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OBJECTIVE

In the Multi-Ethnic Study of Atherosclerosis (MESA), we evaluated associations of
baseline levels of a lipoprotein-based insulin resistance (IR) index (LP-IR), IR-related
lipoprotein particles, mean particle sizes, and lipids, with incident type 2 diabetes,
independent of confounders, glucose, insulin, and HOMA-IR.

RESEARCH DESIGN AND METHODS

Among 5,314 adults aged 45–84 years without baseline diabetes or cardiovascular
disease, 656 cases of diabetes were identified during a mean follow-up of 7.7
years. Lipoprotein particle concentrations, size, and LP-IR were determined by
nuclear magnetic resonance spectroscopy of stored baseline plasma. Potential
effect modification, by race/ethnicity, sex, baseline use of lipid-lowering medica-
tions or hormone therapy, or glucose strata (<90, 90–99, and ‡100 mg/dL), was
also evaluated.

RESULTS

Higher levels of LP-IR, large VLDL particles (VLDL-P), small LDL particles, triglycer-
ides (TG), and TG–to–HDL cholesterol (HDL-C) ratio and lower levels of large HDL
particles, smaller HDL and LDL size, and larger VLDL size were significantly asso-
ciated with incident diabetes adjusted for confounders and glucose or insulin.
These also were similar by race/ethnicity, sex, and treatment group. Associations
were similar for LP-IR, large VLDL-P, mean VLDL size, TG, and TG–to–HDL-C ratio;
they persisted for LP-IR, large VLDL-P, or mean VLDL size adjusted for HOMA-IR or
TG–to–HDL-C ratio and glucose but not for the TG–to–HDL-C ratio adjusted for LP-IR
or for HOMA-IR or insulin if adjusted for LP-IR and glucose.

CONCLUSIONS

Among ethnically diverse men and women, LP-IR, large VLDL-P, large VLDL size,
TG, and TG–to–HDL-C ratio were associated with incident diabetes independent
of established risk factors, glucose, insulin, or HOMA-IR, as well as the use of
lipid-lowering medications or hormone therapy.

The identification of early predictors of type 2 diabetes is important given the
potential to prevent or delay the onset of diabetes by lifestyle modification and/
or medication (1). The higher triglyceride (TG) and lower HDL cholesterol (HDL-C)
levels that characterize diabetes often precede it because the reduction in insulin-
mediated suppression of VLDL particle (VLDL-P) secretion occurs independent of,
and often before, the reduction in the suppression of hepatic glucose produc-
tion by insulin (2). The resulting hypersecretion of large, triglyceride-rich VLDL-P
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causes hypertriglyceridemia; subse-
quent smaller, cholesterol-depleted
HDL particles (HDL-P) and LDL particles
(LDL-P); and lower levels of HDL-C and
LDL cholesterol (2). Measured by nu-
clear magnetic resonance (NMR) spec-
troscopy, higher levels of large VLDL-P
and small LDL-P, lower levels of large
HDL-P, smaller mean LDL and HDL parti-
cle size, and larger mean VLDL particle
size are associated with insulin re-
sistance (3–5) and incident diabetes
(6–8), often independent of established
risk factors, lipids, glucose, insulin resis-
tance or sensitivity, or HbA1c. A Lipopro-
tein Insulin Resistance (LP-IR; LipoScience)
index has recently been developed; it
combines these six lipoprotein parame-
ters, weighted by strength of correla-
tions with HOMA-insulin resistance (IR)
(9,10). LP-IR is cross-sectionally corre-
lated with insulin sensitivity (Si), HOMA-
IR (11), and the glucose disposal rate
from a hyperinsulinemic-euglycemic
clamp (10), but the association of LP-IR
with incident type 2 diabetes has not yet
been reported.
In addition to reflecting IR, lipopro-

teins and lipids may also directly con-
tribute to diabetes pathogenesis via
effects on b-cell function, insulin pro-
duction, and glucose homeostasis (12–
14). Furthermore, statins are associated
with a slightly increased risk of diabetes
(15–19), and higher baseline levels of TG
and glucose were independently related
to incident type 2 diabetes in three large
randomized statin trials (20). However,
prior studies of lipoprotein-related dia-
betes risk have not explicitly evaluated
potential effect modification by use of
lipid-lowering medications or hormone
therapy (HT), which also alters levels of
lipid and lipoprotein particles (21,22).
Finally, despite ethnic differences in di-
abetes risk (23,24), few studies (6) have
evaluated sex or race/ethnicity var-
iation in lipoprotein-related risk of dia-
betes. Therefore, we hypothesized that
in a multiethnic cohort of men and
women, higher baseline levels of LP-IR,
large VLDL-P, small LDL-P, small HDL-P,
and TG; lower levels of large HDL-P and
HDL-C; and larger mean VLDL particle
size and smaller mean LDL and HDL
particle size would be associated with
incident diabetes, independent of es-
tablished risk factors and potential con-
founders. We further hypothesized that
lipoprotein associations with diabetes

would be partially independent of base-
line levels of glucose or insulin and of
baseline HOMA-IR; would be similar for
individuals using lipid-lowering medi-
cations or HT at baseline compared
with untreated participants; and, in
some cases, would be modified by sex
and race/ethnicity, as previously re-
ported for mean VLDL size and small
HDL-P (6).

RESEARCH DESIGN AND METHODS

Study Population and Risk Factor
Measurement
The design and objectives of the Multi-
Ethnic Study of Atherosclerosis (MESA),
sponsored by the National Heart, Lung,
and Blood Institute, have been de-
scribed elsewhere (25). Briefly, the mul-
ticenter prospective cohort study
included 6,814 community-dwelling
men and women, ages 45–84, of African
American, Hispanic, white, and Chinese-
American ethnicity. Exclusion criteria for
MESA included self-reported cardiovas-
cular disease (heart attack, angina, cor-
onary revascularization, pacemaker or
defibrillator implantation, valve replace-
ment, heart failure, or cerebrovascular
disease); pregnancy; cancer; cognitive
impairment; or weight .136 kg. Partic-
ipants provided informed consent at
their field center, and the study was ap-
proved by the institutional review
boards of the participating institutions
and the University of Pittsburgh. Stan-
dardized questionnaires and procedures
were used to determine age, sex, ethnic-
ity, height, weight, waist circumference,
blood pressure, medications, smoking,
family history of diabetes, alcohol use,
and physical activity at the baseline
MESA examination in 2000–2002. Phys-
ical activity (moderate and vigorous)
was defined as MET*min/week. Smok-
ing was defined as never, ever (smoked
$100 cigarettes in lifetime), or current
(smoked cigarettes in the past 30 days).
Alcohol use was defined as never, for-
mer, or current. For women, hormone
replacement therapy was defined as
ever or never. Hypertensionwas defined
as systolic blood pressure $140 mmHg
or diastolic blood pressure $90 mmHg
or self-reported hypertension and anti-
hypertensive medication use. Insulin re-
sistance was estimated using the
HOMA-IR, which was calculated as
insulin (mU/mL) 3 (glucose [mg/dL] 3
0.055)/22.5 (26). For this report,

participants also were categorized as
“untreated,” that is, those reporting no
lipid-lowering medications or HT use at
baseline; “treated,” comprising those
reporting use of lipid-lowering medica-
tions (primarily statins) at baseline; and
“HT users,” who included women re-
porting use of HT but no lipid-lowering
medications at baseline.

Incident Diabetes
Type 2 diabetes was defined as fasting
glucose$126 mg/dL (7 mmol/L) or oral
hypoglycemic medication or insulin
use. Participants with diabetes at the
baseline study visit were excluded.
The date of incident diabetes was de-
fined as the first of the four in-person
follow-up MESA examinations at which
a participant met the criteria for type 2
diabetes.

Laboratory Assessment
At the baseline visit, blood was drawn
following a 12-h fast, and samples were
stored at2708C. Concentrations of lipo-
protein particles were measured at
LipoScience, Inc. (Raleigh, NC) using NMR
spectroscopy (LipoProfile-3 algorithm)
on plasma EDTA specimens. HDL, LDL,
and VLDL subclasses were quantified us-
ing the amplitudes of their spectroscopi-
cally distinct lipid methyl group NMR
signals (27). Total concentrations of
HDL-P, LDL-P, and VLDL-P are the sums
of the particle concentrations of the re-
spective subclasses. Estimated ranges of
particle diameter for the subclasses were
as follows: large VLDL-P, 60 nm; medium
VLDL-P, 42–60 nm; small VLDL-P, 29–42
nm; intermediate-density lipoprotein
particles (IDL-P), 23–29 nm; large LDL-P,
20.5–23 nm; small LDL-P, 18–20.5 nm;
large HDL-P, 9.4–14 nm; medium HDL-P,
8.2–9.4 nm; and small HDL-P, 7.3–8.2 nm.
Mean particle sizes are weighted aver-
ages derived from the sum of the diame-
ter of each subclass multiplied by its
relative mass percentage. Mean VLDL
size is not calculated for individuals with
extremely low VLDL levels (VLDL-TG,30
mg/dL; n = 384 in this study.) A calculated
LP-IR, which ranges from 0 (least) to 100
(most) insulin resistant, is also provided
(9). As previously described in detail, the
LP-IR is calculated by weighting large
VLDL-P, small LDL-P, large HDL-P, and
VLDL, LDL, and HDL size by the strength
and independence of their association
with HOMA-IR in a subset of MESA par-
ticipants (10). Weights are capped at
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the lower and upper end for each lipo-
protein particle concentration and size,
with weight = 0 for individuals with
VLDL size that was not calculated be-
cause of very low VLDL-TG (10). In-
terassay reproducibility (coefficient of
variation [CV]), determined from 80
replicate analyses of 8 plasma pools
over 20 days, was 6% for LP-IR; 8%,
3%, and 2% for total VLDL-P, LDL-P,
and HDL-P; 0.7% for LDL and HDL size;
4% for VLDL size; 7%, 13%, and 22% for
large, medium, and small VLDL-P; 43%,
12%, and 10% for IDL-P and large
and small LDL-P; and 9%, 14%, and 6%
for large, medium, and small HDL-P,
respectively.
Lipids, insulin, and glucose in thawed

baseline blood specimens were mea-
sured at a central laboratory (Collabora-
tive Studies Clinical Laboratory at
Fairview University Medical Center,
Minneapolis, MN), usually within 2
weeks of sample collection, using Cen-
ters for Disease Control and Prevention/
National Heart, Lung, and Blood Insti-
tute standards. Plasma EDTA HDL-C
was measured by the cholesterol oxi-
dase method (Roche Diagnostics) after
precipitation of non-HDL-C with mag-
nesium/dextran, with CV = 2.9%.
Plasma EDTA triglycerides was mea-
sured by Triglyceride GB reagent
(Roche Diagnostics, Indianapolis, IN)
on the Roche COBAS FARA centrifugal
analyzer with a coefficient of variation
(CV) of 4.0%. For those with triglycer-
ides #400 mg/dL, LDL cholesterol was
calculated using the Friedewald equa-
tion (28). Serum glucose was measured
by rate reflectance spectrophotometry
using thin-film adaptation of the glu-
cose oxidase method on a Vitros ana-
lyzer (Johnson & Johnson Clinical
Diagnostics, Inc., Rochester, NY)
with a CV of 1.1%. Serum insulin was
measured by an immunoenzymatic
sandwich assay using the Access Ultra-
sensitive Insulin Reagent on a Beckman
Access (Beckman Instruments, Inc.),
with a CV of 4.9%.

Statistical Analysis
SAS version 9.2 (SAS, Inc., Cary, NC) was
used for analyses; a two-tailed P value
,0.05 was considered statistically sig-
nificant. Because of skewed distributions,
insulin, HOMA-IR, TG, the ratio of TG to
HDL-C, large VLDL-P, and high physical
activity levels were log-transformed

when used as continuous variables in
regression analyses. Baseline partici-
pant characteristics were compared
for those with and without incident di-
abetes using t tests, Wilcoxon tests for
skewed variables previously noted, or
x2 tests for categorical variables. In
this report, Cox proportional hazards
regression was used to calculate hazard
ratios (HRs) for incident diabetes for
each predictor, both for quartiles and
per SD, calculated from distributions in
the entire sample. Follow-up time was
calculated as days from baseline visit to
the first follow-up visit with diagnosed
diabetes or, for participants without
incident diabetes, to the last visit at-
tended. The exact method was used
for tied event times, which were un-
common. The proportional hazards as-
sumption was tested for each predictor
using interaction terms with time and
was met for all predictor variables. Glu-
cose had a significant interaction with
time, however, with stronger HRs for
earlier than later diabetes cases. There-
fore, the glucose–time interaction was
included in any models that adjusted
for glucose, although this had aminimal
effect on results. Sensitivity analyses
also evaluated results after excluding
diabetes cases that occurred during
the first 3 years of follow-up. Unless
otherwise specified, all models were
adjusted for a base set of covariates:
age, sex, race/ethnicity, BMI, family
history of diabetes, alcohol use, physi-
cal activity, and smoking. Subsequent
models were sequentially adjusted for
other IR-related measures. Potential
differences in associations with inci-
dent diabetes by sex, race/ethnicity, or
baseline use of lipid-lowering medica-
tions or HTwere evaluated usingmultipli-
cative interaction terms and stratified
models. For these sensitivity analyses,
the number (cases/total) in each strata
were as follows: for baseline treatment,
453/3,825 for untreated, 129/778 for
lipid-lowering, and 74/711 for HT users;
for glucose categories, 132/2,953, 188/
1,546, and 336/815 for ,90, 90–99, and
100–125 mg/dL, respectively; and by sex,
310/2,486 for men and 346/2,828 for
women.

RESULTS

After excluding participants with base-
line diabetes (n = 859), with no follow-
up (n = 293); with missing values for

diabetes (n = 24); lipid-lowering medica-
tions, lipoproteins, alcohol use, or phys-
ical activity (n = 48); or family history of
diabetes (n = 276), 5,314 MESA partici-
pants were available for analysis of in-
cident diabetes. Over a mean of 7.7
years of follow-up, 656 diabetes cases
were identified. Cases were more likely
than noncases to be African American or
Hispanic, to have a family history of di-
abetes, and to be using lipid-lowering
medications (91% statins) at baseline
(Table 1), but they were similar by sex
and baseline HT use (data not shown).
Cases also had higher mean levels of
BMI, LP-IR, HOMA-IR; higher mean con-
centrations of glucose and insulin, TG,
small HDL-P, total and small LDL-P, and
large and medium VLDL-P; lower mean
concentrations of HDL-C and total, large,
and medium HDL-P; smaller mean HDL
and LDL particle size; and larger mean
VLDL particle size (Table 1). Except for
total HDL-P and medium VLDL-P, all of
these remained significantly associ-
ated with incident diabetes in Cox pro-
portional hazards models adjusted for
age, sex, and race/ethnicity (data not
shown). Mean baseline glucose was sub-
stantially higher among cases than non-
cases (Table 1). Furthermore, incident
diabetes increased across baseline glu-
cose categories (data not shown) from
4.5% (132/2,953) of those with baseline
glucose ,90 mg/dL, 12.2% (188/1,546)
for glucose 90–99 mg/dL, and 41.2%
(336/815) of those with baseline glucose
100–125 mg/dL. Despite this strong asso-
ciation, however, 29% of incident diabe-
tes cases had baseline glucose of 90–99
mg/dL, and 20% had baseline glucose
,90 mg/dL.

LP-IR was strongly correlated
(Spearman correlation r $ 0.5) with
the six lipoprotein parameters from
which it is calculated (i.e., concentra-
tions of large VLDL-P, large HDL-P, and
small LDL-P and mean size of VLDL,
HDL, and LDL particles) and with con-
centrations of HOMA-IR, insulin, TG,
HDL-C, and TG–to–HDL-C ratio, with
very strong correlations with large
VLDL-P and TG–to–HDL-C ratio (Sup-
plementary Table 2). Correlations of
BMI and glucose with insulin and
HOMA-IR were stronger than with LP-
IR, large VLDL-P, mean VLDL size, TG,
HDL-C, or TG–to–HDL-C ratio.

Preliminary analyses evaluated po-
tential differences in diabetes risk
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associations by sex, race/ethnicity, or
baseline treatment status (untreated,
lipid-lowering medications, or HT use).
Among untreated participants, there
were no significant interactions be-
tween race/ethnicity and any of the IR-
related lipoproteins, lipids, insulin, or
HOMA-IR in relation to incident diabe-
tes. However, both total LDL-P and small
HDL-P had significant interactions by
sex (P = 0.03 for each). For total LDL-P,
HRs (95% CI) per SD were 1.30 (1.15–
1.47) for women and 1.06 (0.94–1.20)
for men, and for small HDL-P, HRs
(95% CI) were 1.11 (0.96–1.28) for
women but 1.39 (1.19–1.61) for men.
These results were consistent with HRs
calculated across quartiles of total LDL-P

and small HDL-P (Supplementary Table
2), which showed that when additionally
adjusted for HOMA-IR, HRs for the
fourth versus the first quartile (Q4 vs.
Q1) remained significantly elevated for
LDL-P among women and for small HDL-
P among men. For baseline treatment
status (lipid-lowering medication or HT
use vs. none), no significant interactions
were found for LP-IR, IR-related lipo-
proteins or lipids, or insulin in relation
to diabetes risk based on interaction
terms and consistent with stratified ana-
lyses (data not shown). For HOMA-IR,
however, diabetes risk was lower for
treated participants (HR [95% CI] in Q4 vs.
Q1 4.96 [2.38–10.32) than for untreated
participants (6.24 [4.10–9.50]) or HT

users (5.85 [2.47–13.87]; P for in-
teraction = 0.04). Therefore, primary
analyses used the entire study sam-
ple (n = 5,314) adjusted for treat-
ment group; sensitivity analyses for
HOMA-IR were restricted to untreated
participants.

Among the entire study sample ad-
justed for base covariates (age, sex,
race/ethnicity, BMI, family history of
diabetes, alcohol use, smoking, and phys-
ical activity) and treatment (none, lipid-
lowering medication use, or HT use)
(Table 2), risk of incident diabetes was
increased twofold or more for high (Q4
vs. Q1) small LDL-P and low (Q1 vs. Q4)
large HDL-P, HDL-C, and smaller LDL
particle size; it was increased slightly
less for smaller HDL particle size. HRs
were attenuated with additional adjust-
ment for glucose or insulin or HOMA-IR.
None remained strongly associated
with incident diabetes if adjusted for
the ratio of TG to HDL-C, with similar
results if adjusted for TG, HDL-C, or
both (data not shown). Conversely, the
association of low HDL-C with incident
diabetes risk persisted after adjusting
for large VLDL-P but not after adjusting
for LP-IR (Table 2).

For LP-IR, VLDL-related parameters,
insulin, and HOMA-IR adjusted for base
covariates and treatment group, HRs
(Q4 vs. Q1) ranged from ;2.5 for TG
and the TG–to–HDL-C ratio to 3.28 for
LP-IR, 3.84 for insulin, and 5.93 for
HOMA-IR. For LP-IR, large VLDL-P, and
mean VLDL size, HRs (Q4 vs. Q1) re-
mained significantly elevated (1.5- to 2-
fold) when adjusted for glucose, insulin,
HOMA-IR, or the TG–to–HDL-C ratio, as
well as for glucose and HOMA-IR or glu-
cose and the TG–to–HDL-C ratio. In
contrast, TG and the TG–to–HDL-C ra-
tio remained associated with incident
diabetes adjusted for glucose, insulin,
or HOMA-IR but not adjusted for LP-IR.
Results adjusted for TG, HDL-C, or both
(data not shown) were similar to results
adjusted for the TG–to–HDL-C ratio.
For insulin and HOMA-IR, HRs (Q4 vs.
Q1) remained significantly associated
with diabetes if adjusted for LP-IR,
large VLDL-P, or the TG–to–HDL-C ra-
tio, but not when simultaneously ad-
justed for LP-IR and glucose, which
both added significantly to diabetes
risk in all models.

To further evaluate associations with
diabetes risk independent of glucose,

Table 1—Characteristics of MESA participants without baseline diabetes, by
incident diabetes

Characteristics
Total

(N = 5,314)

Incident diabetes

P value
No

(n = 4,658)
Yes

(n = 656)

Age, years 61.6 6 10.2 61.7 6 10.3 60.8 6 9.5 0.08

Race/ethnicity, %
White 42.5 44.2 30.5 ,0.0001
Chinese American 11.6 11.5 12.0
African American 25.2 24.5 30.6
Hispanic American 20.7 19.8 26.8

Lipid-lowering medication, % 14.6 13.9 19.7 ,0.0001

Family history of diabetes, % 34.8 32.9 48.6 ,0.0001

Physical activity, MET*min/week 5,833 6 5,832 5,836 6 5,711 5,810 6 6,637 0.24

BMI, kg/m2 28.0 6 5.3 27.6 6 5.0 31.1 6 5.9 ,0.0001

LP-IR 42.4 6 23.4 40.7 6 23.2 54.3 6 21.4 ,0.0001

Glucose, mg/dL 89.4 6 10.5 87.8 6 9.0 100.8 6 12.8 ,0.0001

Insulin, mU/L 6.4 6 4.4 6.0 6 4.0 9.5 6 5.8 ,0.0001

HOMA-IR 1.4 6 1.1 1.3 6 1.0 2.4 6 1.6 ,0.0001

HDL-C, mg/dL 51.7 6 15.0 52.4 6 15.2 46.7 6 12.2 ,0.0001

LDL-C, mg/dL 118.0 6 30.8 118.0 6 30.6 117.6 6 32.3 0.57

TG, mg/dL 127.0 6 77.5 123.5 6 75.2 152.0 6 88.9 ,0.0001

HDL-P, mmol/L
Total 34 6 7 34 6 7 33 6 6 0.0001
Large 6.2 6 3.5 6.3 6 3.5 5.1 6 2.9 ,0.0001
Medium 13.7 6 6.9 13.9 6 7.0 12.2 6 6.2 ,0.0001
Small 14.5 6 5.6 14.2 6 5.5 16.1 6 5.7 ,0.0001

HDL size, nm 9.27 6 0.45 9.29 6 0.46 9.13 6 0.41 ,0.0001

LDL-P, nmol/L
Total 1,246 6 334 1,236 6 331 1,322 6 351 ,0.0001
Large 601 6 257 609 6 254 541 6 270 ,0.0001
Small 518 6 378 500 6 375 653 6 377 ,0.0001

LDL size, nm 20.77 6 0.54 20.80 6 0.54 20.58 6 0.53 ,0.0001

VLDL-P, nmol/L
Large 4.7 6 6.2 4.4 6 5.9 6.9 6 7.3 ,0.0001
Medium 28.4 6 21.6 28.1 6 21.6 30.7 6 21.4 0.0002
Small 34.0 6 19.6 34.1 6 19.5 33.4 6 19.7 0.46

VLDL size, nm* 48.3 6 7.9 47.7 6 7.7 51.7 6 8.8 ,0.0001

Results aremean6 SD, unless stated otherwise. LDL-C, LDL cholesterol. *VLDL size missing in n =
384 (21 cases).
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models were rerun stratified by base-
line glucose categories (,90, 90–99,
and 100–125 mg/dL) and adjusted for
base covariates and treatment status.
Within all three categories of baseline
glucose, HRs for diabetes were signif-
icantly increased (Q4 vs. Q1) for LP-IR,
small LDL-P, the TG–to–HDL-C ratio,
and TG. In contrast, HRs for HOMA-IR
(Q4 vs. Q1) were significantly related
to diabetes risk only for participants
with baseline glucose ,90 mg/dL,
and insulin was not significantly as-
sociated with diabetes risk for par-
ticipants with baseline glucose of
100–125 mg/dL. HRs (Q4 vs. Q1) also
did not reach statistical significance
for VLDL-P size among those with

glucose 100–125 mg/dL and for large
VLDL-P among those with glucose,90
mg/dL.

Finally, in sensitivity analyses, we
excluded incident diabetes cases
with #3 years of follow-up (n = 226),
and, as shown in Tables 2 and 3, re-
sults were essentially unchanged for
models adjusted for base covariates
or base covariates and glucose. Given
evidence of weaker associations
among treated participants, HOMA-
IR models restricted to untreated
participants were also rerun. Overall,
estimates (Fig. 1 and Table 3) were
similar to those for the entire group,
except that, as shown in Fig. 1, among
those with glucose,90 mg/dL, the HR

(95% CI) for HOMA-IR (Q4 vs. Q1) in-
creased from 2.76 (1.53–4.98) to 3.53
(1.86–6.66), which did not alter over-
all conclusions.

CONCLUSIONS

In a large,multiethnic cohort ofmen and
women, higher levels of LP-IR, large
VLDL-P, and small LDL-P and lower lev-
els of large HDL-P, larger mean VLDL
size, smaller mean HDL and LDL size,
HDL-C, TG, TG–to–HDL-C ratio, insu-
lin, and HOMA-IR were associated
with incident diabetes over 7.7 years’
mean follow-up, adjusted for poten-
tial confounders including age, sex,
race/ethnicity, BMI, family history of di-
abetes, alcohol use, smoking, and physical

Table 2—Risk (HR [95% CI]) of incident diabetes by quartiles of HDL and LDL indices, sequentially adjusted, among MESA
participants without diabetes at baseline (N = 5,314)

Predictors and covariates Q1 Q2 Q3 Q4 P value for trend

HDL size, nm #8.9 9.0–9.2 9.3–9.6 $9.7
Base covariates* 1.79 (1.37–2.35) 1.52 (1.16–1.98) 1.19 (0.91–1.57) 1.0 (Reference) ,0.0001
+ Glucose 1.36 (1.04–1.78) 1.24 (0.95–1.62) 1.06 (0.81–1.40) 1.0 (Reference) ,0.0001
+ Insulin† 1.34 (1.02–1.76) 1.21 (0.93–1.58) 1.05 (0.79–1.38) 1.0 (Reference) 0.01
+ HOMA-IR† 1.17 (0.89–1.54) 1.10 (0.84–1.44) 0.98 (0.74–1.29) 1.0 (Reference) 0.12
+ TG–to–HDL-C ratio† 1.24 (0.94–1.64) 1.12 (0.85–1.47) 1.01 (0.76–1.33) 1.0 (Reference) 0.06

Large HDL-P, mmol/L #3.4 3.5–5.3 5.4–8.0 $8.1
Base covariates* 2.30 (1.75–3.03) 1.80 (1.38–2.34) 1.41 (1.08–1.85) 1.0 (Reference) ,0.0001
+ Glucose 1.67 (1.27–2.19) 1.38 (1.06–1.81) 1.39 (1.06–1.82) 1.0 (Reference) ,0.0001
+ Insulin† 1.63 (1.23–2.17) 1.44 (1.10–1.88) 1.24 (0.95–1.62) 1.0 (Reference) 0.0004
+ HOMA-IR† 1.40 (1.06–1.85) 1.30 (0.99–1.69) 1.17 (0.89–1.53) 1.0 (Reference) 0.02
+ TG–to–HDL-C ratio† 1.36 (0.99–1.88) 1.25 (0.94–1.67) 1.16 (0.88–1.52) 1.0 (Reference) 0.06

Medium HDL-P, mmol/L #8.9 9.0–12.8 12.9–17.5 $17.6
Base covariates* 1.55 (1.22–1.98) 1.39 (1.09–1.77) 1.25 (0.98–1.61) 1.0 (Reference) ,0.0001
+ Glucose 1.40 (1.10–1.79) 1.18 (0.92–1.51) 1.24 (0.97–1.59) 1.0 (Reference) ,0.0001
+ Insulin† 1.32 (1.04–1.69) 1.22 (0.96–1.56) 1.16 (0.91–1.49) 1.0 (Reference) 0.03
+ HOMA-IR† 1.24 (0.97–1.58) 1.15 (0.90–1.47) 1.12 (0.88–1.44) 1.0 (Reference) 0.10
+ TG–to–HDL-C ratio† 1.24 (0.97–1.59) 1.22 (0.95–1.56) 1.23 (0.96–1.57) 1.0 (Reference) 0.15

HDL-C, mg/dL #40 41–49 50–59 $60
Base covariates* 2.37 (1.80–3.12) 1.87 (1.44–2.44) 1.51 (1.15–1.98) 1.0 (Reference) ,0.0001
+ Glucose 1.64 (1.25–2.16) 1.53 (1.18–1.99) 1.36 (1.03–1.78) 1.0 (Reference) ,0.0001
+ Insulin† 1.68 (1.27–2.23) 1.47 (1.13–1.92) 1.31 (0.99–1.72) 1.0 (Reference) 0.0003
+ HOMA-IR† 1.42 (1.07–1.89) 1.32 (1.01–1.72) 1.22 (0.93–1.60) 1.0 (Reference) 0.02
+ Large VLDL-P† 1.78 (1.34–2.39) 1.59 (1.22–2.08) 1.41 (1.08–1.98) 1.0 (Reference) ,0.0001
+ LP-IR 1.15 (0.84–1.60) 1.10 (0.82–1.47) 1.15 (0.87–1.52) 1.0 (Reference) 0.54

LDL size, nm #20.3 20.4–20.8 20.9–21.1 $21.2
Base covariates* 2.41 (1.86–3.12) 2.01 (1.56–2.58) 1.43 (1.09–1.88) 1.0 (Reference) ,0.0001
+ Glucose 1.68 (1.30–2.18) 1.65 (1.28–2.12) 1.26 (0.96–1.66) 1.0 (Reference) ,0.0001
+ Insulin† 1.84 (1.41–2.48) 1.68 (1.31–2.17) 1.29 (0.98–1.70) 1.0 (Reference) ,0.0001
+ HOMA-IR† 1.62 (1.24–2.11) 1.55 (1.20–2.00) 1.24 (0.94–1.63) 1.0 (Reference) 0.0001
+ TG–to–HDL-C ratio† 1.30 (1.01–1.92) 1.51 (1.15–1.98) 1.24 (0.94–1.64) 1.0 (Reference) 0.03

Small LDL-P, nmol/L #108 109–501 502–780 $781
Base covariates* 1.0 (Reference) 1.55 (1.17–2.04) 2.11 (1.62–2.76) 2.42 (1.86–3.16) ,0.0001
+ Glucose 1.0 (Reference) 1.46 (1.11–1.92) 1.81 (1.38–2.36) 1.80 (1.38–2.34) ,0.0001
+ Insulin† 1.0 (Reference) 1.35 (1.02–1.78) 1.71 (1.30–2.24) 1.86 (1.42–2.44) ,0.0001
+ HOMA-IR† 1.0 (Reference) 1.27 (0.96–1.68) 1.55 (1.18–2.03) 1.65 (1.26–2.15) 0.0001
+ TG–to–HDL-C ratio† 1.0 (Reference) 1.34 (1.02–1.77) 1.57 (1.18–2.08) 1.48 (1.09–2.02) 0.02

Statistically significant HRs are bolded. *Models adjusted for base covariates of age, sex, race/ethnicity, BMI, family history of diabetes, alcohol use,
smoking, physical activity, and treatment group (none, lipid-loweringmedications, or HT use). Subsequentmodels additionally adjust for covariate(s)
listed. †Log transformed.
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activity. Higher LP-IR, higher large VLDL-P
concentration, and larger mean VLDL
particle size remained associated with di-
abetes when additionally adjusted for

HOMA-IR, the TG–to–HDL-C ratio, or for
concentrations of glucose, insulin, HDL-C,
TG and when simultaneously adjusted for
glucose and HOMA-IR or glucose and the

TG–to–HDL-C ratio. In contrast, associa-
tions with diabetes were not significant
for HDL-C, TG, or TG–to–HDL-C ratio if
adjusted for LP-IR. For HOMA-IR or

Table 3—Risk (HR [95% CI]) of incident diabetes by quartiles of VLDL- and insulin resistance–related indices, sequentially
adjusted, among MESA participants without diabetes at baseline (N = 5,314)

Predictors Q1 Q2 Q3 Q4 P value for trend

LP-IR 0–24 25–42 43–61 62–100
Base covariates* 1.0 (Reference) 1.47 (1.08–1.99) 2.21 (1.66–2.94) 3.28 (2.46–4.38) ,0.0001
+ Glucose 1.0 (Reference) 1.32 (0.97–1.79) 1.77 (1.33–2.35) 2.02 (1.52–2.70) ,0.0001
+ Insulin† 1.0 (Reference) 1.25 (0.92–1.70) 1.70 (1.27–2.28) 2.15 (1.59–2.92) ,0.0001
+ HOMA-IR† 1.0 (Reference) 1.13 (0.83–1.54) 1.47 (1.10–1.97) 1.70 (1.25–2.30) ,0.0001
+ TG–to–HDL-C ratio† 1.0 (Reference) 1.30 (0.95–1.78) 1.77 (1.28–2.45) 2.29 (1.55–3.38) ,0.0001
+ HOMA-IR† + glucose 1.0 (Reference) 1.22 (0.89–1.66) 1.69 (1.26–2.25) 1.93 (1.43–2.60) ,0.0001
+ TG–to–HDL-C ratio† + glucose 1.0 (Reference) 1.21 (0.88–1.66) 1.53 (1.11–2.12) 1.59 (1.08–2.35) 0.01

VLDL size, nm‡ #42.4 42.5–46.5 46.6–52.5 $52.6
Base covariates* 1.0 (Reference) 1.35 (1.02–1.79) 1.68 (1.28–2.20) 2.63 (2.03–3.42) ,0.0001
+ Glucose 1.0 (Reference) 1.24 (0.94–1.65) 1.25 (0.95–1.64) 1.81 (1.39–2.37) ,0.0001
+ Insulin† 1.0 (Reference) 1.22 (0.92–1.61) 1.36 (1.04–1.79) 1.96 (1.50–2.56) ,0.0001
+ HOMA-IR† 1.0 (Reference) 1.15 (0.86–1.52) 1.21 (0.92–1.59) 1.68 (1.28–2.19) ,0.0001
+ TG–to–HDL-C ratio† 1.0 (Reference) 1.23 (0.92–1.64) 1.41 (1.06–1.86) 1.92 (1.43–2.59) ,0.0001
+ HOMA-IR† + glucose 1.0 (Reference) 1.21 (0.91–1.61) 1.18 (0.90–1.56) 1.69 (1.29–2.22) ,0.0001
+ TG–to–HDL-C ratio† + glucose 1.0 (Reference) 1.18 (0.89–1.57) 1.14 (0.86–1.51) 1.54 (1.14–2.07) 0.008

Large VLDL-P, nmol/L #0.70 0.8–2.30 2.4–6.2 6.3–55.9
Base covariates* 1.0 (Reference) 1.28 (0.96–1.71) 2.02 (1.54–2.65) 2.73 (2.08–3.57) ,0.0001
+ Glucose 1.0 (Reference) 1.30 (0.97–1.73) 1.71 (1.30–2.24) 1.97 (1.50–2.60) ,0.0001
+ Insulin† 1.0 (Reference) 1.08 (0.80–1.44) 1.55 (1.17–2.05) 1.87 (1.41–2.48) ,0.0001
+ HOMA-IR† 1.0 (Reference) 0.99 (0.74–1.32) 1.35 (1.03–1.79) 1.55 (1.17–2.06) ,0.0001
+ TG–to–HDL-C ratio† 1.0 (Reference) 1.17 (0.87–1.56) 1.63 (1.22–2.18) 1.75 (1.24–2.47) 0.0003
+ HOMA-IR† + glucose 1.0 (Reference) 1.25 (0.93–1.68) 1.49 (1.12–1.97) 1.82 (1.36–2.43) ,0.0001
+ TG–to–HDL-C ratio† + glucose 1.0 (Reference) 1.24 (0.93–1.66) 1.53 (1.14–2.04) 1.55 (1.09–2.20) 0.005

TG, mg/dL #76 77–108 109–156 $157
Base covariates* 1.0 (Reference) 1.63 (1.25–2.13) 1.82 (1.40–2.38) 2.56 (1.97–3.32) ,0.0001
+ Glucose 1.0 (Reference) 1.37 (1.05–1.79) 1.59 (1.22–2.08) 1.78 (1.37–2.31) ,0.0001
+ Insulin† 1.0 (Reference) 1.47 (1.12–1.92) 1.54 (1.18–2.01) 1.93 (1.47–2.52) ,0.0001
+ HOMA-IR† 1.0 (Reference) 1.40 (1.07–1.83) 1.43 (1.09–1.86) 1.69 (1.29–2.21) 0.0003
+ Large VLDL-P† 1.0 (Reference) 1.41 (1.07–1.86) 1.34 (1.00–1.79) 1.33 (0.92–1.93) 0.21
+ LP-IR 1.0 (Reference) 1.21 (0.92–1.60) 1.08 (0.80–1.45) 1.11 (0.79–1.55) 0.94

TG–to–HDL-C ratio ,1.384 1.384–2.169 2.170–3.576 .3.577
Base covariates* 1.0 (Reference) 1.49 (1.13–1.98) 2.29 (1.75–3.00) 2.58 (1.96–3.39) ,0.0001
+ Glucose 1.0 (Reference) 1.30 (0.98–1.72) 1.76 (1.35–2.31) 1.82 (1.38–2.39) ,0.0001
+ Insulin† 1.0 (Reference) 1.31 (0.98–1.74) 1.87 (1.43–2.46) 1.87 (1.41–2.48) ,0.0001
+ HOMA-IR† 1.0 (Reference) 1.22 (0.92–1.63) 1.70 (1.30–2.23) 1.61 (1.22–2.14) 0.0002
+ Large VLDL-P† 1.0 (Reference) 1.31 (0.98–1.75) 1.76 (1.32–2.36) 1.48 (1.04–2.10) 0.01
+ LP-IR 1.0 (Reference) 1.04 (0.77–1.41) 1.20 (0.87–1.66) 1.00 (0.68–1.46) 0.94

Insulin, mU/L #3.4 3.5–5.1 5.2–8.0 $8.1
Base covariates* 1.0 (Reference) 1.35 (0.97–1.89) 2.23 (1.64–3.04) 3.84 (2.83–5.22) ,0.0001
+ Glucose 1.0 (Reference) 1.02 (0.73–1.43) 1.30 (0.95–1.78) 1.63 (1.19–2.23) ,0.0001
+ LP-IR 1.0 (Reference) 1.16 (0.83–1.63) 1.70 (1.23–2.34) 2.64 (1.91–3.64) ,0.0001
+ Large VLDL-P† 1.0 (Reference) 1.23 (0.88–1.72) 1.87 (1.37–2.57) 3.02 (2.20–4.14) ,0.0001
+ TG–to–HDL-C ratio† 1.0 (Reference) 1.22 (0.87–1.71) 1.89 (1.38–2.58) 3.03 (2.21–4.15) ,0.0001
+TG–to–HDL-C ratio† + glucose 1.0 (Reference) 0.93 (0.66–1.31) 1.14 (0.83–1.57) 1.36 (0.98–1.88) 0.005
+ LP-IR + glucose 1.0 (Reference) 0.90 (0.64–1.26) 1.05 (0.76–1.45) 1.20 (0.86–1.68) 0.06

HOMA-IR , 0.712 0.712–1.114 1.115–1.815 .1.815
Base covariates* 1.0 (Reference) 1.43 (0.99–2.07) 2.62 (1.86–3.68) 5.93 (4.26–8.26) ,0.0001
+ Glucose 1.0 (Reference) 0.99 (0.68–1.44) 1.27 (0.90–1.80) 1.73 (1.22–2.46) ,0.0001
+ LP-IR 1.0 (Reference) 1.27 (0.88–1.85) 2.10 (1.48–2.98) 4.37 (3.09–6.19) ,0.0001
+ Large VLDL-P† 1.0 (Reference) 1.33 (0.92–1.93) 2.28 (1.61–3.22) 4.88 (3.47–6.87) ,0.0001
+ TG–to–HDL-C ratio† 1.0 (Reference) 1.33 (0.92–1.93) 2.28 (1.61–3.22) 4.88 (3.47–6.86) ,0.0001
+TG–to–HDL-C ratio† + glucose 1.0 (Reference) 0.94 (0.65–1.37) 1.14 (0.80–1.62) 1.46 (1.02–2.10) 0.001
+ LP-IR + glucose 1.0 (Reference) 0.90 (0.62–1.31) 1.05 (0.74–1.50) 1.29 (0.89–1.87) 0.02

Statistically significant HRs are bolded. *Models adjusted for base covariates of age, sex, race/ethnicity, BMI, family history of diabetes, alcohol use,
smoking, physical activity, and treatment group (none, lipid-lowering medication, or HT use). Subsequent models are additionally adjust for the
covariate(s) listed. †Log transformed. ‡VLDL size missing in n = 384 (21 cases).
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insulin, diabetes associations persisted
when adjusted for LP-IR but not both
LP-IR and glucose. Furthermore, LP-IR,
large VLDL-P, small LDL-P, TG, and
TG–to–HDL-C ratio, but not insulin or
HOMA-IR, were significantly associated
with diabetes risk in each category of
baseline glucose (,90, 90–99, and 100–
125 mg/dL). Finally, associations of IR-
related lipoproteins with diabetes were
similar by race/ethnicity, by use of lipid-
lowering medication or HT at baseline,
and by sex (except total LDL-P and
small HDL-P). These results suggest that
IR-related lipoprotein and lipid indices,
particularly LP-IR, large VLDL-P, mean
VLDL size, TG, and TG–to–HDL-C ratio
may robustly add to glucose, insulin,
and HOMA-IR in identifying risk of inci-
dent diabetes.
Our results are generally consistent

with several prior studies that did not in-
clude LP-IR (3,4,6–8). Compared with the
large Women’s Health Study (WHS), in-
cluding.26,000womenwith 1,687 cases
of incident diabetes over (a median of)
13.3 years, our study showed slightly

stronger associations with diabetes for
large VLDL-P than for HDL size. However,
direct comparison is difficult because HRs
in the WHS were calculated for quintiles,
rather than quartiles, of lipoprotein pa-
rameters, and some covariates adjusted
for differed from those in our study (e.g.,
HbA1c, which was not available in MESA
at baseline). Relative to the WHS, our
study also found weaker associations
with total LDL-P and slightly stronger as-
sociations with small HDL-P among the
entire sample (data not shown), consis-
tent with our finding of significant inter-
actions by sex; that is, diabetes was more
strongly associated with total LDL-P in
women and with small HDL-P in men. In
the Insulin Resistance Atherosclerosis
Study (IRAS) (n cases/total = 130/830
over a mean of 5.2 years), higher total
LDL-P, small HDL-P, larger mean VLDL
size, and smallerHDL sizewere associated
with incident diabetes adjusted for age,
sex, and race and small HDL-P and large
VLDL size persisted when adjusted
for both HDL-C and TG (6). In contrast
to our results, IRAS found stronger

associations of small HDL-P for women
than men and for African American and
Hispanic than white participants, and
stronger associations of VLDL size for
women than men, although only the
last interaction reached statistical signifi-
cance. Their stratified analyses showed
no relationship of larger VLDL size with
incident diabetes amongmen, suggesting
that unadjusted confounders (e.g., fi-
brates or HT) may explain differences be-
tween their earlier, smaller study and our
study. Additional studies should evaluate
the potential effect modification of sex or
race/ethnicity, but our results suggest
that LP-IR, large VLDL-P, and mean VLDL
size are robustly associated with risk of
diabetes across sex and racial/ethnic
groups.

This is the first study to report that
IR-related lipoproteins are related to
diabetes risk among those using lipid-
lowering medications (primarily statins)
and HT at baseline, as well as among
those not using lipid-altering medica-
tions. This conclusion was based on
the absence of statistically significant in-
teractions with treatment group, as well
as by review of stratified results (data
not shown). Our results are consistent
with prior reports of clinical trials of
statins showing that high TG ($150
mg/dL) and glucose ($100 mg/dL) are
independently associated with diabe-
tes risk (20,29). Associations among
treated participants and HT users likely
reflect their metabolic risk before
starting medications. In our study
lipid-lowering medications were pri-
marily statins, and results for other
lipid-lowering medications may differ
according to their effects on lipopro-
teins. For example, statins tend to in-
crease small HDL-P more than large
HDL-P, at least among those with met-
abolic syndrome (30). Cholesteryl ester
transfer protein (CETP) inhibitors in-
crease HDL and LDL particle size
(31,32) and may improve glucose ho-
meostasis (18). In contrast, niacin in-
creases both LDL and HDL particle size
(33) yet is associated with poorer glu-
cose homeostasis (19). Other studies
should evaluate these questions, par-
ticularly with clinical trial data.

Our results should be carefully inter-
preted in light of the strengths and lim-
itations of our observational study
design. Strengths include the large,multi-
ethnic cohort with careful, standardized

Figure 1—Adjusted HRs (95% CIs) of incident diabetes among the entire study sample, compar-
ing quartile 4 vs. quartile 1, adjusted for age, sex, race/ethnicity, BMI, family history of diabetes,
alcohol use, smoking, physical activity, and treatment group (none, lipid-lowering medication
use, or HT use).
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data collection. Diabetes is defined using
measured glucose and medication use
that was carefully assessed at baseline
and each of the four follow-up visits.
The timing of diabetes diagnosis is de-
fined by clinic visit, which occurred ap-
proximately every 2 years; this is less
precise than some events such as clinical
myocardial infarction or death. The high
prevalence of unrecognized diabetes in
the community also makes it difficult
to define the exact onset of diabetes,
however, and defining it at regularly
occurring clinic visits should minimize
surveillance bias. The data were care-
fully analyzed, but the possibility of
unmeasured confounding with this
observational data remains. Use of lipid-
lowering medications and HT at baseline
was not randomized, there is no infor-
mation on biomarker levels before treat-
ment, and sample sizes of the two
treatment groups were much smaller
than for those not using lipid-altering
medications at baseline. The sample
size for those using lipid-lowering med-
ications at baseline was similar to the
entire sample evaluated in the IRAS re-
port, however, and a lack of significant
multiplicative interactions with treat-
ment group were consistent with re-
sults from stratified analyses (data not
shown). Finally, these analyses involve
multiple comparisons that increase the
possibility of type 1 error (false-positive
results). However, interpretation of the
current study’s results relied primarily
on themagnitudeofHRs across risk factor
quartiles rather than on statistical signifi-
cance; that is, statistically significant HRs
were typically.1.40, and nonsignificant
HRs were close to 1.0.
In conclusion, in a large, multiethnic

cohort of men and women, lipoprotein
particle concentrations and size, HDL-C,
TG, and the TG–to–HDL-C ratio are ro-
bustly related to incident diabetes,
when adjusted for multiple confounders,
among those using as well as not using
lipid-lowering medications or HT at base-
line. A lipoprotein-based insulin resis-
tance score had associations within
incident diabetes similar to VLDL-related
measures, including large VLDL-P, larger
mean VLDL size, TG, and TG–to–HDL-C
ratio, but independent of both the TG–
to–HDL-C ratio and glucose or HOMA-IR
and glucose. These results suggest that
IR-related lipoproteins and lipids may
provide information about diabetes risk

beyond established risk factors, glucose,
insulin, or HOMA-IR.
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