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Abstract

Background—The cholesterol content of LDL particles is variable, causing frequent discrepancies
between concentrations of LDL cholesterol and LDL particle number. In managing patients at risk
for cardiovascular disease (CVD) to LDL target levels, it is unclear whether LDL cholesterol provides
the optimum measure of residual risk and adequacy of LDL lowering treatment.

Objective—To compare the ability of alternative measures of LDL to provide CVD risk
discrimination at relatively low levels consistent with current therapeutic targets.

Methods—Concentrations of LDL cholesterol (LDL-C) and non-HDL cholesterol (non-HDL-C)
were measured chemically and LDL particle number (LDL-P) and VLDL particle number (VLDL-
P) were measured by nuclear magnetic resonance (NMR) in 3066 middle-aged white participants
(53% women) without CVD in the Framingham Offspring cohort. The main outcome measure was
incidence of first CVD event.
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Results—At baseling, the cholesterol content per LDL particle was negatively associated with
triglycerides and positively associated with LDL-C. On follow-up (median 14.8 yrs), 265 men and
266 women experienced a CVD event. In multivariable models adjusting for non-lipid CVD risk
factors, LDL-P was related more strongly to future CVD in both sexes than LDL-C or non-HDL-C.
Subjects with a low level of LDL-P (<25™ percentile) had a lower CVD event rate (59 events per
1000 person-years) than those with an equivalently low level of LDL-C or non-HDL-C (81 and 74
events per 1000 person-years, respectively).

Conclusions—In a large community-based sample, LDL-P was a more sensitive indicator of low
CVD risk than either LDL-C or non-HDL-C, suggesting a potential clinical role for LDL-P as a goal
of LDL management.

INTRODUCTION

Low-density lipoprotein (LDL) measurements are complicated by the fact that LDL is not a
single molecular species, but a multi-molecular particle aggregate composed of protein and
thousands of molecules of cholesterol and other lipids. Quantification can thus be accomplished
in different ways depending on the which molecular constituent of LDL is measured. Since
cholesterol is the most abundant lipid in LDL and cholesterol assays have been available for
many years, LDL concentrations in clinical practice are routinely expressed in terms of
measured or estimated cholesterol content (LDL cholesterol or LDL-C) (1). An alternative is
to measure plasma apolipoprotein B (apoB) to provide an estimate of LDL particle
concentration, since all LDL and VLDL particles contain a single molecule of apoB protein
and >90% of apoB is on LDL (2). Nuclear magnetic resonance (NMR) spectroscopy provides
another means by which LDL particle concentrations (LDL-P) may be measured (3).

LDL measurements have two distinct clinical applications: risk assessment, with high LDL
levels helping to identify patients with an elevated risk of cardiovascular disease (CVD), and
risk management, with low LDL levels serving as treatment goals and indicators of the success
of LDL-lowering therapies (4). When used for the risk assessment application, LDL
measurements are always used in conjunction with other established risk factors as part of a
multivariable risk stratification approach. Adult Treatment Panel 111 (ATPIII) guidelines
recommend that elevated LDL-C along with age, gender, blood pressure, HDL cholesterol
(HDL-C), diabetes, smoking, family history, and metabolic syndrome all be taken into account
to determine the patient’s risk (4,5). The assigned risk category defines the corresponding LDL-
C treatment goal needed to mitigate that risk. Recognizing the potential contribution to risk of
other atherogenic lipoproteins besides LDL, such as VLDL remnants, ATP I11 designated LDL
+ VLDL cholesterol (non-HDL cholesterol or non-HDL-C) as “atherogenic cholesterol” and
recommended its use as a secondary target of therapy in patients with elevated triglyceride
levels (=200 mg/dL) (4).

When used for the risk management application, LDL measurements are not employed in
conjunction with other information, but as a stand-alone measure of progress towards a
treatment goal. The LDL-C level (plus non-HDL-C) tells the clinician which patients have
lowered their risk to acceptable levels (as inferred from their treatment goal having been
reached) and which have not (indicating a need for more aggressive treatment). To function
well for this clinical application, LDL-C levels in the low target range should have a strong
correlation with CVD risk. From the documented non-linear (“curvilinear”) relationship of
LDL-C with CVD risk, which is quite steep when LDL-C is elevated but more shallow when
LDL-C levels are moderate to low (5), there is some reason to question whether low LDL-C
values perform as well for the risk management application as do high LDL-C values for the
risk assessment application.
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Since risk management decision making relies so heavily on LDL measurement, it is important
to know whether the two primary means of LDL quantification, LDL-C (the cholesterol in
LDL) and LDL particle number, are equivalent in their relations with CVD. The amount of
cholesterol carried by an LDL particle is not constant, but varies greatly between individuals
(6-8). In a given patient, the cholesterol composition of LDL can also change in response to
lipid altering treatments. There are thus frequent discrepancies between concentrations of LDL-
C and LDL particle number, no matter whether the latter is estimated by apoB measurement
(9-11) or NMR (6,7,12,13). To determine which LDL measure, LDL-C or LDL particle
number, is related more strongly to future cardiovascular disease, particularly when levels are
near target values, we examined their comparative relations with CVD risk in a large,
population-based sample of men and women. Since apoB relations with CVD in the same study
population were recently published (14), we report here only NMR-derived LDL particle
number data. CVD relations with non-HDL-C were also examined to investigate the hypothesis
that non-HDL-C predicts risk better than LDL-C because it accounts for other atherogenic
lipoproteins besides LDL (4,15,16).

Study Sample

The Framingham Offspring Study was initiated in 1971, and the design and selection criteria
have been described previously (17). Participants who attended the fourth examination cycle
(1987-1991) were eligible for the present study (n=4019). Participants were excluded for the
following reasons: participants younger than 30 or older than 74 years of age (n=299),
participants with prevalent cardiovascular disease at baseline (n=59), lack of follow-up data
(n=17), serum triglycerides above 400 mg/dL or missing data on any lipid variable or other
covariate (n=70). After these exclusions, 3066 individuals (mean age, 51 years; 53% women)
were eligible, and constituted the study sample. The study protocol was approved by the Boston
University Medical Center Institutional Review Board, and all participants provided written
informed consent.

Lipid and Lipoprotein Particle Measurements

Twelve-hour fasting venous blood samples were collected in tubes containing 0.1% EDTA.
Plasma was separated by centrifugation (2500 rpm, 4°C, 20 min), and plasma lipid
concentrations (total cholesterol, triglycerides, and HDL-C) were measured as previously
described (18). LDL-C concentrations were estimated using the Friedewald formula (1) and
non-HDL-C was defined as the difference between total cholesterol and HDL-C. Participants
with serum triglycerides above 400 mg/dL were excluded from the analyses.

Lipoprotein particle profiles were measured in 1995 on plasma samples stored at —70° by a
commercially available NMR spectroscopic assay (LipoScience, Raleigh, NC) as described
previously in detail (3,12,19). Briefly, the characteristic NMR signals broadcast by lipoprotein
particles of different size serve as the basis for quantification of these lipoprotein subclasses
in particle number concentration terms (moles of particles per liter). The concentrations of the
VLDL and LDL subclasses were summed to provide total VLDL (VLDL-P) and LDL (LDL-
P) particle concentrations (nmol/L). Some analyses examined the sum of LDL and VLDL
particle numbers (LDL-P + VLDL-P) as a measure of total atherogenic particle concentration.
Mean LDL particle size (nm diameter) was computed as the sum of the diameter of each
subclass multiplied by its relative mass percentage as estimated from the amplitude of its NMR
signal. Estimates of the cholesterol content of the LDL particles of individual subjects were
obtained by dividing LDL-C (in mmol/L units, obtained by multiplying the mg/dL mass
concentrations by 0.0259) by LDL-P (nmol/L). This ratio provides the approximate number
of cholesterol molecules per LDL particle. The observed range of values corresponds closely
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to those determined independently by detailed lipid compositional analyses of isolated LDL

samples of varying diameter (20). Inter-assay coefficients of variation for VLDL-P and LDL-
P were <3%, and <0.5% for LDL size. For all biochemical and NMR analyses, samples were
handled in a blinded fashion such that all investigators had no knowledge of participant status.

Follow-up and Outcome Events

The follow-up period for the present investigation was defined as from the baseline
examination up to December 31, 2005. All study participants are under longitudinal
surveillance for CVD occurrence, through periodic examinations at the Framingham Heart
Study and through biennial health history updates between examinations. An endpoint
adjudication committee consisting of three experienced investigators reviewed hospitalization
and physician office visit records for all suspected CVD events. Incident CVD was defined as
recognized or unrecognized myocardial infarction, angina pectoris, coronary insufficiency,
coronary heart disease death, stroke, transient ischemic attack, intermittent claudication or
congestive heart failure. Diagnosis criteria for these events have been described elsewhere
(22).

Statistical Methods

RESULTS

We evaluated the distribution of lipid and lipoprotein particle measures and clinical covariates
in men and women according to CVD status (those who did and did not experience CVD events
during follow-up). Means and standard deviations are reported for continuous variables and
proportions for categorical variables. Interrelations among the lipid and lipoprotein particle
measures were estimated using Spearman rank correlation coefficients. We used multivariable
Cox proportional hazards regression to investigate relations of the atherogenic lipid and
lipoprotein particle measures to CVD incidence, adjusting for age, systolic and diastolic blood
pressure, smoking, and lipid medication use. We examined the additional effects of diabetes
and beta-blocker use, two lipid-altering variables, in separate models. Hazards ratios (HRs)
and their 95% confidence intervals (Cls) and beta-coefficients (Bs) and their standard errors
(SEs) were determined for a one sex-specific standard deviation increment of each lipid or
lipoprotein measure, thereby facilitating comparisons of the relative strengths of disease
association of different measures of atherogenic lipoprotein levels. We additionally divided
the population into sex-specific quartiles of LDL-C, non-HDL-C and LDL-P and determined
age- and gender-adjusted event rates within each quartile. Crude Kaplan-Meier curves for
event-free survival were also constructed for participants with LDL-C and LDL-P levels above
or below the median. Cigarette smoking was defined by self-reported cigarette use within the
year preceding the baseline examination. Diabetes was defined as a fasting blood glucose >
126 mg/dL or use of insulin or oral hypoglycemic agents. The assumption of proportionality
of hazards was confirmed by examining interactions of time-dependent covariates and survival
time in Cox models. Two-sided p-values of <0.05 were considered statistically significant. All
analyses were performed using SAS 9.1 (SAS Institute, Cary, NC).

During follow-up (median 14.8 years), there were 431 first CVD events (265 in men). The
baseline characteristics of study participants who experienced events or remained free of events
during follow-up are shown in Table 1. In women, all lipid and lipoprotein particle measures
differed (p<0.0001) according to incident CVD status during follow-up. Somewhat weaker
relations with CVD were seen in men. Notably, LDL-C levels differed little in men with and
without CVD (138 vs 134 mg/dL; p=0.09), while LDL-P concentrations were significantly
different (1641 vs 1509 nmol/L; p<0.0001).
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Atherogenic Lipoprotein Measures and Variability of LDL Composition

There was a high correlation between different measures of atherogenic lipoprotein levels.
LDL-C was correlated more strongly with non-HDL-C (r=0.94) than LDL-P (r=0.79). The
correlation of LDL-P with non-HDL-C was 0.87. Adding VLDL particle number to LDL
particle number (LDL-P + VLDL-P) only marginally strengthened the correlation with non-
HDL-C (r=0.88). Triglyceride levels were more weakly associated with LDL-C (r=0.30) than
with either non-HDL-C or LDL-P (r=0.57 for both) or LDL-P + VLDL-P (r=0.61).

Table 2 displays mean values of several parameters related to the size and lipid composition
of LDL. 12 groups of subjects were examined, categorized by their triglyceride level (<100,
100-199, >200 mg/dL) and LDL-C level (<100, 100-129, 130-159, >160 mg/dL). Within a
given LDL-C category, as expected, non-HDL-C levels rise substantially with increasing
triglycerides since non-HDL-C is the sum of LDL-C plus VLDL-C (and VLDL-C is
approximated by triglyceride concentration divided by 5) (1). Levels of LDL-P rise even more
with increasing triglycerides than do levels of non-HDL-C. For example, in subjects with LDL-
C between 100 and 129 mg/dL, LDL-P was 40% higher (1652 vs 1179 nmol/L) and non-HDL-
C was 31% higher (168 vs 128 mg/dL) in those with triglycerides >200 mg/dL compared to
<100 mg/dL. LDL-C levels were virtually identical in these 2 groups (115 vs 114 mg/dL).

The higher LDL-P relative to LDL-C in the subjects with higher triglycerides is expected and
consistent with the smaller size of the LDL particles in these individuals (Table 2), since smaller
LDL particles carry less cholesterol than larger ones. An estimate of the number of cholesterol
molecules per LDL particle can be obtained by calculating the ratio of LDL-C to LDL-P (when
both are expressed in mol/L units). As shown in Table 2 and displayed graphically in Figure
1, the amount of cholesterol per LDL particle varied substantially in the study population not
only as a function of triglyceride level, but also as a function of LDL concentration. Within
each triglyceride subgroup, the lower the LDL level, the lower was the amount of cholesterol
per particle. This progressive cholesterol compositional depletion of LDL particles at lower
LDL concentrations was not associated with smaller LDL particle sizes. As shown in Table 2
and Figure 1, LDL size was invariant within each triglyceride subgroup as a function of LDL
concentration.

Cardiovascular Disease Incidence Associated with Alternative Measures of Atherogenic
Lipoproteins

Table 3 shows the results of multivariable Cox regression analyses examining the hazards ratios
and strengths of association, provided by the respective beta-coefficients, of alternative
measures of atherogenic lipoproteins (LDL and VVLDL) with CVD incidence in men and
women, separately and combined. Because of the high degree of correlation among the lipid
and lipoprotein particle variables, each variable was examined in a separate model that included
the same non-lipid covariates. LDL-P was strongly associated with increased CVD risk in both
men and women (p<0.0001), though less strongly in men. LDL-C was not associated with
CVD in men (p=0.33) and LDL-C was only modestly associated with CVD risk in women
(p=0.03). When data for men and women were combined, LDL-P was approximately twice as
strongly related to CVD incidence as LDL-C (B-coefficient 0.24 for LDL-P vs 0.11 for LDL-
C).

Non-HDL-C, which includes contributions from the cholesterol in VLDL as well as LDL, was
more strongly associated with CVD than LDL-C in both men and women, but was less
predictive of CVD events than LDL-P. Adding VLDL-P to LDL-P only very marginally
strengthened CVD associations compared to LDL-P alone.

J Clin Lipidol. Author manuscript; available in PMC 2009 August 4.
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In further analyses, we explored whether results would be affected by inclusion of beta-blocker
treatment and/or diabetes at baseline as covariates in the multivariable analyses, since these
variables are known to have an effect on various lipid and lipoprotein parameters (22,23).
Results were essentially unchanged upon inclusion of these additional covariates (data not
shown).

In Table 4 are shown age-and gender-adjusted CVD event rates associated with increasing
quartiles of LDL-C, non-HDL-C, and LDL-P. Comparing CVD risk in the bottom quartile of
these targets and potential targets of LDL management showed that those with low levels of
LDL-P (<25t percentile) had a lower rate of CVD (59 events per 1000 person-years) than
those with equivalently low levels of LDL-C or non-HDL-C (81 and 74 events per 1000 person-
years, respectively). Among the 764 individuals in the bottom quartile of LDL-C, 603 (79%)
had concordantly low LDL-P (<25 percentile) while 161 (21%) had discordantly higher LDL-
P (>25™ percentile) (data not shown). The unadjusted event rate was more than double in the
latter group; there were 46 events in the concordant group and 29 in the discordant group. After
age and gender adjustment, event rates in these 2 groups were 65 and 85 events per 1000 person-
years, respectively.

Event-free survival curves for participants with concordant or discordant LDL-C and LDL-P
levels greater or less than the median are shown in Figure 2. Event-free survival was clearly

worse for discordant individuals with low LDL-C and high LDL-P than for the group with high
LDL-C and low LDL-P. Differences in LDL-C had little effect on event-free survival within
both the high LDL-P and low LDL-P participants.

DISCUSSION

Principal Findings

In this large, community-based study of men and women, the cholesterol content of LDL
particles from different individuals was highly variable, leading to frequent discrepancies
between LDL-C and LDL particle number, two alternative measures of LDL concentration
and LDL-associated CVD risk. LDL cholesterol levels under-represent the number of LDL
particles in persons with relatively cholesterol-poor particles (6-12). As expected, because the
particles are smaller, we found cholesterol-poor LDL among individuals with elevated
triglycerides. But irrespective of triglyceride level and LDL size, individuals with low LDL
concentration also have cholesterol-poor particles. This interesting finding suggests that simply
having low LDL levels, either naturally or as a result of LDL-lowering therapy, can create a
discrepancy between LDL-C and LDL particle number and contribute to the underestimation
of both LDL and CVD risk by measured levels of LDL-C.

We compared the prediction of future CVD events by LDL-C and NMR-measured LDL
particle number and, in agreement with previous NMR (24-27) and apoB (8,14,28) studies,
found LDL particle number to be the stronger predictor. Supporting this conclusion are the
results of Cox regression analyses in Table 3 and the higher and lower absolute event rates,
respectively, of persons in the top and bottom quartiles of LDL-P compared to LDL-C in Table
4. Among individuals with low LDL-C (quartile 1), most had concordantly low LDL-P (quartile
1) and a low CVD risk. However, a substantial subset (21%) had higher LDL-P and these
discordant individuals had a higher CVD event rate. The event-free survival curves in Figure
2 also demonstrate that when there is discordance between LDL-C and LDL-P (above or below
the median), CVD risk tracks with LDL-P, not LDL-C. The relatively small study size and
number of clinical events precluded any more detailed concordance/discordance subgroup
analyses. Our results showing LDL-P to have stronger associations with future CVD than LDL-
C are in complete accord with those reported recently for apoB in the same study (14).

J Clin Lipidol. Author manuscript; available in PMC 2009 August 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cromwell et al.

Page 7

LDL Particle Number as a Potential Treatment Target

LDL measurements are used clinically for both risk assessment and to monitor the progress of
therapeutic interventions. A patient’s LDL level is only one of many factors taken into account
to make an assessment of CVD risk, but once the risk estimate has been made, achieving the
recommended LDL treatment goal becomes the primary focus of risk management (4,5).
ATPIII guidelines did not consider other analytic measures of LDL, such as LDL particle
number, as alternatives to LDL-C for the purpose of monitoring the adequacy of a patient’s
LDL lowering therapy. Only LDL-C treatment goals were recommended: <130 mg/dL for
moderately high-risk patients, <100 mg/dL for high-risk patients, and (optionally) <70 mg/dL
for very high-risk patients. These goals were chosen somewhat arbitrarily since no clinical
trials had been conducted in which patients were treated to different predetermined target levels
to assess comparative benefit (28). Instead, they were based predominantly on results of statin
trials that collectively demonstrated a log-linear relationship between LDL-C levels and CVD
risk extending to very low LDL-C values (5).

By advocating specific LDL treatment goals for individual patients, there is at least the implicit
assumption that LDL values in the vicinity of the target value can differentiate individuals
whose risk is not yet adequately managed (indicating a need for more intensive LDL lowering)
from those whose risk has been made acceptably low by the treatment. Although the present
results are from an epidemiologic study, not a clinical intervention trial, they suggest that low
LDL particle numbers may be a better indicator of low risk than equivalently low LDL
cholesterol values. For Framingham participants with LDL-P or LDL-C below a population-
equivalent cutpoint (<25t percentile), those with low LDL-P had a lower CVD event rate than
those with low LDL-C (59 vs 81 events per 1000 person-years)

The recent impetus for consideration of LDL-C treatment goals lower than 100 mg/dL has
come from two sources: 1) clinical trials showing that high-risk patients treated with statins to
LDL-C goals continue to experience cardiovascular events at rates higher than desired (i.e.,
they have significant “residual risk™), and 2) clinical trial data showing that patient subgroups
with LDL-C <100 mg/dL benefit from more aggressive LDL lowering (29-31). It has been
postulated that the subset of individuals in these trials with low LDL-C and discordantly high
numbers of LDL particles may be the ones with the greatest residual risk and the ones likely
to be the main beneficiaries of additional LDL-lowering therapy (8,13). Our results showing
that the subset of individuals with low LDL-C and higher LDL-P have higher CVD risk lend
support to this hypothesis. Conversely, those with low LDL-C and correspondingly low LDL-
P have lower CVD risk and thus might be expected to derive less benefit from any additional
LDL lowering.

Non-HDL Cholesterol as a Treatment Target

It has long been recognized that patients with elevated triglyceride levels have CVD risk that
appears to be incompletely accounted for by LDL-C, which is why non-HDL-C was
recommended in ATPIII guidelines as a secondary treatment target for patients with
triglyceride levels >200 mg/dL (4,5). The rationale was that triglyceride-rich lipoproteins
(VLDL and remnant lipoproteins) are, like LDL, atherogenic and that by adding VLDL
cholesterol to LDL cholesterol to give total “atherogenic cholesterol” (non-HDL-C), the risk
from all of these atherogenic particles would be more completely accounted for (4,14,15). A
similar argument was made for measurement of serum apo B, since both VLDL and LDL
particles contain apo B as their major apolipoprotein (8,14). Studies comparing the strength of
association of CVD risk with non-HDL-C, apoB, and LDL-C have consistently shown LDL-
C to be the weaker predictor, supporting the apparent importance of measuring all atherogenic
lipoproteins, not just LDL (8,14,27). The present data showing non-HDL-C to be more
predictive of CVD events than LDL-C are consistent with these previous reports.
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Our results, however, offer a different perspective on why non-HDL-C is a better risk predictor
than LDL-C. The main reason appears to be that non-HDL-C functions as a surrogate marker
for LDL particle number. Not only was non-HDL-C more weakly related to incident CVD than
LDL-P, the risk prediction given by LDL-P was improved only slightly by taking into account
the contribution of VLDL particles (Table 3). This latter finding is perhaps not surprising given
that VLDL particles constitute only a small fraction (about 5%) of the total number of
atherogenic VLDL + LDL particles (Table 1). Even when triglycerides are significantly
elevated, VLDL particle numbers are only modestly higher because the excess triglyceride is
carried predominantly by large VLDL particles that are relatively few in number (3,19).
Furthermore, in terms of the percentage of total atherogenic particles, VLDL-P levels are not
very different in persons with high triglycerides because these same individuals also typically
have elevated numbers of LDL particles which are smaller than average.

Cholesterol Compositional Variability of LDL Particles

Variations in triglyceride levels are a well recognized cause of the cholesterol compositional
variability of LDL particles (6,9-12,19). When triglycerides are elevated, small LDL particles
predominate (33). Small LDL particles contain substantially less cholesterol than larger ones
simply because of the smaller physical volume of the lipid core. Our data (Table 2, Figure 1)
confirm these relationships by showing that as triglyceride levels increase, there is a progressive
reduction in LDL particle size and a corresponding decrease in the number of cholesterol
molecules per LDL particle.

Surprisingly, our data also indicate that LDL particles become progressively cholesterol-
depleted as LDL concentrations decrease. This relationship, which we are unaware of having
been noted previously, is independent of triglyceride level and is not associated with any change
in LDL size. We speculate that the cause of this particle size-independent cholesterol
compositional change is the lipid exchange reaction mediated by cholesterol ester transfer
protein (CETP), in which a cholesterol ester molecule in the core of LDL is replaced by a
triglyceride molecule from VLDL (34). Elevated triglycerides (VLDL) have generally been
considered necessary to drive this reaction in the direction of making LDL more triglyceride-
rich and cholesterol-poor. However, what is relevant is not the absolute VLDL concentration,
but the relative difference between VLDL and LDL concentrations. Even with serum
triglyceride (VLDL) levels that are not elevated, LDL particles can become cholesterol-
depleted and triglyceride-enriched if LDL concentrations are low (Figure 1).

This finding has potentially important implications for the clinical management of LDL and
LDL-related CVD risk because it suggests that LDL lowering treatment alone (with statins or
other agents) may induce a disconnect between LDL-C and LDL particle numbers. Our data
suggest that the magnitude of this disconnect would increase in proportion with the magnitude
of LDL reduction, irrespective of triglyceride level (although the greatest disconnect would be
seen in those with the highest triglyceride levels because the LDL particles would be both small
and compositionally cholesterol-depleted and triglyceride-enriched). Direct evidence has been
obtained that statin treatment changes the cholesterol and triglyceride content of LDL particles
(35). After atorvastatin treatment, with no change in LDL particle size, isolated LDL particles
contained a lower ratio of cholesterol ester to triglycerides. If LDL lowering does indeed give
rise to cholesterol-depleted LDL particles, one would predict that the percentage decrease in
LDL-C produced by statin treatment would exceed the percentage decrease in LDL particle
number. Such differences ranging from 4 to 15% have been noted in NMR studies of LDL
particle reduction by 3 different statins (36—-39) and in studies using apoB to estimate LDL
particle number decreases (32).
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Conclusions

Among alternative measures of LDL in this large, community-based study, LDL particle
number was more strongly related to incident C\VVD events than LDL-C. Of particular relevance
to the use of specific LDL treatment targets as indicators of the adequacy of LDL lowering
therapy was the finding that low LDL particle number was a better index of low CVD risk than
low LDL-C. Non-HDL-C provided risk prediction intermediate between LDL particle number
and LDL-C, with evidence suggesting that the better prediction relative to LDL-C was due less
to non-HDL-C including atherogenic triglyceride-rich particles (VLDL and remnants) and
more to its strong correlation with LDL particle number. Finally, our novel finding that LDL
particles are more cholesterol-depleted when LDL concentrations are lower, independent of
triglycerides or LDL particle size, helps to explain why patients with low LDL-C often have
disproportionately higher numbers of LDL particles (7—13). Our data show that persons with
this LDL disconnect have higher CVD risk. It is therefore reasonable to anticipate that such
discordant individuals would derive clinical benefit from more intensive LDL lowering than
would have been indicated by their LDL-C level. Data from statin intervention trials are needed
to test this hypothesis.

Acknowledgments

This work was supported through contracts NO1-HC-25195 and 2K24-HL-4334 by the National Heart, Lung, and
Blood Institute of the National Institutes of Health. We wish to thank Dr. Irina Shalaurova and Dr. Elias Jeyarajah for
helpful suggestions and discussion.

GLOSSARY OF ABBREVIATIONS

ATP 1
Adult Treatment Panel I11
CvD
Cardiovascular disease
CETP
Cholesterol ester transfer protein
HDL-C
HDL cholesterol
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LDL cholesterol
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LDL particle number
NCEP
National Cholesterol Education Program
non-HDL-C
Non-HDL cholesterol
VLDL-P

VLDL particle number
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Figure 1.

Cholesterol content of LDL particles in subgroups defined by levels of LDL cholesterol (LDL-
C) and triglycerides (data from Table 2). Numbers indicate mean LDL size (nm) within each
subgroup.
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Figure 2.

Event-free survival among participants with LDL cholesterol (LDL-C) and LDL particle
number (LDL-P) above or below the median. Median values were 131 mg/dL for LDL-C and
1414 nmol/L for LDL-P.
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Table 2
LDL Concentrations, Size, and Composition in Framingham Subgroups (n=3066)

Triglyceride Subgroups (mg/dL)

LDL-C Subgroups (mg/dL) <100 100-199 >200
# subjects 415 113 60
Triglycerides (mg/dL) 60 (18) 134 (29) 273 (57)
LDL-C (mg/dL) 85 (12) 85 (13) 84 (12)
<100 Non-HDL-C (mg/dL) 97 (12) 112 (14) 139 (15)
LDL-P (nmol/L) 920 (201) 1119 (235) 1349 (278)
LDL size (nm) 21.1(0.4) 20.8 (0.5) 20.3 (0.6)
Cholesterol/LDL-P" 2454 (424) 2013 (309) 1655 (303)
# subjects 587 292 83
Triglycerides (mg/dL) 66 (17) 141 (27) 264 (53)
LDL-C (mg/dL) 114 (9) 116 (8) 115 (9)
100-129 Non-HDL-C (mg/dL) 128 (10) 145 (9) 168 (14)
LDL-P (nmol/L) 1179 (184) 1395 (232) 1652 (267)
LDL size (nm) 21.2 (0.4) 20.8 (0.5) 20.3 (0.5)
Cholesterol/LDL-P 2561 (357) 2215 (367) 1848 (285)
# subjects 432 398 86
Triglycerides (mg/dL) 71(17) 139 (27) 257 (50)
LDL-C (mg/dL) 144 (9) 145 (9) 145 (9)
130-159 Non-HDL-C (mg/dL) 158 (10) 173 (10) 196 (13)
LDL-P (nmol/L) 1457 (300) 1656 (228) 1929 (272)
LDL size (nm) 21.1(0.3) 20.8 (0.5) 20.2 (0.5)
Cholesterol/LDL-P 2615 (412) 2309 (299) 1980 (301)
# subjects 198 303 99
Triglycerides (mg/dL) 75 (16) 139 (27) 254 (43)
LDL-C (mg/dL) 179 (20) 182 (21) 190 (28)
>160 Non-HDL-C (mg/dL) 194 (20) 210 (22) 241 (28)
LDL-P (nmol/L) 1726 (259) 1955 (320) 2281 (420)
LDL size (nm) 21.2 (0.4) 20.8 (0.5) 20.3 (0.5)
Cholesterol/LDL-P 2718 (341) 2457 (400) 2216 (453)

Values are means (SD).

*
Ratio of LDL cholesterol (LDL-C, mmol/L) to LDL particle number (LDL-P, nmol/L), giving the number of cholesterol molecules per LDL particle.
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