who had a discordantly low LDL
particle concentration relative to LDL-C had a better coronary
prognosis than their LDL-C alone would predict.** Such
discordance likely reflects larger, more buoyant LDL particles.

The independence of LDL density phenotype or size as a
predictor of CV risk has been questioned due to residual
confounding from other lipoproteins and triglycerides and
heterogeneity in methods of measurement.'® Not all studies
report CVD risk associated with small, dense LDL particles
independent of TG, HDL-C, and apoB concentrations.3%3°"3"
In the present analysis, sex differences in LDL density
phenotype were minimally reduced when associations at
equivalent HDL-C concentrations are made; indeed, we found
that only 14% of the variance in LLDR could be attributed to
HDL-C. For TG, the associations were also weak (4% variance)
and the correlations between LLDR and TG concentrations
were modest in both sexes (0.21, both sexes).

It is suggested that the HDL-C gap between sexes should
narrow with age secondary to progressive estrogen with-
drawal, resulting in lower serum HDL particle concentration.>®

Further, “andropause” is thought to lead to increased HDL-C
concentration in older men®? as was shown in the SWAN and
Rancho Bernardo studies, both of which used longitudinal
samples.>?’ The SWAN study showed a decrease in HDL-C
within one year from the final menstrual period that was
independent of age. Our study did not confirm this finding.
Rather, higher HDL levels persisted for women across all ages
with minimal change for both sexes beyond middle age raising
the possibility of survival bias in our cross-sectional analysis.
We found HDLR lowered with age in both sexes.

The relationship of HDL subclasses to cardiovascular
disease is less clear and the inverse association between
density and size is less correlated than it is for the LDL
subclasses.*® A commonly cited belief is that the more
buoyant HDL,-C is characteristic of lower CV risk, as it is over-
represented in centenarians*' ™% and low HDL,-C is linked to
coronary heart disease in some studies.***> However, as
HDL,-C is the more buoyant, cholesterol-rich particle, an over-
representation of that subclass may represent inefficiency or
impaired rates of reverse cholesterol transport. Low HDL3-C is
also a key driver of risk in primary and secondary prevention
populations, and mounting evidence supports it as being
associated with atheroprotection and reduced risk for CV
events.*®
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Figure 3. LDL-C and density through late life, by sex. Lower panel shows median LDL-C (directly measured) with interquartile range, by sex
through life. Middle panel shows the ratio of dense subclasses (darker) to buoyant subclasses (lighter) at select ages to highlight the pre-,
peri-, and post-menopausal time periods. Upper panel shows density relative to men, age 30 to 39. Upper panel shows LLDR or density
expressed as color saturation. Darker, or more saturated purple reflects higher LLDR. As shown, while LDL-C is higher for women than for
men from age 60 and beyond, this is driven by a greater proportion of the buoyant subclasses leading to a preservation of the advantageous
density phenotype. With advanced age, sex differences in density narrow. LDL-C indicates low-density lipoprotein cholesterol; LLDR,

logarithmic LDL density ratio.

The role that cholesteryl ester transfer protein (CETP) plays
in HDL subclass metabolism in older age is controversial.*’
Whether CETP deficiency is anti-atherogenic through over-
representation of HDL,-C or the opposite due to a deficiency
in reverse transport is unresolved. With advanced aging, CETP
activity decreases,*® which may account for our findings of
higher HDL,-C and lower HDL3-C with age in both sexes. The
finding of lower density and larger size was also reported by
Freedman et al using NMR."®

The relationship of VLDL density to cardiovascular disease
risk is complex. Increased VLDL size (TG loaded, measured by
NMR, composite of apoB100 and B48 particles), independent
of aggregate TG concentration, is associated with coronary
artery disease and coronary calcium.***° However, small,
dense VLDL is cholesterol rich (remnant particle of VLDL) and
is also atherogenic as it is considered a remnant lipoprotein.°
In this study, at equivalent TG concentrations above 40 mg/
dL, men maintained lower LVDR or density than did women.
With age, LVDR in men increased, matching that of women by
age 70. Accordingly, the age-adjusted correlation was stron-
ger in men (R=0.17 vs 0.08) for this trend.

High TG and LDL-C concentrations correlated with a lower
LVDR. Physiologically, this makes sense. In the setting of

hypertriglyceridemia, VLDL particles are highly enriched with
triglycerides. If the hypertriglyceridemia results from a
functional lipoprotein lipase deficiency state, there will be
activation of cholesterol ester transfer protein, which engages
in a 1:1 stoichiometric exchange of cholesterol ester for
triglyceride. This will lead to the enrichment of LDL particles
with triglycerides, making them better substrates for lipolysis
by hepatic lipase, resulting in the production of large numbers
of small, dense LDL particles that are cholesterol depleted.
LDL density is high since there is greater protein content
relative to cholesterol ester and TG content. Increased
hepatic VLDL secretion and VLDL size (decreased density)
have been associated with conditions such as insulin
resistance (also associated with reduced lipoprotein lipase
activity) that promote the formation of small, dense LDL
particles.’’ In this study, we found a Pearson correlation of
—0.31 between LVDR and LLDR supporting this previously
described association.

Limitations

This analysis is cross-sectional and thus subject to all biases
associated with observational studies, especially survivor bias
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(ie, people with higher HDL-C may survive longer; thus we are
unable to detect age-related HDL-C decline within individuals).
Cohort bias, referring to secular changes in lipids such that
persons born in different periods have differences in lipopro-
teins at any given age, is also unaccounted for in our cross-
sectional analysis. Prospective studies are necessary to truly
detect age-related changes, though our results are concor-
dant with most prospective studies. While our data allow
cross-sectional lipid and lipoprotein comparisons across the
various stages of life, we do not have cardiovascular morbidity
or mortality data with which to correlate our findings. Further,
we do not have access to data on use and duration of lipid-
modifying therapies or specific prevalent medical diagnoses,
extended demographics, or biometric data such as weights
and body mass indices. Similarly, we do not have data on
indications for diagnostic lipid testing. Thus, we cannot
exclude treatment effects or participation bias.

The Rancho Bernardo study, whose findings match those of
the present analysis, reported that behavioral factors, such as
weight change and smoking status, are the most important
factors associated with lipid change in the elderly; however,
these analyses did not completely account for age-related
decrements.?’ As we do not have information on menopausal
status or estrogen levels, we are unable to precisely adjust for
the timing of menopause, so it is unclear exactly what sex
differences are driven by age vs. estrogen/progesterone
withdrawal. Finally, our results were obtained through ultra-
centrifugation and while they closely match those of Freed-
man et al using NMR, we recognize, especially when
considering size and density relationships, that these meth-
ods are not transposable.

Conclusion

In conclusion, after middle age we show a higher total
atherogenic lipoprotein cholesterol burden in women and a
simultaneous shift towards the lipoprotein phenotype char-
acteristic of men. Although subclass phenotypes converge,
they do not cross and this may account, in part, for the
residual sex differential in CVD outcomes in late life.
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