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Abstract

Obese individuals have elevated platelet activation and arterial stiffness, but the strength and
temporality of the relationship between these factors remain unclear. We aimed to determine the
effect of increased arterial stiffness on circulating platelet activity in overweight/obese young
adults. This analysis included 92 participants (mean age 40 years, 60 women) in the Slow Adverse
Vascular Effects of excess weight (SAVE) trial, a clinical trial examining the effects of a lifestyle
intervention with or without sodium restriction on vascular health in normotensive overweight/
obese young adults. Carotid-femoral (cf), brachial-ankle (ba), and femoral-ankle (fa) pulse wave
velocity (PWV) served as measures of arterial stiffness and were measured at baseline and 6, 12,
and 24 months follow-up. Platelet activity was measured as plasma beta-thromboglobulin (B-TG)
at 24 months. Higher plasma -TG was correlated with greater exposure to elevated cfPWV
(p=0.02) and baPWV (p=0.04) during the preceding two years. After adjustment for serum leptin,
greater exposure to elevated baPWV remained significant (p=0.03) and exposure to elevated
cfPWV marginally significant (p=0.054) in predicting greater plasma p-TG. Greater arterial
stiffness, particularly central arterial stiffness, predicts greater platelet activation in overweight/
obese individuals. This relationship might partly explain the association between increased arterial
stiffness and incident atherothrombotic events.
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INTRODUCTION

Platelets play an important role not only in thrombotic vascular events but also in the
initiation and progression of atherosclerosis (1). Platelets release inflammatory molecules
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and growth factors that contribute to endothelial activation as well as the migration and
proliferation of vascular smooth muscle cells, all of which are key processes in
atherosclerosis (1). In the reverse direction, platelet activation is triggered by endothelial cell
erosion and ruptured atherosclerotic plaques (1) as well as by elevated shear stress (2).
Avrterial stiffness is an established marker of vascular health, and stiffer central arteries
promote greater wall shear and tensile stresses, speed up the fatigue of arterial wall
components, and promote the vulnerability of atherosclerotic plaques throughout the
vasculature (3). Thus, it stands to reason that greater arterial stiffness may also promote a
prothrombotic phenotype, including greater platelet activation, throughout the arterial tree.
By measuring pulse wave velocity (PWV), arterial stiffness can be estimated in any region
of the arterial tree (3). Previous small cross-sectional studies of apparently healthy adults
observed associations between increased platelet activation and increased carotid-femoral
pulse wave velocity (cfPWV) (4,5), a measure of aortic stiffness and independent predictor
of cardiovascular events (6). Other studies of apparently healthy adults have found
associations between several markers of in vivo platelet activation and brachial-ankle pulse
wave velocity (baPWV), a measure of mixed central (aortic) and peripheral arterial stiffness
(4,7). Such cross-sectional associations may be explained by either the influence of activated
platelets on the vasculature or the effect of vascular damage and dysfunction on circulating
platelets.

Overweight and obese individuals have increased arterial stiffness (8) as well as greater
platelet reactivity as measured by agonist induced platelet aggregation (9) and greater
circulating platelet activity as measured by urinary 11-dehyhdro-TxB, (10), plasma sCD40L
(11), soluble P-selectin levels (12), or mean platelet volume (MPV) (13). Several obesity
related factors have been associated with increased circulating platelet activity, including
elevated waist-hip ratio, body mass index (BMI), and circulating leptin, insulin, and C-
reactive protein (CRP) (10). In addition, increased oxidative stress and endothelial
dysfunction promote the activation of platelets in obese individuals (14).

Though obesity is linked to both increased platelet activation and increased arterial stiffness,
no studies have examined the temporality of this relationship. The aim of this study was to
determine the prospective associations between exposure to greater arterial stiffness,
measured three times during the course of a one year lifestyle intervention and again one
year post-intervention, and circulating platelet activity, as measured by plasma [3-
thromboglobulin (B-TG) (15,16) at the final study time point, in overweight and obese
young adults. We hypothesized that, compared to baPWV and femoral-ankle (fa) PWV,
cfPWV would be more strongly associated with platelet activity, due to the influence of
aortic stiffness on wall stress, blood flow patterns, and atherosclerotic progression
throughout the arterial tree (3). We also hypothesized that the association between exposure
to higher cfPWV over time and higher platelet activity would be independent of the effects
of exposure to other cardiovascular and metabolic risk factors during the two year study.

MATERIALS AND METHODS
Study Population

The Slow Adverse Vascular Effects of excess weight study (SAVE) is a randomized-
controlled trial (NCT00366990) evaluating the effects of weight loss, increased physical
activity, and reduced dietary sodium intake on vascular health. Participants were recruited
from June 2007 through May 2009 using mass mailing.

Eligible participants were men and women 20-45 years of age who were overweight or
obese (body mass index (BMI) 25-39.9 kg/m?) and physically inactive (<8 months of
consistent physical activity (PA) during the past 12 months). Exclusions included 1)
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diabetes, 2) hypertension or average screening blood pressure =140/90 mmHg, 3)
cholesterol lowering, anti-psychotic, or vasoactive medication use and 4) current pregnancy
or lactation.

Participants who provided a blood sample for the measurement of 3-TG at the final study
visit were included in this analysis (n=92). Because this substudy was begun more than two
years after the start of the parent clinical trial and because many subjects were excluded
from this substudy due to their recent use of aspirin or NSAIDs, the sample size of this study
was substantially smaller than the total number of trial participants (n=349). All subjects
signed informed consent, and the study was approved by the institutional review board of
the University of Pittsburgh (Pittsburgh, PA).

Three hundred and forty-nine participants received a 1-year lifestyle intervention consisting
of diet and physical activity (PA). Participants were randomized to either 1) diet and PA
alone (Control Na/lifestyle) or to 2) diet and PA plus reduced sodium intake (Low Na/
lifestyle). The lifestyle intervention was delivered in group sessions that occurred weekly for
months 1-4, biweekly for months 5-8, and monthly for months 9-12. The goal of the
intervention was a 10% reduction in body weight over 6 months and continued maintenance
of weight loss thereafter. The additional goal of the sodium reduction intervention (Low Na)
was to gradually reduce daily sodium intake to approximately 1 mg Na*/1 kcal/day, an
average reduction of about 50% from the participant’s usual diet (17).

Participants were to complete clinic visits at screening, baseline, and 6, 12, and 24 months
following randomization. Self-reported demographic information, self- and interviewer-
administered questionnaires, anthropometric measurements, fasting blood draw, 24-hour
urine collection, and non-invasive tests of vascular structure and function were collected at
these visits.

Demographic and Physical Measures

Age, race, and smoking status were self-reported. For this analysis, race was recoded as
black vs. non-black. Ethnicity was coded as Hispanic or Non-Hispanic. Smoking status was
assessed as ever vs. never. Weight was measured in kilograms using a balance scale. Height
was measured in centimeters using a stadiometer. BMI was calculated as weight in
kilograms divided by height in meters squared. Waist circumference was measured against
the participant’s skin at the narrowest part of the torso between the ribs and the iliac crest.
Blood Pressure (BP) was measured with a mercury sphygmomanometer after participants sat
quietly for 5 minutes with feet flat on the floor. Final BP was the average of the last 2 of 3
readings taken 30 seconds apart.

Blood and Urine Assays

Blood analytes were measured at the Heinz Laboratory at the University of Pittsburgh’s
Graduate School of Public Health using standard methods as previously described (18,19).
Briefly, blood specimens were obtained between 0700 and 1130 h from upright subjects
after a fasting period of at least 9 hours. The intra- and inter-assay CV% for insulin were
4.8% and 10.5% respectively. The CV% for the other assays were all <3%.

Twenty-four hour urine collections were performed within 2 weeks of the clinic visits at
which all other measurements were determined. Collections considered valid had volume
between 500 and 4000 mL, duration =22 and <26 hours, and creatinine within the expected
range (20). Sodium, potassium, and creatinine were determined as previously described (18).
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Platelet Activity

Circulating platelet activity was measured as plasma -TG, a platelet-specific alpha granule
protein released upon activation (15). Participants were eligible to provide a blood sample
for the measurement of plasma -TG if they had not taken aspirin in the preceding 14 days
or any NSAID, antiplatelet, or anticoagulant medication in the preceding 10 days. At the 24
month visit, blood for the measurement of -TG was drawn into a 4.5 mL vacutainer tube
(Becton-Dickinson, Franklin Lakes, NJ) containing an anticoagulant/antiplatelet mixture of
citric acid, theophylline, adenosine, and dipyridamole (Thermo Fischer Scientific,
Pittsburgh, PA). The tube was chilled on ice for 15-60 minutes then centrifuged at 2000g for
30 minutes at 4°C, after which platelet-poor plasma was obtained from the upper portion of
the supernatant and kept frozen at —70°C until assayed. Plasma B-TG was determined using
an enzyme linked immunosorbent assay (Asserachrom, Diagnostica Stago, Parsippany, NJ).
The intra- and inter-assay CV% were 3.8% and 13.2% respectively. Normal levels of plasma
B-TG, according to the test instructions, are typically below 50 1U/mL.

Pulse Wave Velocity

Pulse wave velocity measures were generated using the VP2000 system (Omron Health
Care Co., Kyoto, Japan), a noninvasive automated waveform analyzer. Aortic stiffness was
assessed by cfPWV and peripheral arterial stiffness by faPWV; baPWV served as a mixture
of central and peripheral arterial stiffness. Following ten minutes of rest in a supine position,
the participant had occlusion and monitoring cuffs placed around both arms and ankles,
ECG electrodes on both wrists and a phonocardiogram on the left edge of the sternum.
Occlusion cuffs at the brachial and tibial arteries were connected to pressure sensors that
measured blood pressure and pressure waveforms at these peripheral sites as previously
described (21). Handheld tonometers were used to simultaneously obtain femoral and
carotid pulse waveforms. PWV (in cm/sec) was calculated as the path length between
arterial sites of interest divided by the time delay between the foot of the respective
waveforms. For cfPWV path length, the distance between the carotid and femoral sites was
measured (in cm) over the surface of the body with a tape measure. The path lengths for
baPWYV and faPWV were calculated using height-based formulas (21). For baPWV and
faPWV, results for the right and left legs were averaged. For all PWV measures, data were
collected twice for each participant, and the values were averaged. Participants with valid
PWV measures (defined as between 300 m/s and 2500 m/s) were included in analyses.
Intraclass correlation coefficients (ICC) for within technologist replicate measures were 0.76
(cfPWV), 0.97 (baPWV), and 0.96 (faPWV), and for between technologists replicates were
0.60 (cfPWV), 0.87 (bhaPWV), and 0.87(faPWV).

Statistical Methods

Descriptive statistics were calculated to summarize study variables at baseline and 6, 12, and
24 months follow-up and were presented as median/inter-quartile range (IQR) or mean (SD)
for continuous variables and frequency and percentages for categorical variables. Whether
the changes in body size, cardiovascular and metabolic risk factors, and PWV measures
were statistically significantly different from zero at each follow-up visit was determined by
testing the coefficient for time, as a nominal variable, in a linear mixed model with
unstructured covariance. Non-normally distributed variables were transformed as necessary
prior to modeling. Intervention arm was included as a covariate in every model for
consistency with trial design. An interaction between intervention arm and time since
baseline was used to test whether changes over time in study variables differed by
intervention arm.

Similar descriptive statistics were presented for the area under the curve (AUC) of the four
serial measurements of each factor of interest, and this served as a measure of average risk
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factor burden over the two year study period. To calculate the AUC for each risk factor for
every study participant, linear mixed models (growth curves) with the serial risk factor
measurements as the dependent variable were used. For these models, the intercept, linear
time since baseline, and quadratic time since baseline effects had both fixed and random
components. Higher-order random and fixed effects were not kept in the model if not
significant at p<0.10. Intervention arm was again included as a covariate in each model for
consistency with trial design. Time since baseline was centered at its mean value to
minimize collinearity. The AUC was then calculated by integrating the individual’s
estimated growth curve over his/her total follow-up period (22). Finally, this value was
divided by the individual’s total follow-up time, since there was subtantial variability in the
timing of the 24 months visit in order to maximize attendance.

Next, associations between 3-TG and either risk factors at 24 months or average risk factor
exposures over the course of the study were tested by examining Pearson correlation
coefficients. Risk factors of interest were cardiometabolic and vascular factors known to be
associated with CVD risk and included BMI, waist circumference, mean arterial pressure
(MAP), pulse pressure (PP), LDL-C, HDL-C, triglycerides, insulin, HOMA-IR, CRP, leptin,
adiponectin, aldosterone, 24-hr urinary sodium excretion, heart rate, and each PWV measure
(cfPWV, baPWV, and faPWYV). The available sample size provided 80% power to detect
correlations of r=0.29. For each of those AUC PWV measures that showed statistically
significant correlations with B-TG, separate multiple linear regression models for f-TG were
examined. After centering covariates to reduce collinearity, stepwise selection of covariates
(other than PWV) was used with entry and removal p-values of 0.15 and 0.10 respectively.
Covariates considered for inclusion included all measures of average risk factor exposures
that had shown statistically significant correlations with §-TG at p<0.10. In all of these
analyses, non-normally distributed variables were transformed as necessary. To evaluate
whether change in body weight explained the associations between PWYV and 3-TG, percent
change in body weight during the two year study was added to the final multivariable
models. Values of p<0.05 were considered statistically significant. Statistical analyses were
performed using the statistical package SAS (Statistical Analysis Software release 9.3, Cary,
NC, USA).

Plasma -TG was measured in 92 individuals at the 24 month visit of the parent clinical
trial. The sample had an average age of 40.2 years (SD 5.9) and consisted of 60 women, 13
African-Americans, and 8 current and 20 past smokers. Clinical characteristics of this
sample over the course of the two year study are shown in Table 1. With the exception of
MAP, which was slightly lower among individuals in whom platelet activity was measured,
characteristics were similar between trial participants with and without platelet activity data.
Median plasma B-TG was 25.8 IU/mL (IQR 18.6, 35.9), which was within the normal range
and did not differ by race, sex, age, or smoking status (p>0.20 for all).

In cross-sectional analyses, higher plasma -TG was statistically significantly correlated
with higher BMI (r=0.25, p=0.02), leptin (r=0.21, p=0.049), and baPWV (r=0.22, p=0.04),
and marginally significantly correlated with higher cfPWV (r=0.19, p=0.07) and faPWV
(r=0.20, p=0.06). Similarly, higher plasma B-TG was correlated with higher BMI and leptin
when these factors were assessed as AUC from baseline to the 24 month study visit (Table
2). In addition, higher plasma -TG was statistically significantly correlated with greater
cfPWV and baPWYV when the latter were assessed as AUC (Figure 1). When interactions
between each independent variable and treatment arm in the parent clinical trial were
examined, none were found to be significant in any model for plasma p-TG.
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In multiple linear regression models derived from the stepwise selection of AUC exposures
showing correlations with plasma B-TG at p<0.10, greater average exposures to elevated
baPWYV and leptin over the two year study were significant predictors and greater average
exposure to elevated cfPWV during the two year study was a marginally significant
predictor of greater plasma p-TG at the end of the study (Table 3). Adding BMI AUC to
these models resulted in no predictor being statistically significant in either model for
plasma B-TG, but in these models cfPWV AUC (p=0.15) and baPWV AUC (p=0.10) did
come the closest to achieving statistical significance of all included predictors. Adding
instead the percentage change in body weight at 24 months resulted in no predictor
achieving statistical significance in either model for plasma -TG, but in these models
cfPWV AUC (p=0.09) and baPWV AUC (p=0.05) were marginally significant. When
percentage body weight reduction during the two year study was evaluated alone, greater
weight loss was significantly associated with lower log p-TG at the end of the study
(B(SE)=1.57(0.75), p=0.03), but this association was not maintained (p>0.30) after adjusting
for leptin AUC and either cfPWV AUC or baPWV AUC.

DISCUSSION

The main finding of this study was that, in overweight and obese but otherwise healthy
young adults, greater circulating platelet activity, as measured by plasma -TG, was
predicted by greater exposure to stiffer arteries during the preceding two years. However,
greater exposure to excess weight and serum leptin over the same time period, when
examined together, removed the statistical significance of this association. Our findings
suggest that elevated arterial stiffness, particularly central arterial stiffness, might be one of
the mechanisms by which platelet activation is increased in overweight and obese
individuals. Because of the key roles that platelets play in thrombotic events and the
initiation and progression of atherosclerosis (1), these findings might also partly explain the
association between arterial stiffness and incident cardiovascular events (6).

Acrterial stiffness is an established marker of vascular health, and stiffer central arteries
promote greater wall shear and tensile stresses, speed up the fatigue of arterial wall
components, and promote endothelial damage and atherosclerotic plaque vulnerability
throughout the arterial tree (3). The present findings agree with those from at least three
cross-sectional studies of individuals at low to moderate CVD risk, in which associations
were found between several markers of in vivo platelet activation and both cfPWV/(5) and
baPWV(4,7). Though the present observational study cannot establish that arterial stiffening
causes increased platelet activation, there are several potential mechanisms that may explain
this prospective association. First, platelet activation is triggered by endothelial damage (1),
and several studies have found evidence of endothelial dysfunction, as measured by flow-
mediated dilation (FMD), in individuals with elevated arterial stiffness, as measured by
aortic PWV (23), cfPWV (23) or baPWV (24). Circulating levels of endothelial
microparticles, which are released upon endothelial cell activation and closely related to
reduced endothelial structural and functional integrity, are positively associated with
baPWV in type 2 diabetics and healthy adults (25). Second, shear stress plays an important
role in platelet activation and is influenced by arterial stiffness. Pathologically high shear
stress activates platelets and is an important driver of thrombus formation in occluded
vessels (2). However, even in individuals with minimal atherosclerosis, as central arteries
stiffen blood flow velocity increases, thereby increasing shear stress and creating a steep
systolic pressure waveform that enhances the pulsatility of shear stresses in peripheral
vessels (3). Such oscillatory shear stress can induce a prothrombotic, prooxidant, and
proinflammatory state in vascular endothelial cells, particularly in less compliant vessels. In
addition, flow reversal may occur during diastole in peripheral vessels as the central arteries
stiffen, which may trigger pathological changes in the endothelium (26). Finally, cyclic
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strain of the vascular wall induces endothelial cell expression of adhesion molecules and
vascular smooth muscle cell migration and proliferation (27). Altogether, these changes
promote platelet activation and atherosclerosis (1). It is therefore evident that the close
relationship between arterial stiffness, shear stress, and endothelial damage might explain
the association between greater arterial stiffness and greater circulating platelet activity.

Importantly, however, in this study the associations between plasma B-TG and both cfPWV
and baPWYV appeared to be explained by excess weight and serum leptin, when considered
together. Several studies have shown positive associations between platelet activation and
excess body weight (10,11,13) or reduced platelet activation with weight loss (10,11). One
possible mechanism for these relationships is that obese individuals have larger platelets
than normal weight individuals (13). These larger platelets have greater metabolic and
enzymatic activity as well as thrombotic potential (28). In addition, platelets exhibit
membrane receptors for both insulin and leptin, and insulin resistance and elevated
circulating leptin promote platelet activation and aggregation (9,14). The correlation in this
study between plasma -TG and serum leptin, measured either concurrently or as the
average exposure over the previous two years, suggests that leptin may play a role in platelet
activation in overweight and obese adults.

The lack of correlation between plasma -TG and either MAP or PP in this study was
somewhat surprising in light of the statistically significant correlations detected between [3-
TG and measures of arterial stiffness. Cross-sectional studies in obese and normal weight
adults have found significant correlations between markers of in vivo platelet activation and
both SBP and DBP (12,29). One cross-sectional study of hypertensives also reported a
correlation between pulse pressure and mean platelet volume (30). Furthermore, platelet
activity is higher in hypertensives than normotensives (31). It may be that the inclusion of
only normotensives prevented the present study from detecting associations between plasma
B-TG and blood pressure. Additionally, PP was measured at the brachial artery. Central PP
is more closely associated with aortic stiffness and increases more with age and other
cardiovascular risk factors (32). Furthermore, central PP has a marginally better predictive
ability for incident vascular events and is more closely associated with end-organ damage
than brachial PP (32,33). Thus, had central PP been measured, it may have shown a
correlation with platelet activity similar to that of cfPWV.

There were several important limitations to this study. First, the small sample size limited
the statistical power to detect associations of interest. Second, despite the prospective design
of this study, reverse causation could exist due to the tracking of plasma B-TG levels over
time. It is possible that activated platelets may influence arterial stiffness, perhaps through
their release of vascular smooth muscle cell growth factors and extracellular matrix
modulators (34). Third, it would have been informative to evaluate several measures of
platelet activity. The measurement of other platelet specific proteins in plasma or urine or
the detection of platelet surface proteins using flow cytometry might have improved the
accuracy of platelet activity assessment. However, plasma -TG is a more sensitive marker
of circulating platelet activity than flow cytometric measures, though it requires very careful
sample collection to avoid ex vivo artifacts (16). We attempted to minimize ex vivo
activation by avoiding trauma during blood draws, drawing blood samples used for B-TG
measurement as the last of three samples, and keeping the samples on ice prior to
centrifugation. A notable strength of this study is that all participants were normotensive and
not on antihypertensive, lipid lowering, or vasoactive medications, which enabled us to
evaluate associations of interest independent of potentially confounding treatment effects.

In conclusion, in overweight and obese but otherwise healthy young adults, greater exposure
to arterial stiffness over a two year period is a predictor of greater circulating platelet
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activity, as measured by plasma -TG. Greater exposure to excess weight and serum leptin
are also associated with greater platelet activity. These findings suggest that elevated arterial
stiffness, particularly central arterial stiffness, might be one of the mechanisms by which
platelet activation is increased in overweight and obese individuals. Future studies of
lifestyle modification and other arterial “de-stiffening” strategies in overweight and obese
adults should examine whether sustained reductions in arterial stiffness can reduce the risk
of thrombotic events.
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Figure 1.

Scatterplots of average pulse wave velocity (PWV) over 24-months vs. beta-
thromboglobulin at the end of 24-months follow-up for (a) carotid-femoral PWV, (b)
brachial-ankle PWV, and (c) femoral-ankle PWV. Average PWYV values were calculated by
integrating each subject’s estimated growth curve (derived from linear mixed models for the
serial PWV measurements) over his or her total follow-up period, then dividing this value by
the subject’s total follow-up time.
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Table 2

Pearson correlations between -thromboglobulin at 24-months follow-up and average exposures to
cardiometabolic and vascular risk factors over the preceding two years

Variable r P value
BMI 0.28 0.007
Waist Circumference 0.07 0.48

Mean Arterial Pressure 0.05 0.63

Pulse Pressure 0.14 0.17
LDL-C 0.07 0.52
HDL-C 0.06 0.58
Triglycerides 0.09 0.39
Insulin 0.14 0.17
HOMA-IR 0.15 0.16
CRP 0.19 0.08
Leptin 0.25 0.01
Adiponectin -0.07 0.48
Heart Rate -0.04 0.71

24-hr Sodium Excretion  0.02 0.83

Plasma B-TG, triglycerides, insulin, HOMA-IR, and CRP were log transformed. BMI=body mass index; SBP=systolic blood pressure;
DBP=diastolic blood pressure; LDL-C=low density lipoprotein cholesterol; HDL-C=high density lipoprotein cholesterol; CRP=C-reactive protein.
N=92.
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Table 3

Multiple linear regression models for log f-thromboglobulin: associations with average pulse wave velocity
exposures during the 24-month study

Variable Parameter P value
Estimate (SE)

Model including Carotid-femoral PWV

Carotid-femoral PWV (cm/s) 0.71 (0.36) 0.054
Leptin (ng/mL) 0.011 (0.005) 0.04
Model including Brachial-ankle PWV

Brachial-ankle PWV (cm/s) 0.0010 (0.0005) 0.03
Leptin (ng/mL) 0.013 (0.005) 0.01

All independent variables are average risk factor exposures over the course of the two year study (area under the curve divided by follow-up time
for each subject). B-thromboglobulin and carotid-femoral PWV were log transformed. PWV=Pulse Wave Velocity. The variables considered for
inclusion but removed by the stepwise procedure were plasma C-reactive protein and body mass index.
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