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bstract

ackground: Previous studies showing that smaller low-density lipoprotein (LDL) size is associated with greater atherosclerotic risk did not
dequately control for small and large LDL particle correlation.
ethods and results: We studied the association of lipoproteins measured by proton nuclear magnetic resonance spectroscopy with carotid

ntima-media thickness (IMT) in apparently healthy individuals (N = 5538, 38% White, 28% African American, 22% Hispanic, 12% Chinese).
mall and large LDL particle concentrations (LDL-p) were inversely correlated (r = −0.63, P < 0.0001). Controlling for risk factors but not for
DL subclass correlation, LDL size and small LDL-p separately were associated with IMT (−20.9 and 31.7 �m change in IMT per 1-S.D.,

espectively, both P < 0.001), but large LDL-p was not (4.9 �m, P = 0.27). When LDL subclasses were included in the same model, large and
mall LDL-p were both associated with IMT (36.6 and 52.2 �m higher IMT per 1-S.D., respectively, both P < 0.001; 17.7 and 11.6 �m per

00 nmol/L, respectively). LDL size was not significant after accounting for LDL subclasses and risk factors (P = 0.10).
onclusion: Both LDL subclasses were significantly associated with subclinical atherosclerosis, with small LDL confounding the association
f large LDL with atherosclerosis. Future studies of LDL size should account for the strong inverse correlation of LDL subclasses.

2006 Elsevier Ireland Ltd. All rights reserved.
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. Introduction
Previous studies have shown that individuals with pre-
ominantly small LDL particles (pattern B) have greater
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netic resonance spectroscopy

ardiovascular risk than those with predominantly large LDL
pattern A) [1–5]. However, these studies examined only
he distribution of LDL subclasses or LDL size phenotype
large or small) rather than particle concentrations of LDL
ubclasses. Thus, they did not adequately control for the

nverse correlation between small and large LDL particle con-
entrations (LDL-p) and potential confounding due to their
iffering associations with other lipoproteins, lipids, and tra-
itional cardiovascular risk factors [1–3]. Prior studies also
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id not directly compare the risk associated with small and
arge LDL particles on a per particle basis. This distinction is
mportant because small LDL particles contain substantially
ess cholesterol than large ones, such that at the same serum
oncentration of LDL cholesterol (LDL-c), individuals with
redominantly small LDL have greater total concentration of
DL particles than those with predominantly large LDL [6].

Nuclear magnetic resonance (NMR) spectroscopy enables
uantification of concentrations of lipoprotein particles of
arying size [7]. We sought to directly compare the associa-
ions of small and large LDL with carotid intima-media thick-
ess (IMT), a measure of subclinical atherosclerosis, before
nd after accounting for the inverse correlation and potential
onfounding relationship of the two subclasses. In a subgroup
f participants, we also examined whether fasting remnants
f triglyceride-rich lipoproteins carrying apolipoprotein B48,
hich have been purported to be atherogenic, are associated
ith IMT. Carotid IMT, measured from ultrasound images, is
direct, non-invasive measure of atherosclerosis. It is closely

elated to all major cardiovascular risk factors and is a well-
alidated predictor of clinical cardiovascular disease [8].

. Methods

.1. Study population

Study participants were enrolled in the Multi-Ethnic Study
f Atherosclerosis (MESA), a multi-center cohort initiated
y the National Heart, Lung and Blood Institute (NHLBI)
o elucidate the pathogenesis and progression of subclinical
therosclerosis [9]. Eligible participants were community-
ased men and women, ages 45–84 years and free of self-
eported cardiovascular disease, recruited from four diverse
acial/ethnic groups (African American, Hispanic, White,
nd Asian predominantly of Chinese descent) at six centers
n the United States (Forsyth County, NC, Northern Manhat-
an and the Bronx, NY, and selected portions of Baltimore
ity and Baltimore County, MD, St. Paul, MN, Chicago and
aywood, IL, and Los Angeles County, CA).
The MESA study-wide exclusion criteria were pregnancy,

ancer or other serious medical conditions, any recent chest
omputed tomographic scan, morbid obesity (>136 kg), nurs-
ng home residency, cognitive impairment, intention to leave
he community within 5 years, or language barrier, resulting
n a total of 6814 enrolled participants at baseline. For the pur-
oses of this analysis, we also excluded participants who were
n lipid-lowering medication (N = 1187), had triglycerides
400 mg/dL (N = 82), or did not have LDL-p or LDL-c mea-
urements (N = 7). Of the remaining 5538 participants, 150
2.7%) did not have IMT measurements and were included
nly in the descriptive analyses.
All data were collected at the first MESA examination
2000–2002), when participants gave informed consent, com-
leted questionnaires on medical history, medications, and
ifestyle factors, and had measurements of blood pressure,
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nthropometry, carotid ultrasound and fasting blood samples
or lipids and lipoproteins. The study was approved by the
nstitutional review boards of the participating institutions.

.2. Anthropometric and clinical variables

Three resting blood pressure readings were recorded using
n automated oscillometric method (Dinamap, Criticon Inc.,
lorida), and the mean of the second and third measurements
as used. Hypertension was mean systolic and diastolic
lood pressure ≥140 or ≥90 mmHg, respectively, or use of
ntihypertensive medication. Diabetes was fasting glucose
125 mg/dL (6.88 mmol/L) or use of antidiabetic medication.
ody mass index (BMI) was calculated as weight divided by

he square of the height (kg/m2) [10].

.3. Carotid ultrasound measurements

High-resolution B-mode ultrasound was used to measure
arotid atherosclerosis. We used the mean of eight measure-
ents of maximal IMT (right and left, near and far walls,

ommon and internal carotid) [11]. All imaging studies were
ransmitted to a central reading center for interpretation.
uality assurance/control measures included standardized
rotocols, centralized training of technicians, routine cali-
ration of equipment, and monthly reports on scan quality
nd protocol adherence.

.4. Lipid and NMR lipoprotein measurements

Triglycerides, high-density lipoprotein cholesterol (HDL-
), and total cholesterol were measured in fasting plasma
sing CDC-standardized methods. The Friedewald equation
as used to estimate LDL-c. Fasting remnant-lipoprotein
article cholesterol (RLP-c) was measured in a random sub-
roup of individuals (N = 844) using the RLP-® Cholesterol
mmunoseparation Assay (Polymedco Inc., New York) [12].

Lipoprotein particle concentrations and size were mea-
ured on frozen plasma specimens (−70 ◦C) by proton NMR
pectroscopy (LipoScience Inc., North Carolina) [7,13–15].
article concentrations of lipoprotein subclasses of different
izes were directly obtained from the measured amplitudes of
heir spectroscopically distinct lipid methyl group NMR sig-
als. Weighted-average lipoprotein particle sizes are derived
rom the sum of the diameter of each subclass multiplied by
ts relative mass percentage based on the amplitude of its
ethyl NMR signal [7].
The concentrations (in nanomoles of particles/litre or

mol/L) of the following subclasses were measured: small
DL (diameter of 18.0–21.2 nm), large LDL (21.2–23.0 nm),

ntermediate-density lipoprotein or IDL (23.0–27.0 nm),
arge HDL (8.8–13.0 nm), medium HDL (8.2–8.8 nm), small

DL (7.3–8.2 nm), large very low-density lipoprotein or
LDL (>60 nm), medium VLDL (35.0–60.0 nm), and small
LDL (27.0–35.0 nm). The small LDL subclass encom-
assed both intermediate small (19.8–21.2 nm) and very
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Small and large LDL-p were inversely correlated
(r = −0.63). They were both positively correlated with LDL-c
(r = 0.40 and 0.27, respectively), but they correlated in oppo-

Table 1
Mean (±S.D.) values or percentage distributions of clinical, lipid, and
lipoprotein variables

Women (N = 2930) Men (N = 2608)

Age (years) 61.2 (10.3) 61.7 (10.3)
Intima-media thickness (�m) 902 (317) 996 (356)
Total cholesterol (mg/dL) 201 (34) 190 (34)
LDL-c (mg/dL) 120 (32) 119 (31)
HDL-c (mg/dL) 57 (15) 45 (12)
Triglycerides (mg/dL) 120 (61) 128 (68)
RLP-c (mg/dL) (N = 844) 8.4 (4.4) 9.8 (5.5)
Body mass index (kg/m2) 28.6 (6.3) 27.7 (4.5)
Current smoking (%) 12.0 15.3
Hypertension (%) 42.2 38.7
Diabetes (%) 10.2 13.1

Race (%)
White 37.7 37.8
Chinese 11.6 12.5
African American 28.8 26.8
Hispanic 21.9 22.9

Lipoprotein particle concentration (nmol/L)
LDL-p

Total 1284 (376) 1358 (368)
Large 479 (206) 333 (179)
Small 786 (444) 1004 (427)

IDL-p 19.0 (23.6) 20.5 (22.5)
HDL-p

Total 32956 (5853) 28671 (4874)
Large 8527 (4007) 5476 (3255)
Medium 5232 (4747) 3629 (3383)
Small 19195 (4970) 19566 (4171)

VLDL-p
Total 68.5 (37.9) 78.0 (37.5)
Large 3.2 (4.2) 3.8 (4.9)
Medium 27.8 (21.8) 34.4 (24.7)
Small 37.6 (20.8) 39.7 (19.3)

Lipoprotein particle size (nm)
LDL 21.1 (0.8) 20.6 (0.7)
S. Mora et al. / Atheros

mall particles (18.0–19.8 nm), which have nearly identical
orrelations with lipid and lipoprotein levels, so they were
ombined into one subclass, as previously reported [15].
nter-assay reproducibility, determined from replicate analy-
es of plasma pools, is indicated by the following coefficients
f variation: <2% for very low-density lipoprotein (VLDL)
ize and <0.5% for LDL and HDL size, <10% for VLDL-p
ubclasses, <4% for total LDL-p, <8% for large and small
DL-p, and <5% for large and small HDL-p, with higher
ariation (<30%) for medium HDL-p and IDL-p (the latter
ue to their typically low concentrations).

.5. Statistical methods

Statistical analyses were performed using STATA 8.2,
003. First, we calculated Spearman rank correlation coef-
cients (r) for lipoproteins and lipids. Next, multiple lin-
ar regression analyses adjusting for potential confounders
ere performed on the 5388 individuals who had both

MT and lipoprotein measurements, while regression anal-
ses of RLP-c measurements were limited to the subgroup
ith RLP-c measurements (N = 844). Lipoprotein coeffi-

ients were expressed per 1-S.D. and per 100 nmol/L. Com-
aring lipoprotein effects on a 1-S.D. basis relates their effects
o their population distributions, whereas the 100 nmol/L
omparison compares their atherogenic effects per particle.

To examine the extent to which small and large LDL were
ssociated with IMT, we initially considered each lipoprotein
ariable in a separate model that adjusted for traditional risk
actors but did not include other lipid or lipoprotein measures.
hen we included both small and large LDL-p subclasses

ogether in the same model in order to determine if they were
ndependently associated with IMT after accounting for their
orrelation. We also tested the association of large LDL-p
ith IMT in participants with low (<sex-specific median) or
igh (≥sex-specific median) levels of small LDL-p and also
ithin four categories of small LDL-p. Tests of interaction
ere obtained from likelihood ratio tests comparing models
ith and without the interaction term.
Finally, small and large LDL were added to a model that

ncluded all other lipoprotein subclasses in order to estimate
he associations of the LDL subclasses with IMT independent
f all other lipoproteins. No correlations among subclasses
ranging from 0.4 to 0.7) were strong enough to affect the
recision of their estimated effects.

Since our objective was to determine the LDL subclass
ffects on IMT independent of established risk factors, we
djusted on an a priori basis for age (years), race, sex,
ypertension, and smoking. Also on an a priori basis, we
dditionally adjusted the models for traditional lipids, and
or the effects of BMI and diabetes, two lipid-altering risk
actors. Additional models not including hypertension were

lso examined. Study site was included in initial models,
ut was subsequently dropped because it did not affect lipid
oefficients, nor did menopausal status or hormone replace-
ent therapy use in women. Sex-stratified models showed
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o substantial differences or interactions by sex. Since a sub-
tantial proportion of the original MESA participants were
n lipid lowering medication (17.4%), we also repeated all
nalyses without excluding those participants. P values were
wo-tailed and values <0.05 were considered significant.

. Results

The mean age (±S.D.) was 61.4 (±10.3) years. The
tudy population was multi-ethnic (38% White, 28% African
merican, 22% Hispanic, and 12% Chinese) with 53%
omen (Table 1).
HDL 9.3 (0.4) 9.0 (0.4)
VLDL 51.1 (9.1) 50.6 (8.5)

he small LDL subclass encompassed both intermediate small and very
mall particles. To convert mg/dL to mmol/L, multiply LDL-c, HDL-c, and
otal cholesterol values by 0.02586 and triglycerides by 0.011.
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ite directions with LDL size (−0.91 and 0.87, respectively),
DL-c (−0.65 and 0.67), and triglycerides (0.57 and −0.40).
DL-c and total LDL-p were positively correlated (r = 0.69).

In separate regression models which considered one
ipoprotein or lipid variable at a time and adjusted for age,
ace, sex, hypertension, and smoking (Table 2), LDL size and
mall LDL-p were associated with IMT (−20.9 and 31.7 �m
hange in IMT per 1-S.D., respectively, both P < 0.001),
ut large LDL-p was not (4.9 �m, P = 0.27). Large HDL-
, but not the small- or medium-size HDL-p subclasses, was
nversely related to IMT. LDL-c, HDL-c, and triglycerides
ere all individually associated with IMT in the expected
irection. RLP-c showed no significant association with IMT.

In order to unmask the association of large LDL with IMT,
e divided participants into those with low (<sex-specific
edian) and high (≥sex-specific median) levels of small
DL-p. In these stratified analyses, large LDL-p was now
ignificantly associated with IMT in participants with low
nd high levels of small LDL-p (26.5 and 25.4 �m higher
MT per 1-S.D. increment in large LDL-p, P < 0.001 and

.001, respectively). If we further cross-classified partici-
ants into four categories each of small and large LDL-p,
ncreasing concentrations of large LDL were positively asso-
iated with IMT within any category of small LDL-p (Fig. 1).

able 2
ssociation of individual lipoprotein and lipid variables with IMT

1-S.D. �IMT (SE) in
�m per 1-S.D.

P value

ipoprotein particle concentration (nmol/L)
LDL-p

Total 374 40.2 (4.1) <0.001
Large 207 4.9 (4.4) 0.27
Small 449 31.7 (4.2) <0.001

IDL-p 23.1 26.7 (4.1) <0.001
HDL-p

Total 5821 −23.2 (4.4) <0.001
Large 3975 −21.4 (4.5) <0.001
Medium 4236 −5.1 (4.2) 0.22
Small 4614 −5.0 (4.1) 0.23

VLDL-p
Total 38.0 15.8 (4.1) <0.001
Large 4.5 11.1 (4.1) 0.007
Medium 23.4 3.6 (4.1) 0.38
Small 20.1 22.8 (4.1) <0.001

ipoprotein particle size (nm)
LDL 0.8 −20.9 (4.5) <0.001
HDL 0.4 −20.3 (4.3) <0.001
VLDL 8.8 0.9 (4.1) 0.82

ipids (mg/dL)
LDL-c 31.2 37.4 (4.1) <0.001
HDL-c 15.0 −22.4 (4.5) <0.001
Triglycerides 64.6 13.1 (4.1) 0.002
RLP-c (N = 833) 4.9 12.0 (9.1) 0.19

alues per 1-S.D. increase in lipid or lipoprotein variable were obtained from
eparate linear regression models that included only one lipid or lipoprotein
ariable at a time and adjusted for age, sex, race, hypertension, and smoking.
ntermediate and very small LDL were combined into one variable (small
DL) due to the nearly identical correlations between intermediate and very
mall LDL.
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ig. 1. Mean IMT (y-axis) for increasing levels of large LDL particle con-
entration (LDL-p) are shown across increasing levels of small LDL-p. N is
he number of individuals in each category.

ig. 2 shows the highly significant linear association of large
DL-p with IMT, which is evident only after accounting

or its inverse correlation with small LDL-p. There was no
ssociation (P trend = 0.94) between large LDL-p and IMT
hen small LDL-p was not adjusted for in the linear regres-

ion model (Fig. 2 left panel). However, after additionally
djusting for small LDL-p in order to account for the inverse
orrelation between small and large LDL (Fig. 2 right panel),
he highly significant association between large LDL-p and

MT became apparent (P trend < 0.001). There was no signif-
cant interaction between large and small LDL-p categories
ith respect to IMT (P for interaction = 0.83).

ig. 2. Mean IMT (y-axis) for increasing quintiles of large LDL particle
oncentration (LDL-p) adjusting for age (years) and sex (left panel) but not
or small LDL-p showed no significant association between large LDL-p
nd IMT. After additionally adjusting for small LDL-p to account for the
orrelation between small and large LDL (right panel), there was a significant
inear association between large LDL-p and IMT. P values for linear trend
ere obtained from linear regression models. Mean IMT values in the figure

epresent those for an average age man (61.4 years). To obtain values for a
1.4-year-old woman subtract 80 �m.
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Table 3
Association of LDL subclasses with IMT after adjusting for LDL subclass correlation

�IMT (SE) in �m per 1-S.D.

Model 1a P value Model 2b P value Model 3c P value

Large LDL-p 36.6 (5.4) <0.001 23.8 (9.1) 0.009 30.3 (9.4) 0.001
Small LDL-p 52.2 (5.2) <0.001 38.7 (9.2) <0.001 34.8 (10.1) 0.001
LDL-c 13.5 (7.7) 0.08 11.8 (7.8) 0.13
HDL-c −17.3 (5.7) 0.003
Triglycerides −1.6 (5.1) 0.75

S.D. values for lipid and lipoprotein variables are shown in Table 2.
a tension, and smoking.
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Table 4
Association of LDL subclasses with IMT after adjusting for other
lipoproteins

Lipoprotein particle
concentration

�IMT (SE) in
�m per 1-S.D.

P value

Large LDL-p 42.9 (6.7) <0.001
Small LDL-p 39.1 (7.1) <0.001
IDL-p 10.9 (5.4) 0.045
Large HDL-p −25.1 (7.0) <0.001
Medium HDL-p −16.6 (4.8) <0.001
Small HDL-p −13.2 (4.5) 0.003
Large VLDL-p 9.2 (5.3) 0.08
Medium VLDL-p −11.8 (5.4) 0.03
Small VLDL-p 1.6 (5.4) 0.76

Values shown were obtained from one model containing all lipoproteins
together and adjusted for sex, age, race, hypertension and smoking. S.D.
values for lipid and lipoprotein variables are listed in Table 2. The highest
c
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Model 1 included the two LDL subclasses, age (years), sex, race, hyper
b Model 2 included model 1 variables plus LDL-c.
c Model 3 included model 1 variables plus LDL-c, HDL-c, and triglycerid

In a linear regression model that accounted for the LDL
ubclass correlation and also adjusted for age, race, sex,
ypertension, and smoking (Table 3), both large and small
DL-p were independently associated with IMT (36.6 and
2.2 �m higher IMT per 1-S.D., respectively, both P < 0.001).
ot shown in a table, when examined on a per particle
asis (rather than per 1-S.D.), large LDL was associated
ith a greater difference in mean IMT than was small LDL

17.7 �m versus 11.6 �m higher IMT per 100 nmol/L incre-
ent, respectively). In the subgroup of participants with

iabetes (N = 597), both large and small LDL-p were sig-
ificantly associated with carotid IMT. Specifically, 1-S.D.
ncrements in large and small LDL-p were associated with
1.7 and 46.1 �m higher IMT, P = 0.025 and 0.009, respec-
ively, in diabetic participants, after adjusting for age, sex,
ace, hypertension and smoking. In participants without dia-
etes (N = 4753), 1-S.D. increments in large and small LDL-p
ere associated with 38.6 and 52.5 �m higher IMT, P < 0.001

or both.
Both LDL particle subclasses remained significantly asso-

iated with IMT after adjustment for LDL-c and traditional
ipids (Table 3). There was no significant additional contri-
ution of LDL-c to IMT once the two LDL subclasses were
ncluded in the model. Adding BMI and diabetes did not sub-
tantially alter the association of the LDL subclasses with
MT. LDL size was no longer significant (P = 0.10) after
ccounting for LDL subclass concentrations and risk fac-
ors (including BMI and diabetes). Excluding hypertension
id not change our findings, nor did adjusting for hormone
eplacement use or menopause status in women. When total
DL-p was placed in model 2 instead of the two LDL-p sub-
lasses, both LDL-c and total LDL-p were independently
ssociated with IMT (18.1 and 27.1 �m higher IMT per 1-
.D., P = 0.002 and P < 0.002, respectively).

We then proceeded to examine the associations of small
nd large LDL-p in a model that accounted for correlations
f the LDL subclasses with HDL and VLDL subclasses
Table 4). In this more extensive lipoprotein model, both

arge and small LDL-p remained significantly associated with
MT (42.9 and 39.1 �m higher IMT per 1-S.D., respectively,
oth P < 0.001), with no substantial change seen when also
djusting for BMI and diabetes or excluding hypertension and

v
i
s
s

orrelation was found between large HDL-p and small LDL-p (r = −0.69)
nd large HDL-p and large LDL-p (r = 0.74). All other correlation coeffi-
ients were <0.70.

moking. All HDL-p subclasses showed statistically signif-
cant inverse associations with IMT. Subclasses of VLDL-p
howed mixed effects and lost statistical significance after
dditionally adjusting for BMI and diabetes. There was no
ignificant additional contribution of LDL-c (P = 0.49) nor
f LDL, HDL, or VLDL particle size (P = 0.13, 0.50, and
.12, respectively) to the full lipoprotein model.

Finally, we repeated our analyses without excluding the
187 (17.4%) participants who were taking lipid lowering
edication. Similar results were obtained for all analyses

xcept that LDL-c was no longer significantly associated with
MT in the model that included LDL-c together with total
DL-p. Our findings for the associations of small and large
DL subclasses with IMT remained essentially unchanged.

. Discussion

In this large multi-ethnic cohort of asymptomatic indi-

iduals, small and large LDL particle concentrations were
nversely correlated with each other and correlated in oppo-
ite directions with LDL size. Without accounting for LDL
ubclass correlation, small LDL and smaller LDL size were
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ssociated with IMT but large LDL was not. However, after
ccounting for their inverse correlation, both LDL subclasses
howed highly significant and independent associations with
MT, with a greater difference in IMT per large LDL par-
icle compared with small LDL. Smaller LDL size was no
onger significant after taking into account the particle con-
entrations of the two LDL subclasses and risk factors. Thus,
mall LDL was a strong confounder of the association of large
DL with subclinical atherosclerosis, which may explain the
idely-held view that larger LDL size is less atherogenic.
In analyses that did not adjust for small LDL, we found that

arge LDL was only weakly associated with atherosclerosis,
onsistent with prior reports [1–3,16]. Correlations among
ipoproteins are well understood. Small LDL predominate in
triglyceride-rich environment, because precursors of small
DL are secreted by the liver and large LDL particles are

ransformed into smaller particles by cholesterol ester trans-
er protein (CETP)-mediated transfer followed by lipolysis.
fter accounting for particle correlations, we demonstrated

hat the magnitude of association between small LDL and
arotid atherosclerosis became equal to large LDL (on a per
-S.D. basis) or less than large LDL (on a per particle basis).
ailure to account for the strong negative correlation between
mall and large LDL and their different associations with
ther lipoproteins may underlie the belief that small LDL par-
icles are a more potent atherogenic subclass than large LDL.

The literature addressing LDL particle size as a cardio-
ascular risk factor is mixed [4–6]. Certain studies found
hat small LDL size was associated with increased CVD risk
17–19], while others did not confirm the independence of the
ssociation [20,21]. Two small studies specifically relating to
MT found no independent relation with LDL particle size
easures [22,23]. Other studies have suggested that large
DL size may be associated with CVD [24,25]. However,
ost reports relating to LDL size examined only the distri-

ution of LDL subclasses or LDL size phenotype (large or
mall) rather than LDL subclass concentrations. We found
hat the atherogenicity of large LDL became apparent only
hen individuals were classified according to low or high

evels of small LDL or after accounting for levels of small
DL by statistical adjustment. This may explain the variable
trength of association found in prior studies for the associa-
ion of LDL size with CVD risk, i.e. different population dis-
ributions of small and large LDL and potential confounding
y levels of small LDL. Moreover, both large and small LDL
ere significantly associated with carotid atherosclerosis in
ur study participants, whether or not they had diabetes mel-
itus. Our findings regarding the atherogenicity of both LDL
ubclasses have been confirmed in the VA-HIT trial, where
oth subclasses were significantly associated with coronary
vents once their correlation was taken into account [26].

There are several mechanisms that may underlie the

therosclerotic effect of both large and small LDL [5]. At both
xtremes of LDL size, there is decreased receptor-binding
ffinity for LDL receptors [27]. Small LDL may be oxidized
ore rapidly and have been associated with endothelial dys-
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unction and metabolic dyslipidemia [28]. In comparison,
arge LDL predominate in patients with familial hypercholes-
erolemia [29] and those consuming high saturated fat diets.
arge LDL have higher core cholesterol ester content, poten-

ially delivering more cholesterol per particle to arterial walls
30], a speculation supported by our finding a greater IMT
ifference for large compared to small LDL on a per particle
asis.

. Limitations

One potential limitation to our study is its cross-sectional
ature. However, substantial cross-sectional bias is unlikely
n view of the subclinical nature of our measure of atheroscle-
osis (IMT). Since NMR is a relatively new lipoprotein mea-
urement technique, limited comparisons exist with ultra-
entrifugation or other subfractionation methods. However,
orrelations between lipoprotein measures obtained from our
MR data were similar to those found in studies utilizing

raditional separation techniques, and the unadjusted associ-
tions of lipoprotein subclasses and particle size with IMT
ere similar to other studies [1–3,14]. The large study size

llowed us to parse out the effect of lipoprotein and lipid
ariables that were moderately correlated (r ∼ 0.4–0.7), with
ittle or no loss of precision, and we believe our nine-particle

odel gives a minimally biased estimate of the independent
therogenic effects of the individual lipoprotein subclasses.
owever, estimates from the model that added NMR-derived

verage particle size to lipoprotein subclass concentrations
hould be considered less reliable, given the high correla-
ion (r ∼ 0.9) of certain particle concentrations with average
article size.

. Conclusion

Small LDL confounded the association of large LDL with
MT because of its strong inverse correlation with large LDL,
hich may underlie the widespread belief that large LDL

onfers less cardiovascular risk than small LDL. Contrary to
urrent opinion, both small and large LDL were significantly
ssociated with subclinical atherosclerosis independent of
ach other, traditional lipids, and established risk factors, with
o association between LDL size and atherosclerosis after
ccounting for the concentrations of the two subclasses. This
nowledge may contribute to our understanding of atheroge-
esis, and future studies examining LDL size and atheroscle-
osis should account for the significant inverse correlation
etween small and large LDL.
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