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BACKGROUND: Abnormalities in traditional lipids, par-
ticularly decreased HDL cholesterol and increased trig-
lycerides, can precede the onset of hypertension.
Whether lipoprotein particle size or subclass concen-
trations play a role in the development of hypertension
is unknown.

METHODS: We followed 17 527 initially healthy women
without baseline hypertension prospectively for 8
years. At baseline, information regarding traditional
lipids and hypertension risk factors was obtained, and
lipoprotein size and subclass concentrations were mea-
sured by nuclear magnetic resonance spectroscopy.

RESULTS: Baseline lipoprotein size and subclass concen-
trations were significantly associated with incident hyper-
tension. Although LDL cholesterol was not associated
with hypertension [odds ratio (OR) for quintile 5 vs 1:
1.08 (95% CI 0.96–1.20)], increased concentrations of
LDL particles were associated with greater risk [OR 1.73
(1.54–1.95)], especially small LDL particles [OR 1.62
(1.45–1.83)]. Increased HDL cholesterol was associated
with lower risk of hypertension [OR for quintile 5 vs 1:
0.79 (0.70–0.89)]. By contrast, increased concentrations
of HDL particles had greater risk [OR 1.48 (1.32–1.67)],
especially small HDL particles [OR 1.36 (1.22–1.53)],
whereas large HDL particles had lower risk [OR 0.80
(0.71–0.90)]. Triglycerides and triglyceride-rich VLDL
particles were positively associated with hypertension,
with large VLDL particles associated with greater risk [OR
1.68 (1.50–1.89)]. Adding particle subclasses improved
discrimination over a model with traditional lipids and
risk factors (c-statistic 0.671 compared to 0.676; P �
0.001).

CONCLUSIONS: In this study of initially healthy women,
lipoprotein particle size and subclass concentrations
were associated with incident hypertension and pro-

vided additive information to traditional lipids and risk
factors.
© 2011 American Association for Clinical Chemistry

Hypertension is a major risk factor for cardiovascular
disease and affects approximately 1 in 3 adults in the
US, with direct and indirect costs estimated at $43.5
billion in 2007 (1 ). Hypertension often clusters with
dyslipidemia, especially among individuals with insu-
lin resistance (2 ). Results of previous studies have dem-
onstrated an increased risk of hypertension with lower
concentrations of HDL cholesterol and higher concen-
trations of LDL cholesterol and triglycerides (3– 6 ).

Lipoprotein abnormalities, particularly smaller
LDL size and increased concentrations of triglyceride-
rich particles, may contribute to high blood pressure by
impairing endothelial function and promoting insulin
resistance and vascular inflammation (7–10 ). It has
been recognized that a key feature of insulin resistance
is the occurrence of a particular pattern of abnormali-
ties in lipoprotein subclass distributions that is not de-
tected by traditional lipid testing but can be assessed by
using advanced lipoprotein testing with techniques
such as nuclear magnetic resonance (NMR)5 spectros-
copy of plasma (11 ). NMR spectroscopy allows the si-
multaneous determination of both the concentration
and size of lipoprotein particles, properties associated
with the risk of cardiovascular disease (12–14 ), insulin
resistance (8 ), and diabetes (15 ).

We hypothesized that lipoprotein particle size or
subclass abnormalities that are associated with insulin
resistance (i.e., smaller size of LDL and HDL particles,
and increased concentration of triglyceride-rich parti-
cles) would predict incident hypertension. Therefore,
in a large prospective cohort of initially healthy
women, we evaluated the relationship between inci-
dent hypertension and baseline lipoprotein subclass
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size and concentration of LDL, HDL, and VLDL parti-
cles, and how these measures compared with those for
traditional lipids and apolipoproteins. We further ex-
amined whether the association could be attenuated by
biomarkers of inflammation/endothelial function, hy-
perglycemia, and other risk factors.

Materials and Methods

STUDY POPULATION

Study participants were from the Women’s Health
Study (WHS), a trial begun in 1992 to study the pri-
mary prevention of cardiovascular disease and cancer
in initially healthy US female health professionals aged
45 years or older randomized to take vitamin E and
aspirin (16, 17 ). All WHS participants provided writ-
ten informed consent, and the study was approved by
the institutional review board of the Brigham and
Women’s Hospital (Boston, Massachusetts).

A total of 28 345 WHS participants (71%) pro-
vided baseline blood samples. For this study, we ex-
cluded 7165 women who were hypertensive at baseline,
defined as those who reported a systolic blood pressure
�140 mmHg, a diastolic blood pressure �90 mmHg,
any history of use of blood pressure medications, or
any history of a physician diagnosis of hypertension.
We further excluded women who were missing infor-
mation on any lipid or lipoprotein measurements or
other covariates, resulting in 17 527 women for this
analysis.

LIPIDS AND LIPOPROTEIN MEASURES

EDTA blood samples were obtained at the time of en-
rollment into the WHS and stored in vapor-phase liq-
uid nitrogen (�170 °C). The frozen plasma specimens
were thawed and lipoprotein particle concentrations
were measured by proton NMR spectroscopy (Lipo-
Science) (18, 19 ). NMR signal amplitudes of the spec-
troscopically distinct lipid methyl group for each lipo-
protein were used to calculate concentrations for the
different lipoproteins (18 ). The lipoprotein particles
obtained included total HDL, further subdivided into
large, medium, and small particles; total LDL, further
subdivided into large and small LDL particles and
intermediate-density lipoprotein (IDL) particles; and
total VLDL, further subdivided into large, medium,
and small particles. The IDL particles, sized between
VLDL and LDL particles, were categorized with the
LDL particles because they exhibit similar properties.
Relative mass percentages were multiplied by the diam-
eter of each subclass to obtain weighted mean size for
each lipoprotein particle (18, 19 ). The NMR lipopro-
tein variables that we examined were those that are
provided when ordering a commercially available
NMR lipoprotein profile (20 ). Particle diameters and

CVs have been previously published for the NMR mea-
sures, with between-run CVs 7.1% or below for all par-
ticles except IDL (13%) (20 ).

All other plasma measurements were analyzed in a
core laboratory facility certified by the National Heart,
Lung, and Blood Institute/CDC Lipid Standardization
Program. Traditional lipid measures used in this study
(total, HDL, and LDL cholesterol and triglycerides)
were all measured directly with a Hitachi 917 analyzer
by using reagents from Roche Diagnostics with
between-run CVs �3%. We measured apolipoproteins
B100 (apoB) and apoA-1 by using immunoturbidime-
tric assays (DiaSorin) with between-run CVs of 5% and
3%, respectively.

HYPERTENSION

Baseline self-reported blood pressure (in mmHg cate-
gories of �110, 110 –119, 120 –129, 130 –139, 140 –149,
150 –159, 160 –169, 170 –179, and �180 for systolic
blood pressure and �65, 65–74, 75– 84, 85– 89, 90 –94,
95–104, and �105 for diastolic blood pressure), history
of treatment for high blood pressure, and physician
diagnosis of hypertension were assessed by question-
naire. Incident hypertension was ascertained with an
annual questionnaire by using methods previously de-
scribed in detail (3 ). Briefly, participants were classi-
fied as hypertensive after reporting either a new physi-
cian diagnosis at year 1, 3, or annually thereafter; a new
hypertensive treatment at year 1, 3, or 4; a systolic
blood pressure of 140 mmHg or greater at year 1 or 4;
or a diastolic blood pressure of 90 mmHg or greater at
year 1 or 4. The reproducibility of self-reported hyper-
tension status in these female health professionals was
assessed in a subsample of participants by using medi-
cal records, with high rates of agreement (96% confir-
mation rate for reports of hypertension and 90% con-
firmation rate for reports of no hypertension) (21 ).

COVARIATES

Baseline age, race, diabetes, alcohol use, exercise fre-
quency, treatment for high cholesterol, postmeno-
pausal hormone use, diet, education, smoking, and
menopausal status were collected from self-reported
questionnaires. Body mass index (BMI) was calculated
from self-reported height and weight at baseline. Other
markers relating to inflammation and endothelial
function, including C-reactive protein, fibrinogen,
homocysteine, and soluble intercellular adhesion
molecule-1, as well as hemoglobin A1c concentrations,
were also measured as previously described (22 ).

STATISTICAL METHODS

Logistic models with an outcome of incident hyperten-
sion at 8 years were chosen as the primary modeling
strategy. Lipid measurements were divided into quin-
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Table 1. Baseline Characteristics of 17 572 Women Initially Free of Hypertension.a

Incident hypertension
at 8 years
(n � 4714)

No hypertension
at 8 years

(n � 12 858) Pb

Age, years 53.6 (49.4,59.6) 51.6 (48.2,56.6) �0.001

Systolic blood pressure, mmHg 125 (115,135) 115 (105,125) �0.001

Diastolic blood pressure, mmHg 80 (70,80) 70 (70,80) �0.001

Current hormone use, % 46.0 42.8 �0.001

Diabetes, % 2.7 0.9 �0.001

Postmenopausal, % 56.5 48.4 �0.001

Black or Hispanic, % 2.9 1.9 �0.001

Current cigarette smoker, % 11.5 11.4 0.88

Alcohol use, % �0.001

Rarely/never 45.3 40.5

1–3 drinks/month 13.2 13.5

1–6 drinks/week 31.2 35.4

1� drinks/day 10.2 10.6

Exercise frequency, % �0.001

Rarely/never 39.1 33.4

�1 time/week 19.7 19.9

1–3 times/week 31.0 33.9

4� times/week 10.2 12.8

BMI, kg/m2 25.7 (23.1,29.2) 23.7 (21.8,26.6) �0.001

Current cholesterol treatment, % 2.9 1.9 �0.001

Total cholesterol, mg/dL 210 (186,238) 204 (181,231) �0.001

LDL measures

LDL cholesterol, mg/dL 122.6 (101.6,146.1) 118.2 (98.2,140.9) �0.001

apoB, mg/dL 105.1 (86.9,124.1) 95.3 (79.9,115.1) �0.001

NMR LDL particle concentration, nmol/L

Total 1350 (1091,1679) 1191 (970,1476) �0.001

IDL 38 (14,74) 26 (8,59) �0.001

Large 535 (388,686) 556 (426,692) �0.001

Small 730 (450,1108) 566 (340,867) �0.001

Average NMR LDL particle size, nm 21.3 (20.7,21.8) 21.5 (21,22) �0.001

HDL Measures

HDL cholesterol, mg/dL 50.7 (42.3,61.1) 54.2 (45.3,64.6) �0.001

apoA-I, mg/dL 149.2 (132.2,167.9) 150.3 (134,168.5) 0.007

NMR HDL particle concentration, �mol/
L

Total 35.5 (31.5,40) 34.6 (30.8,38.9) �0.001

Large 7.1 (4.6,10) 8.2 (5.6,10.8) �0.001

Medium 3.1 (0.9,6.5) 2.6 (0.7,5.8) �0.001

Small 24.1 (20.5,27.7) 22.9 (19.3,26.5) �0.001

Average NMR HDL particle size, nm 8.9 (8.6,9.3) 9.1 (8.8,9.4) �0.001

VLDL Measures

Triglycerides, mg/dL 129 (90,187) 106 (75,153) �0.001

Continued on page 1181
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tiles and were analyzed both categorically and for linear
trend across quintiles using quintile number. The pri-
mary adjustment for confounding included nonlipid
risk factors (baseline values of age, smoking, fasting
status, use of cholesterol-lowering medication, trial
treatment assignment, hormone use, menopausal sta-
tus, race, exercise, alcohol use, BMI, diabetes, educa-
tion, and vegetable, fruit, sodium, and total grain in-
take). The increase in the likelihood ratio obtained by
adding the lipid measurement to the nonlipid risk fac-
tors was also derived.

To assess the independent impact of each of the
NMR lipoprotein sizes, we examined a fully adjusted
model including all 9 lipoprotein subclasses. A fully
adjusted model was also examined, for which we used
the mean size and particle concentration for each lipo-
protein plus nonlipid risk factors. c-Statistics were used
to compare the addition of NMR measures to models
with nonlipid risk factors and traditional lipids (23 ). A
similar analysis was also performed with standard lip-
ids and apolipoprotein measures plus nonlipid risk
factors.

To assess potential mediators, we examined mod-
els with additional adjustment for inflammatory/endo-
thelial function markers (C-reactive protein, fibrino-
gen, homocysteine, and soluble intercellular adhesion
molecule-1), hemoglobin A1c levels, and baseline
blood pressure.

All analyses were also redone in designated sub-
groups and tested for interaction: (a) BMI divided into
obese (BMI �30), overweight (BMI 25–30), and nor-
mal (BMI �25) (24 ); (b) blood pressure �120/70
mmHg; (c) metabolic syndrome categories previously
used in the WHS (25 ) with and without the blood pres-
sure criterion of �130/85 mmHg; and (d) nonusers of
lipid-lowering medication.

All analyses were done by using R version 2.10.1 (R
Foundation for Statistical Computing).

Results

During 8 years of follow-up, incident hypertension oc-
curred in 4714 study participants (27%). As shown in
Table 1, women who developed hypertension were
older at baseline, with higher baseline blood pressures,
along with a higher prevalence of hormone use, diabe-
tes, and postmenopausal status. They also exercised
less, had a higher BMI, and were more likely to be Black
or Hispanic.

Median baseline lipid and lipoprotein measures
significantly differed in women who went on to de-
velop hypertension. HDL cholesterol, apoA-1, the con-
centrations of large LDL and HDL particles, and the
mean LDL and HDL particle size were lower in women
who developed hypertension. All other lipid and lipo-
protein measures were higher in women who devel-
oped hypertension. Correlations between the NMR
and traditional lipid measures were similar to previ-
ously published values for the WHS (12 ), with low cor-
relations between the mean sizes and total particle
numbers and low-to-moderate correlations among the
9 particle subclasses.

LDL MEASURES

In unadjusted analysis by quintile of each measure, all
LDL measures were associated with hypertension, as
shown in Table 2. After adjustment for nonlipid risk
factors (model 1: age, smoking, fasting status, use of
cholesterol-lowering medication, trial treatment as-
signment, hormone use, menopausal status, race, exer-
cise, alcohol use, BMI, diabetes, education, and vegeta-
ble, fruit, sodium, and total grain intake), LDL
cholesterol was no longer associated. By contrast, apoB
and all of the LDL NMR measures remained signifi-
cantly associated with incident hypertension. Large
LDL particle concentration and mean LDL particle size
were inversely associated with risk of hypertension,

Table 1. Baseline Characteristics of 17 572 Women Initially Free of Hypertension.a (Continued from page 1180)

Incident hypertension
at 8 years
(n � 4714)

No hypertension
at 8 years

(n � 12 858) Pb

NMR VLDL particle concentration,
nmol/L

Total 70.9 (51.3,93.2) 65.3 (46.7,86.7) �0.001

Large 1.9 (0.5,4.2) 1.0 (0.2,2.9) �0.001

Medium 22.0 (12.0,33.4) 19.6 (10.3,30.6) �0.001

Small 45.9 (32.9,58.6) 43.1 (31.1,56.4) �0.001

Mean NMR VLDL particle size, nm 47.6 (42.9,53) 45.5 (41.6,50.7) �0.001

a Values shown are median (25th percentile, 75th percentile) unless otherwise indicated.
b Kruskal–Wallis for continuous variables, �2 for categorical.
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whereas increased small LDL, IDL, and hence total
concentration of LDL particles, were associated with
increased risk. Of note, the largest odds ratios (ORs)
and likelihood ratios (LRs) for comparing quintile 5 to
quintile 1 were for total LDL particle concentration
(OR 1.73; LR �2 105.61) and small LDL particles (OR
1.62; LR �2 96.32).

The results were essentially unchanged after addi-
tional adjustments for baseline inflammatory/endo-
thelial biomarkers (C-reactive protein, fibrinogen,
homocysteine, and soluble intercellular adhesion

molecule-1) and hemoglobin A1c (model 2 results,
Table 2).

HDL MEASURES

All HDL measures were associated with incident hy-
pertension in unadjusted analyses (Table 3). After ad-
justment for nonlipid risk factors (model 1), apoA-1
was no longer independently associated, whereas stan-
dard HDL cholesterol and all HDL NMR measures re-
mained significantly associated. The total concentra-
tion of HDL particles, specifically the medium and

Table 2. Association of LDL Measures with Incident Hypertension.a

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 LR �2
P for
trend

LDL cholesterol, mg/dL 23.7–94.6 94.7–111.6 111.7–127.7 127.8–148.6 148.7–335.4

Unadjusted 1 1.06 (0.95,1.18) 1.21 (1.08,1.34) 1.28 (1.15,1.42) 1.45 (1.30,1.61) 59.37 �0.001

Model 1 1 0.97 (0.87,1.09) 1.04 (0.93,1.16) 1.03 (0.92,1.15) 1.08 (0.96,1.20) 3.58 0.11

Model 2 1 0.97 (0.87,1.09) 1.04 (0.93,1.16) 1.03 (0.92,1.15) 1.07 (0.96,1.20) 3.32 0.13

apoB, mg/dL 21.8–78 78.0–91.2 91.3–106.2 106.3–122.8 122.9–257.4

Unadjusted 1 1.12 (1.00,1.26) 1.45 (1.30,1.63) 1.69 (1.51,1.88) 2.23 (2.00,2.48) 282.03 �0.001

Model 1 1 0.99 (0.88,1.11) 1.14 (1.01,1.28) 1.23 (1.10,1.38) 1.44 (1.28,1.61) 57.68 �0.001

Model 2 1 0.99 (0.88,1.11) 1.13 (1.00,1.26) 1.21 (1.08,1.36) 1.39 (1.24,1.56) 46.52 �0.001

NMR particle concentration,
nmol/L

Total LDL Particles 303–947 948–1135 1136–1335 1336–1624 1625–4405

Unadjusted 1 1.29 (1.15,1.45) 1.59 (1.42,1.78) 2.09 (1.87,2.34) 2.82 (2.53,3.15) 444.67 �0.001

Model 1 1 1.13 (1.00,1.27) 1.23 (1.09,1.39) 1.46 (1.30,1.64) 1.73 (1.54,1.95) 105.61 �0.001

Model 2 1 1.11 (0.99,1.26) 1.20 (1.07,1.36) 1.41 (1.26,1.59) 1.63 (1.45,1.84) 82.09 �0.001

IDL Particles 0–5 6–20 21–40 41–73 74–339

Unadjusted 1 1.12 (1.00,1.25) 1.36 (1.22,1.52) 1.67 (1.50,1.86) 1.95 (1.75,2.17) 209.03 �0.001

Model 1 1 1.02 (0.91,1.15) 1.16 (1.03,1.30) 1.30 (1.16,1.46) 1.35 (1.20,1.51) 44.52 �0.001

Model 2 1 1.01 (0.90,1.14) 1.14 (1.01,1.28) 1.25 (1.12,1.41) 1.29 (1.15,1.44) 32.10 �0.001

Large LDL Particles 0–384 385–500 501–603 604–731 732–2917

Unadjusted 1 0.72 (0.65,0.80) 0.70 (0.64,0.78) 0.64 (0.57,0.71) 0.74 (0.66,0.82) 82.85 �0.001

Model 1 1 0.82 (0.73,0.91) 0.83 (0.74,0.92) 0.75 (0.67,0.83) 0.82 (0.74,0.92) 29.49 �0.001

Model 2 1 0.84 (0.75,0.93) 0.85 (0.77,0.95) 0.77 (0.69,0.86) 0.85 (0.76,0.95) 22.94 0.001

Small LDL Particles 0–313 314–507 508–712 713–1040 1041–3457

Unadjusted 1 1.13 (1.01,1.27) 1.37 (1.22,1.53) 1.91 (1.71,2.13) 2.51 (2.25,2.79) 398.83 �0.001

Model 1 1 1.06 (0.94,1.20) 1.17 (1.04,1.32) 1.44 (1.28,1.61) 1.62 (1.45,1.83) 96.32 �0.001

Model 2 1 1.05 (0.93,1.19) 1.15 (1.02,1.29) 1.39 (1.24,1.56) 1.53 (1.36,1.73) 72.90 �0.001

Average NMR LDL Size, nm 19.0–20.8 20.9–21.2 21.3–21.6 21.7–22 22.1–23.0

Unadjusted 1 0.72 (0.65,0.80) 0.61 (0.55,0.67) 0.51 (0.46,0.57) 0.44 (0.39,0.48) 301.70 �0.001

Model 1 1 0.86 (0.77,0.96) 0.78 (0.70,0.86) 0.71 (0.64,0.79) 0.64 (0.57,0.72) 70.82 �0.001

Model 2 1 0.88 (0.79,0.98) 0.81 (0.73,0.89) 0.75 (0.67,0.83) 0.68 (0.60,0.76) 51.50 �0.001

a Ranges (minimum–maximum) and ORs with 95% CIs are given for each quintile. Model 1 includes age, smoking, fasting status, use of cholesterol-lowering
medication, trial treatment assignment, hormone use, menopausal status, race, exercise, alcohol use, BMI, diabetes, education, and vegetable, fruit, sodium, and
total grain intake. Model 2 adds C-reactive protein, homocysteine, fibrinogen, soluble intercellular adhesion molecule-1, and hemoglobin A1c to model 1.
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small HDL particles which make up most of the total
concentration of HDL, were associated with increased
risk, whereas large HDL particles were inversely asso-
ciated with risk of hypertension. Accordingly, larger
mean HDL particle size was also associated with de-
creased incidence of hypertension. The largest odds ra-
tios and likelihood ratios for comparison of quintile 5
to quintile 1 were for HDL particle size (OR 0.66, LR �2

66.16) and total HDL particle concentration (OR 1.48,
LR �2 54.81). Further adjustment for inflammatory/
endothelial biomarkers and hemoglobin A1c did not

alter the magnitude of association (model 2 results,
Table 3).

VLDL AND TRIGLYCERIDE MEASURES

The VLDL and triglyceride measures (Table 4) were all
associated with hypertension before adjustment, and
all except small VLDL particle concentration remained
associated after adjustment for nonlipid risk factors
(model 1). In contrast with the association of smaller
size of LDL and HDL with hypertension, larger VLDL
size and large VLDL particle concentration were asso-

Table 3. Association of HDL Measures with Incident Hypertension.a

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
LR

Chi2
P for
trend

HDL Cholesterol, mg/dL 15.9–42.4 42.5–49.7 49.9–56.9 57.0–66.5 66.6–173.0

Unadjusted 1 0.79 (0.72,0.88) 0.66 (0.59,0.73) 0.58 (0.52,0.64) 0.54 (0.49,0.60) 174.83 �0.001

Model 1 1 0.94 (0.84,1.04) 0.85 (0.76,0.94) 0.78 (0.70,0.88) 0.79 (0.70,0.89) 25.25 �0.001

Model 2 1 0.96 (0.86,1.06) 0.87 (0.78,0.97) 0.8 (0.72,0.9) 0.81 (0.71,0.91) 20.73 �0.001

Apolipoprotein A-I, mg/dL 49.8–129 129.6–143 143.4–156 156.6–172.9 173–249

Unadjusted 1 0.88 (0.80,0.98) 0.84 (0.76,0.94) 0.88 (0.80,0.98) 0.85 (0.77,0.95) 12.70 0.008

Model 1 1 0.96 (0.86,1.07) 0.98 (0.87,1.09) 1.07 (0.96,1.20) 1.03 (0.91,1.17) 4.63 0.23

Model 2 1 0.97 (0.87,1.09) 0.99 (0.88,1.11) 1.07 (0.96,1.21) 1.01 (0.89,1.14) 3.46 0.41

NMR particle concentration,
�mol/L

Total HDL Particles 12.1–30.2 30.3–33.3 33.4–36.4 36.5–40.3 40.4–67.9

Unadjusted 1 1.02 (0.92,1.14) 1.13 (1.01,1.26) 1.24 (1.12,1.38) 1.47 (1.32,1.63) 69.19 �0.001

Model 1 1 1.02 (0.91,1.15) 1.12 (1.00,1.25) 1.23 (1.09,1.37) 1.48 (1.32,1.67) 54.81 �0.001

Model 2 1 1.02 (0.91,1.15) 1.12 (1.00,1.25) 1.21 (1.08,1.36) 1.43 (1.26,1.61) 41.88 �0.001

Large HDL Particles 0–4.7 4.8–6.9 7.0–8.9 9.0–11.3 11.4–25.3

Unadjusted 1 0.74 (0.67,0.82) 0.62 (0.56,0.69) 0.51 (0.46,0.57) 0.56 (0.50,0.62) 200.89 �0.001

Model 1 1 0.88 (0.79,0.98) 0.83 (0.75,0.93) 0.73 (0.65,0.82) 0.80 (0.71,0.90) 30.21 �0.001

Model 2 1 0.90 (0.81,1.00) 0.86 (0.77,0.96) 0.76 (0.67,0.85) 0.81 (0.72,0.91) 24.29 �0.001

Medium HDL Particles 0–0.5 0.6–1.8 1.9–3.8 3.9–7.0 7.1–30.4

Unadjusted 1 1.12 (1.01,1.25) 1.15 (1.03,1.28) 1.27 (1.14,1.41) 1.43 (1.29,1.59) 52.12 �0.001

Model 1 1 1.06 (0.95,1.18) 1.06 (0.95,1.18) 1.17 (1.05,1.30) 1.31 (1.17,1.46) 28.06 �0.001

Model 2 1 1.05 (0.94,1.18) 1.04 (0.93,1.17) 1.14 (1.02,1.27) 1.26 (1.12,1.41) 18.88 �0.001

Small HDL Particles 0–18.7 18.8–21.9 22.0–24.5 24.6–27.7 27.8–49.9

Unadjusted 1 1.07 (0.96,1.19) 1.27 (1.14,1.42) 1.46 (1.31,1.63) 1.77 (1.59,1.97) 151.12 �0.001

Model 1 1 0.98 (0.87,1.10) 1.11 (0.99,1.25) 1.17 (1.04,1.30) 1.36 (1.22,1.53) 45.35 �0.001

Model 2 1 0.99 (0.88,1.11) 1.12 (1.00,1.25) 1.16 (1.04,1.30) 1.34 (1.20,1.50) 38.18 �0.001

Average NMR HDL Size, nm 8.0–8.6 8.7–8.9 9.0–9.2 9.3–9.5 9.6–10.8

Unadjusted 1 0.73 (0.66,0.80) 0.57 (0.51,0.62) 0.49 (0.44,0.55) 0.40 (0.35,0.45) 338.06 �0.001

Model 1 1 0.85 (0.77,0.94) 0.75 (0.68,0.84) 0.72 (0.64,0.80) 0.62 (0.55,0.70) 66.16 �0.001

Model 2 1 0.86 (0.78,0.95) 0.77 (0.70,0.86) 0.74 (0.66,0.83) 0.65 (0.57,0.73) 52.73 �0.001

a Ranges (minimum–maximum) and odds ratios with 95% confidence intervals are given for each quintile. Model 1 includes age, smoking, fasting status, use of
cholesterol lowering medication, trial treatment assignment, hormone use, menopausal status, race, exercise, alcohol use, BMI, diabetes, education, vegetable,
fruit, sodium, and total grain intake. Model 2 adds C-reactive protein, homocysteine, fibrinogen, soluble intercellular adhesion molecule 1, and hemoglobin A1c

to model 1.
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ciated with increased risk of hypertension. The largest
odds ratios and likelihood ratios for comparison of
quintile 5 to quintile 1 were for triglycerides (OR 1.65,
LR �2 91.63) and large VLDL particles (OR 1.68, LR �2

90.73). Similar results were obtained after additionally
adjusting for the inflammatory/endothelial biomark-
ers and hemoglobin A1c (model 2 results, Table 4).

MUTUALLY ADJUSTED EFFECTS OF LIPOPROTEIN PARTICLE

SUBCLASSES

In a model including quintiles of NMR particle con-
centrations for the 9 nonoverlapping particle sub-
classes and nonlipid risk factors, the medium and
small HDL particles, the IDL and small LDL parti-
cles, and the medium and large VLDL particles re-

mained independently associated with hypertension
risk (Fig. 1). Consistent with the previous results,
these particle subclasses, with the exception of me-
dium VLDL particles, were associated with an in-
creased risk of hypertension.

MUTUALLY ADJUSTED EFFECTS OF LIPOPROTEIN PARTICLE

CONCENTRATION VS SIZE

When the total particle concentration and mean parti-
cle size for each lipoprotein type were combined into
one model with nonlipid risk factors, the total concen-
tration of LDL and HDL particles and mean VLDL par-
ticle size were each independently associated with in-
creased risk of hypertension (Fig. 2). These results are
consistent with the finding that of the VLDL particles,

Table 4. Association of VLDL and Triglyceride Measures with Incident Hypertension.a

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
LR

Chi2
P for
trend

Triglycerides, mg/dL 16–73 74–97 98–129 130–178 179–954

Unadjusted 1 1.22 (1.09,1.38) 1.60 (1.43,1.79) 1.93 (1.73,2.16) 2.63 (2.36,2.93) 395.09 �0.001

Model 1 1 1.06 (0.94,1.20) 1.27 (1.13,1.43) 1.37 (1.22,1.54) 1.65 (1.47,1.86) 91.63 �0.001

Model 2 1 1.04 (0.92,1.17) 1.23 (1.09,1.38) 1.30 (1.15,1.47) 1.53 (1.35,1.73) 61.79 �0.001

NMR particle concentration,
nmol/L

Total VLDL Particles 0.1–43.5 43.6–59.3 59.4–74.4 74.5–94.6 94.7–258.6

Unadjusted 1 1.06 (0.94,1.18) 1.26 (1.13,1.40) 1.39 (1.25,1.54) 1.57 (1.41,1.74) 96.21 �0.001

Model 1 1 0.96 (0.86,1.08) 1.06 (0.95,1.19) 1.09 (0.97,1.22) 1.16 (1.04,1.30) 13.54 �0.001

Model 2 1 0.96 (0.85,1.07) 1.05 (0.94,1.18) 1.07 (0.96,1.20) 1.14 (1.01,1.27) 10.57 0.004

Large VLDL Particles 0–0.2 0.3–0.7 0.8–1.9 2.0–4.0 4.1–35.8

Unadjusted 1 1.25 (1.12,1.41) 1.55 (1.38,1.73) 2.01 (1.80,2.23) 2.57 (2.32,2.86) 388.79 �0.001

Model 1 1 1.16 (1.03,1.31) 1.28 (1.14,1.43) 1.44 (1.28,1.61) 1.68 (1.50,1.89) 90.73 �0.001

Model 2 1 1.16 (1.03,1.30) 1.25 (1.11,1.40) 1.38 (1.23,1.55) 1.59 (1.41,1.79) 65.95 �0.001

Medium VLDL Particles 0–8.8 8.9–16.4 16.5–24.1 24.2–34.4 34.5–138.1

Unadjusted 1 1.10 (0.99,1.23) 1.28 (1.15,1.42) 1.29 (1.15,1.43) 1.53 (1.37,1.70) 72.79 �0.001

Model 1 1 1.00 (0.90,1.12) 1.10 (0.98,1.23) 1.08 (0.96,1.21) 1.19 (1.06,1.33) 13.03 0.001

Model 2 1 0.99 (0.88,1.11) 1.08 (0.96,1.21) 1.05 (0.94,1.18) 1.15 (1.03,1.29) 9.30 0.007

Small VLDL Particles 0–28.7 28.8–39.2 39.3–48.7 48.8–60.6 60.7–157.8

Unadjusted 1 1.04 (0.93,1.16) 1.10 (0.99,1.22) 1.33 (1.20,1.48) 1.33 (1.20,1.48) 51.28 �0.001

Model 1 1 0.95 (0.85,1.07) 0.95 (0.85,1.06) 1.10 (0.98,1.23) 1.04 (0.93,1.17) 9.53 0.07

Model 2 1 0.95 (0.85,1.06) 0.95 (0.85,1.06) 1.09 (0.98,1.22) 1.04 (0.93,1.16) 9.28 0.09

Average NMR VLDL Size, nm 31.8–41.0 41.1–44.4 44.5–48.0 48.1–52.9 53.0–131.2

Unadjusted 1 0.99 (0.88,1.11) 1.26 (1.13,1.40) 1.58 (1.42,1.76) 1.84 (1.66,2.05) 209.57 �0.001

Model 1 1 0.97 (0.86,1.09) 1.12 (1.00,1.25) 1.30 (1.16,1.45) 1.42 (1.27,1.59) 63.54 �0.001

Model 2 1 0.97 (0.86,1.09) 1.11 (0.99,1.24) 1.26 (1.13,1.42) 1.36 (1.21,1.53) 46.22 �0.001

a Ranges (minimum–maximum) and odds ratios with 95% confidence intervals are given for each quintile. Model 1 includes age, smoking, fasting status, use of
cholesterol lowering medication, trial treatment assignment, hormone use, menopausal status, race, exercise, alcohol use, BMI, diabetes, education, vegetable,
fruit, sodium, and total grain intake. Model 2 adds C-reactive protein, homocysteine, fibrinogen, soluble intercellular adhesion molecule 1, and hemoglobin A1c

to model 1.
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the large particles were associated with the greatest in-
crease in risk.

ADDING LIPOPROTEINS TO TRADITIONAL LIPIDS

Addition of the 9 particle subclasses improved discrim-
ination over a base model with nonlipid factors and
traditional lipids, increasing the c-statistic from 0.671
to 0.676 (P � 0.001). In a separate analysis, adding the
total particle concentration and mean particle size for
each lipoprotein type over a base model with nonlipid
risk factors and traditional lipids also improved the
c-statistic to 0.677 (P � 0.001 for comparison to the

base model). Addition of apoA-1 and apoB to the base
model did not statistically significantly improve the
c-statistic (0.673; P � 0.7), although both apolipopro-
teins remained independently associated with incident
hypertension.

SUBGROUP ANALYSES

Results were similar to the main study results in each of
the prespecified subgroup analysis (BMI categories,
low baseline blood pressure, presence of metabolic syn-
drome, and nonusers of cholesterol-lowering medica-
tions). In addition, there was no evidence of interac-
tions with any subgroup. The BMI subgroup results are
shown in Supplemental Table 1 in the Data Supple-
ment that accompanies the online version of this arti-
cle at http://www.clinchem.org/content/vol57/issue8.
Our results also remained similar after additional ad-
justments for baseline blood pressure.

Discussion

This study involving 17 527 initially healthy women
followed prospectively for 8 years is the first to docu-
ment that the pattern of lipoprotein subclass abnor-
malities that predicted incident hypertension is the
same pattern that has been previously found to be char-
acteristic of insulin resistance and diabetes (i.e., higher
concentrations of small LDL, small HDL, and large
VLDL particles) (11, 15 ). In additional, we found that
increased total concentrations of LDL, HDL, and
VLDL particles were significantly associated with in-
creased risk, and these measures provided additional
information over that provided by the traditional lipid
panel and other risk factors for hypertension.

Postulated mechanisms for the relationship be-
tween lipoprotein patterns and incident hypertension
include the common pathways of insulin resistance,
inflammation, and endothelial dysfunction by increas-
ing the endothelial oxidative burden.(7–10, 26 ) We ex-
plored additional adjustment for inflammation/
endothelial markers, including C-reactive protein, fi-
brinogen, homocysteine, and soluble intercellular ad-
hesion molecule-1, because some of these biomarkers
have been related to incident hypertension (27 ). Fur-
ther adjustment for inflammation/endothelial markers
did not affect the associations of lipoprotein size and
concentrations with hypertension. Similarly, adjust-
ment for hemoglobin A1c did not alter the results.
These findings suggest that the mechanisms of in-
creased hypertension risk associated with lipoprotein
abnormalities are unlikely to be mediated by these
biomarkers of inflammation/endothelial function or
dysglycemia.

Traditional lipid measures have been shown to be
associated with increased risk of hypertension in this

Fig. 1. Mutually adjusted effects per quintile for in-
dividual NMR lipoprotein subclasses on incident
hypertension.

All ORs are from a single model including NMR subclasses
and nonlipid risk factors. Statistically significant P values
were noted for IDL (0.03), small LDL (�0.001), medium
HDL (0.005), small HDL (�0.001), large VLDL (�0.001),
and medium VLDL (0.005).

Fig. 2. Mutually adjusted effects per quintile for NMR
lipoprotein size and total concentration on incident
hypertension.

All ORs are from a single model including NMR measures
and nonlipid risk factors. Statistically significant P values
were noted for total LDL particles (�0.001), total HDL
particles (�0.001), mean VLDL particle size (�0.001), and
total VLDL particles (0.033).
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and other cohorts (3– 6 ). In particular, lower HDL
cholesterol and higher triglycerides (and in some stud-
ies, LDL cholesterol) have been associated with in-
creased risk. Triglycerides and apoB were also shown to
be positively associated with an increased risk of hyper-
tension in middle-aged Finnish men (6 ). Our study
confirms these findings for HDL cholesterol, apoB, and
triglycerides in this cohort of middle-aged and older
women, although we did not find LDL cholesterol to be
independently related to incident hypertension.

Previous studies in both this cohort (12, 15 ) and
others (13, 14 ) have linked NMR lipoprotein measures
to cardiovascular disease and diabetes. Consistent with
our results, increased concentration of LDL particles,
specifically small particles, has been shown to increase
cardiovascular risk as well as risk of incident type 2
diabetes, as has increased concentration of small HDL
particles. These patterns are consistent with a shared
insulin resistance pathway. We did not have a specific
measure for insulin resistance in our study, although
adjustment for BMI, triglycerides, hemoglobin A1c and
inflammatory biomarkers did not substantially change
the results.

The study benefitted from a large sample size with
well-characterized study participants and a long
follow-up (8 years). However, because our study was
limited to women, the generalizability of our results to
men remains unclear, although traditional lipids have
been found to be associated with hypertension in both
groups. In addition, our measure of hypertension was
self-reported. Although this method may have intro-
duced variability into the outcome measure, we believe
this variability was unlikely to be related to lipoprotein
measures and was therefore unlikely to have affected
the direction of our results. The large sample size of the
study was also helpful in providing sufficient power to
enable us to observe associations despite measurement
variability. Self-reported hypertension has been shown
to be a valid and reliable measure in this group (28 ), as
well as in other cohorts of health professionals (29 ).

In summary, we found that among initially
healthy women, lipoprotein particle size and subclass
concentrations were associated with incident hyper-
tension and provided additive information to tradi-
tional lipids and risk factors. Greater risk of hyperten-

sion was associated with higher total concentrations of
LDL and HDL particles, especially small particles, and
higher total concentration of VLDL particles, especially
large particles. In addition, our findings suggest that
the concentrations and size of lipoprotein particles af-
fect the risk of incident hypertension years before the
clinical onset of hypertension, even in women with ini-
tially normal blood pressure. Further research is neces-
sary to determine whether treatment based on lipopro-
tein profiles would reduce incident hypertension.
However, the possibility of identification of a subgroup
at increased risk for incident hypertension by using li-
poprotein measures assessed years before the onset of
clinical hypertension may be of use for patients and
clinicians. This additional information beyond tradi-
tional lipid measures may be useful both in under-
standing the etiology and in complementing the use of
traditional risk factors for predicting the risk of inci-
dent hypertension.
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