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Abstract

The metabolic syndrome (MS), a clustering of metabolic disturbances, is associated with increased
cardiovascular risk. Limited information is available about the relations between MS, insulin
resistance and vascular function. We measured brachial artery flow-mediated dilation (n=2123), and
reactive hyperemia (n=1521) in Framingham Offspring participants without diabetes or clinical
cardiovascular disease (mean age 59+9 years, 57% women). MS, determined by National Cholesterol
Education Program criteria, was present in 36% of participants. Insulin resistance was determined
using Homeostatic Model Assessment (HOMA-IR). In age- and sex-adjusted models, MS was
associated with lower flow-mediated dilation and reactive hyperemia. There was progressively lower
vasodilator function with increasing number of MS components (p for trend <0.0001). In
multivariable models adjusting for the 5 MS components as continuous variables, MS (presence vs.
absence) remained associated with lower flow-mediated dilation (2.84+0.12% vs. 3.17+0.08%,
p=0.0496) and reactive hyperemia (50.8+1.0 cm/sec vs. 54.4+0.7cm/sec, p=0.009). Insulin resistance
was inversely associated with flow-mediated dilation and reactive hyperemia in age- and sex-adjusted
models, but these relations were no longer significant in models adjusting for the MS components.
In conclusion, our observations are consistent with the hypothesis that MS and insulin resistance
impair vascular function predominantly through the influence of the component metabolic
abnormalities that comprise MS.
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Methods

Participants

The metabolic syndrome (MS), a clustering of atherogenic metabolic abnormalities, has
emerged as an important determinant of cardiovascular risk. 1,2 Major components of the MS
include central obesity, hypertriglyceridemia, low high-density lipoprotein levels, elevated
blood pressure, and fasting hyperglycemia.3 Insulin resistance may be a common feature that
links these physical and biochemical changes.4 Recent estimates indicate that over one third
of the adult US population fulfills the criteria for the MS.5 Endothelial dysfunction,
characterized by decreased nitric oxide bioavailability, is a key component of atherogenesis
and promotes cardiovascular events.® Prior studies have associated individual MS components
with impaired endothelial vasomotor function.”=9 Furthermore, several lines of evidence
connect the underlying pathophysiological state of insulin resistance to lower nitric oxide
bioactivity and decreased endothelium-dependent vasodilation.10 we hypothesized that the
MS and insulin resistance would be accompanied by perturbation of endothelial vasomotor
function before the development of diabetes or clinical cardiovascular disease. Accordingly,
we evaluated the relation between MS, insulin resistance and endothelial vasodilator function
of the brachial artery among participants without diabetes mellitus or clinically manifest
cardiovascular disease in the community-based Framingham Heart Study.

The design for the Framingham Offspring Study has been described elsewhere.11 Of the 3539
participants in the 7t examination cycle (1998-2001), 2883 participants had adequate flow-
mediated dilation measurements as described previously.7 Individuals with prior clinical
cardiovascular disease (n=263), diabetes mellitus defined as fasting glucose > 126 mg/dl (7.0
mmol/l) or use of hypoglycemic medication (n=382), or missing covariate data (n=115) were
excluded, leaving a total of 2123 subjects for investigation of flow-mediated dilation. Prior
clinical cardiovascular disease (angina, coronary insufficiency, myocardial infarction, stroke,
transient ischemic attack, intermittent claudication, heart failure) was determined by a panel
of 3investigators using previously published criteria. 12 The acquisition of Doppler data began
part way through the 7" examination; consequently, 1521 eligible subjects had Doppler flow
data available.

All participants underwent routine medical history, physical examination, and laboratory
assessment. Individuals were instructed not to eat or drink after 8 PM the previous evening,
except water or decaffeinated black coffee or tea. Current cigarette smoking (within the past
year), or within 6 hours of the test were determined by self-report. Heart rate and blood pressure
were measured by automatic device (Dinamap, Critikon, Inc.). The examination included a 6-
minute treadmill test (Bruce protocol Stages | and I1; referred to as the ‘walk test’) in
participants without contraindications (known coronary heart disease, chest pain on test day,
or inability to perform test). The Boston Medical Center Institutional Review Board approved
the study; all participants provided written informed consent.

Determination of Flow-Mediated Dilation and Reactive Hyperemia

The methodology and reproducibility for measuring brachial artery flow-mediated dilation and
reactive hyperemia have been previously described.”13 Briefly, images of the brachial artery
at baseline and 1 minute after induction of reactive hyperemia by a 5-minute cuff occlusion of
the forearm were recorded by high resolution ultrasound (Toshiba #SSH-140A, 7.5 MHz linear
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array transducer). Arterial images were measured off-line using commercially available
software (Brachial Analyzer, Medical Imaging Applications, lowa City, lowa,
version3.2.3.sp2) by sonographers blinded to participants’ status. Doppler flow was assessed
at baseline and for 15 seconds following cuff release using a carrier frequency of 3.75 MHz.
Mean flow velocity at baseline and during reactive hyperemia was analyzed with correction
for insonation angle using a semi-automated signal-averaging method, blinded to clinical
information.13

Determination of Metabolic Syndrome

MS was defined as the presence of 3 or more of the following 5 components, based on the
National Cholesterol Education Program (NCEP) Adult Treatment Panel-111 guidelines: 1)
abdominal obesity (waist circumference: men > 40 inches, women > 35 inches), 2) elevated
triglycerides (> 150 mg/dl), 3) low HDL cholesterol (<40mg/dl in men, <50mg/dl in women),
4) elevated blood pressure (systolic or diastolic blood pressure >130/85 mmHg or use of
antihypertensive medication), and 5) elevated fasting glucose.3 We used a glucose threshold
of > 100mg/dl and <126mg/dl, rather than the NCEP threshold of > 110 mg/dl, based on a
revision of the blood glucose criterion for the ms.14

Assessment of Insulin Resistance

Fasting blood samples were obtained from participants at the 7" examination visit and were
stored at —80°C. Plasma glucose was measured in fresh specimens with a hexokinase reagent
kit (A-Gent Glucose Test, Abbott). Glucose assays were run in duplicate; the intra-assay
coefficient of variation was <3%. Fasting plasma insulin was measured with a specific insulin
level having essentially no cross-reactivity to insulin split-products (Linco Research, Inc., St.
Charles, MO); assay CVs <6.8%.12 Insulin resistance was estimated using the homeostasis
model assessment-insulin resistance (HOMA-IR) from fasting glucose and insulin
concentrations using the following formula: HOMA-IR=(fasting plasma insulin[microU/ml])
x(fasting plasma glucose[mmol/l])/22.5.16 The HOMA-IR method has been validated by
comparison with results of glucose clamp studies and frequently sampled intravenous glucose
tolerance tests. 16 We defined insulin resistance as HOMA-IR>4.6 representing the upper
quartile of HOMA-IR in this study sample.17

Statistical Analysis

Descriptive characteristics were tabulated by the presence or absence of MS. Age- and sex-
adjusted means of brachial artery measures were compared between participants with and
without MS and insulin resistance. Sequential multivariable linear regression models were
constructed to assess the relations of MS and insulin resistance with brachial artery measures
adjusting for clinical covariates and the components of MS. Model 1 included clinical
covariates previously reported to be associated with flow-mediated dilation in this cohort,
excluding those directly associated with the MS components; hence, we included age, heart
rate, total cholesterol as continuous variables and sex, hormone replacement therapy, lipid
lowering therapy, smoking 6 hours prior to test, and walk test (before/after) vascular
examination as categorical variables. In multivariable Model 2, the Model 1 covariates were
entered together with the 5 individual components of the MS as continuous variables (waist
circumference, HDL, systolic blood pressure, diastolic blood pressure, triglycerides, and
fasting glucose, and dichotomous hypertensive treatment). Model 3 included the Model 1
covariates and the Model 2 MS components as continuous variables plus MS (Model 3A) or
insulin resistance (Model 3B) entered as dichotomous variables. The R is presented for each
sequential model; and the p values in Table 3 are derived from the F-tests of the increment in
R2 across sequential models. Regression diagnostics, specifically variance inflation factor,
were examined for MS and for insulin resistance in the multivariable models. A priori we
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specified two secondary analyses to examine effect modification by age (>60 vs. <60) and sex.
Analyses were performed using SAS 8.1.18 Two-sided p values <0.05 were considered
statistically significant.

Results

Participant Characteristics and Metabolic Syndrome

The clinical characteristics of the study participants (mean age 59+9 years, 57% women)
classified by MS are shown in Table 1. MS was present in over one third of the individuals,
similar to a recent estimate for the prevalence of MS in the adult US population.5 The measure
of insulin resistance, HOMA-IR, was higher in participants with versus without the MS (see
Table 1, p<0.0001). Similarly, the prevalence of insulin resistance (defined as upper quartile
of HOMA-IR) was higher in the participants with versus without MS (52% vs. 10%).

Metabolic syndrome and vascular function

Age- and sex-adjusted values for baseline brachial artery diameter, flow-mediated dilation
(mm), flow-mediated dilation %, baseline flow velocity and hyperemic flow velocity by MS
status are presented in Table 2. MS was associated with lower flow mediated-dilation (mm),
flow-mediated dilation %, and hyperemic flow velocity. As we have reported previously that
hyperemic flow is a major determinant of flow-mediated dilation,13 we also analyzed flow-
mediated dilation % adjusted for hyperemic flow velocity, which remained lower in
participants with MS than in those without MS (2.74+0.11% vs 3.22+0.08 respectively,
p=0.0005). Finally, MS was associated with higher resting brachial artery diameter and
baseline flow velocity.

The relation between the MS components and vasodilator function is displayed in Figure 1.
Flow-mediated dilation (mm), flow-mediated dilation % and hyperemic flow velocity were
lower in the presence of increasing number of MS components (p<0.0001 for trend for each
measure). Conversely, baseline brachial diameter and baseline flow velocity were
progressively higher with increasing number of MS components, Figure 1 (p<0.0001 for trend
for both).

The associations between the MS components and MS with the brachial artery measures in
multivariable regression models are presented in Table 3. Model 1 adjusted for clinical
covariates previously reported to be associated with flow-mediated dilation in this cohort,’
excluding those covariates used to define the MS. In Model 2, the addition of the 5 MS
components as continuous measures improved the model R? (a representation of the proportion
of the variability for each measure that is explained by regression on the model covariates).
For baseline diameter, flow-mediated dilation (mm), flow-mediated dilation %, baseline flow
velocity and hyperemic flow velocity; the change in model R2 from model 1 to model 2 was
0.031, 0.039, 0.042, 0.043 and 0.062, respectively. In Model 3A, after adjusting for the MS
components, additional adjustment for the MS, per se, resulted in a statistically significant, but
minimal improvement in the model R? for baseline diameter, flow-mediated dilation %, and
hyperemic flow velocity (change in model R2 from model 2 to model 3A, 0.002, 0.002 and
0.003, respectively) reflecting modestly larger baseline diameter and lower flow-mediated
dilation and hyperemic flow velocity associated with MS. Collinearity was not a problem
between MetS and its component variables (variance inflation factor for MetS was 2.0 in Model
3A). For Model 3A, there were no significant age or sex interactions with MS in relation to
the vasodilator measures.
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Insulin Resistance and Vascular Function

In age- and sex-adjusted models, insulin resistance was associated with lower flow-mediated
dilation (mm), flow-mediated dilation %, and hyperemic flow velocity (Table 2). After
adjusting for hyperemic flow velocity, there was no significant difference in flow-mediated
dilation % between those with (2.89+0.14) and those without (3.11+0.07, p=0.15) insulin
resistance. Insulin resistance also was associated with larger baseline brachial artery diameter
and higher baseline flow. After adjusting for clinical covariates including the MS components,
insulin resistance was no longer associated with any of the vasodilation measures, although
insulin resistance remained associated with higher baseline flow (Table 3, Model 3B).
Collinearity was not a problem between insulin resistance and MetS component variables
(variance inflation factor for insulin resistance was 1.5 in Model 3B). In Model 3B, there were
no significant age or sex interactions with insulin resistance in relation to the vascular function
measures examined. Given the possibility that examining HOMA-IR as a dichotomous variable
may underestimate an association with the vascular measures, we performed a secondary
analysis entering log HOMA-IR as a continuous variable in Model 3B. As with HOMA-IR as
categorical variable, in this analysis log HOMA-IR was associated only with higher baseline
flow (model R2 0.149, p<0.0001).

Discussion

In our large community-based cohort, we observed an inverse relation between the MS and
flow-mediated dilation, a measure of conduit artery vasodilator function, and reactive
hyperemia, a measure of microvascular function, in individuals without diabetes or clinically
apparent cardiovascular disease. Our data suggest that the relation between the MS and
vasodilator dysfunction is largely attributable to the cumulative contribution of the component
risk factors that comprise MS, because only a minimal relation between MS and the vasodilator
function measures remained after adjustment for the component risk factors. We also observed
lower vasodilator function in participants with insulin resistance, as reflected by higher levels
of HOMA-IR, in age- and sex-adjusted models; however, these relations were no longer
significant after adjusting for risk factors including the MS components.

It is well established that the individual components of the MS are related to endothelial
dysfunction. Previous studies have shown that obesity, low HDL, impaired glucose tolerance,
hypertriglyceridemia, and hypertension are all associated with decreased endothelium-
dependent vasodilation.”~9:19 Furthermore treatments targeted at these conditions improve
endothelial function.20:21 In select samples, MS itself has been associated with impaired
endothelial function; yet, these studies had limited statistical power to adjust for the component
conditions of MS.22 Recent epidemiological evidence has raised the possibility that the
%rouping of the MS components in an individual may confer heightened cardiovascular risk.
2 Conversely, it has been argued that MS may confer little or no additional risk above and
beyond that associated with the component risk factors.23.24 Our findings suggest that the
association of MS with endothelial dysfunction is predominantly mediated through the
component conditions with only minimal incremental contribution of the clustering in MS.

Prior studies suggest that insulin resistance also is associated with vascular dysfunction.lov
25 An association between impaired endothelial function and insulin resistance has been shown
in select samples of subjects. For example, in young obese individuals, microvascular
vasodilatory function has been correlated with insulin sensitivity.26 In addition, Balletshofer
and colleagues demonstrated decreased brachial artery flow-mediated dilation in insulin
resistant offspring of individuals with diabetes.2” Lteif and colleagues showed an association
of insulin resistance with leg microvessel vasodilation in young subjects including a group
with MS.22 Finally, endothelial dysfunction predicts the development of diabetes suggesting
a link between endothelial abnormalities and insulin resistant states.28
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In contrast to these prior studies, we observed that the association between insulin resistance
and vascular dysfunction was no longer apparent after adjusting for concurrent risk factors,
including the MS components. These apparently discrepant results have several possible
explanations. Population differences between previous reports and our study, including older
age and relatively low flow-mediated dilation in our cohort, may have made it more difficult
to detect a relation between insulin resistance and vascular dysfunction. We consider this
possibility unlikely as we observed a strong relation in the age- and sex-adjusted models and
a similar pattern was observed for reactive hyperemia. Our study also differs from prior studies
because of the larger sample size, which permitted more complete adjustment for confounders.
Our findings may reflect the strong links between the components of MS and insulin resistance.
In support of this possibility, we observed significantly higher HOMA-IR in patients with the
MS (Table 1). Whereas it is not possible to draw conclusions about causality in our cross-
sectional study, we speculate that the MetS components may represent intermediate
mechanisms linking insulin resistance and vascular dysfunction. Alternatively, insulin
resistance may represent a common pathophysiological mechanism that underlies vascular
dysfunction and the MetS component conditions.

Our study had several interesting findings regarding resting arterial characteristics, MS, and
insulin resistance. MS was associated with increased brachial diameter suggesting the presence
of arterial remodeling. The larger arterial diameter may reflect a response to sustained
elevations in flow; we observed an association of the MS components with higher basal flow
rate.30 Alternatively, the increased arterial diameter may reflect flow-independent changes in
arterial wall structure or relate to the vasodilator properties of insulin.29 Interestingly, insulin
resistance was associated with increased basal flow without an increase in arterial diameter in
adjusted models. This finding raises the possibility that insulin resistance might be associated
with a defect in flow-induced remodeling.

The present study has a number of limitations. The cross-sectional design of our study precludes
the establishment of causal or temporal relations among MS, insulin resistance and endothelial
dysfunction. We estimated insulin resistance using HOMA-IR; more direct measurement of
insulin resistance might have revealed a stronger independent effect of insulin resistance on
vascular function. We did not include lipid lowering treatment (niacin and fibrates) in our
determination of MetS;14 however, the percentage of participants using these medications was
low (1.4%). Due to the community-based design of our study, we were unable to administer
nitroglycerin to the participants; therefore, we do not have a measure of endothelium-
independent vasodilation. Although we adjusted for antihypertensive medications, we
acknowledge different classes of such medications vary in their relation to endothelial function.
Our study cohort was predominantly white, and middle-aged to elderly; therefore, our findings
may not be generalizable to other ethnic/racial groups, nor to younger individuals. In balance
to these limitations, our study has several strengths including a large sample size and routine
ascertainment of coexistent cardiovascular risk factors that facilitate adjustment for multiple
covariates and provides excellent power. In addition, the community-based design reduces
selection and referral biases. In summary, our findings are consistent with the hypothesis that
MS and insulin resistance impair vascular function predominantly through the influence of the
metabolic risk factors that constitute MS.
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Figure 1.

Age- and sex-adjusted means and standard errors for vascular function measures according to
number of MS components. For brachial artery diameter and flow-mediated dilation n=337,
479, 545, 462, 300 and for baseline flow velocity and hyperemic flow velocity n=257, 372,
374,322,196 for 0, 1, 2, 3, and 4+ components respectively. Error bars represent one standard
error. P value for trend <0.0001 for each measure.
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Participant Characteristics

Table 1

Page 10

Metabolic Syndrome

Characteristic (units) Yes (n=762) No (n=1361)
Age (yegrs)* 61+9 58+9
Women N 51% 60%
Waist circumference (cm) . 107+11 93+12
Systolic blood pressure (mm Hg) _ 133+18 12117
Diastolic blood pressure (mmHg) N 77+10 73+9
Total cholesterol/High:density lipoprotein (ratio) 4.7+1.3 3.5£1.0
Triglycerides (mg/dL) 177+89 101+52
Fasting glucose (mg/dL) N 1039 9448
Homeostatic Modg] Assessment of Insulin Resistance 5.313.0 2,915
Insulin resistance . 52% 10%
Body mass index (kg/m?) 30.5+4.8 26.1+4.3
Hypertension . 64% 23%
Heart rate (beats per minute) 6610 63110
Antihypertensive therapy 43% 15%
Current Smoking . 9% 15%
Smoking 6 hrs prior to test N 6% 10%
Hormone replacement therapy (women) 31% 34%
Lipid lowering medication 21% 10%
Walk test: .

Before brachial testing 36% 46%

After brachial testing 42% 42%

Continuous variables, mean+SD;

*
p value<0.05 Yes vs. No Metabolic Syndrome;

flnsulin resistance defined as upper quartile of HOMA-IR in this study sample
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