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Relationship between brachial artery flow-mediated dilatation,
hyperemic shear stress, and the metabolic syndrome

Lawrence M Title1, Evan Lonn2, Francois Charbonneau3, Marinda Fung3, Kieren J Mather4, Subodh Verma5 and
Todd J Anderson3

Abstract: Metabolic syndrome (MetSyn) may predispose to cardiovascular disease

(CVD) by causing vascular dysfunction. This study aimed to determine the associa-

tion of MetSyn with vascular function, as assessed by brachial artery flow-mediated

dilatation (FMD) and hyperemic shear stress (HSS). A total of 1,417 male firefighters

without established diabetes and CVD were classified for MetSyn, according to the

National Cholesterol Education Program Adult Treatment Panel III (NCEP) definition.

MetSyn was present in 267 individuals (19%). Although FMD was lower in those with

versus without MetSyn (8.1 ± 4.1 vs 8.7 ± 4.0%; p = 0.02), this was not significant after

adjusting for baseline differences (age, smoking, and brachial artery diameter)

(p = 0.2). However, HSS was significantly lower in those with versus without MetSyn

(72.0 ± 27.8 vs 80.9 ± 24.8 dyne/cm2; p < 0.001), and there was a significant inverse

graded relationship with the number of NCEP criteria present (mean HSS for those

with 0, 1, 2, 3, 4, and 5 criteria: 83.2 ± 22.5, 82.2 ± 24.7, 76.5 ± 27.2, 74.3 ± 27.4, 66.5 ±

28.4, 67.1 ± 27.6 dyne/cm2; p < 0.001 for trend). The individual NCEP criteria of

abdominal obesity, systolic hypertension, and impaired fasting glucose were inde-

pendent predictors for HSS. In conclusion, MetSyn was not associated with impaired

FMD. Alternatively, HSS, a measure of microvascular function, was significantly

lower in those with MetSyn. Thus, MetSyn may contribute to CVD by causing micro-

vascular dysfunction.
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vasodilation

Introduction

The clustering of central obesity, insulin resistance,
dyslipidemia, hypertension, and dysglycemia was
first recognized by Reaven in 1988, and was eventu-
ally called the metabolic syndrome (MetSyn).1 In
2002, the National Cholesterol Education Program
Adult Treatment Panel III (NCEP) published clini-
cal criteria for the identification of the MetSyn,2

which were subsequently modified in 2004.3

Although the utility of the NCEPMetSyn definition
in clinical care remains controversial,4,5 it has
proven useful in epidemiologic studies where the

presence of the MetSyn has been associated with
an increased risk for the development of cardiovas-
cular disease (CVD) and type 2 diabetes, itself an
independent risk factor for CVD.6–8 Moreover, a
number of studies have shown associations between
the presence of MetSyn and subclinical atheroscle-
rosis, as assessed by carotid ultrasound,9 cardiac
computed tomography,10 and coronary angiogra-
phy,11 suggesting MetSyn is a risk factor for
atherosclerosis.
The mechanism by which theMetSynmay predis-

pose to atherosclerotic CVD remains speculative.
However, it has been proposed that the MetSyn
and/or insulin resistance may promote endothelial
vascular dysfunction, which plays a key role in
atherogenesis.12,13 Peripheral macrovascular endo-
thelial function can be non-invasively assessed using
high-resolution ultrasound by measuring flow-
mediated dilatation (FMD) of a conduit vessel,
such as the brachial artery, in response to hyperemic
shear stress (HSS). FMD is attenuated in indivi-
duals at risk of CVD or with established atheroscle-
rosis, and impaired FMD may be predictive of
future cardiovascular events.14–16 Alternatively,
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microvascular function can be assessed by a number
of techniques to measure changes in regional blood
flow in response to either pharmacologic or physical
stimuli that are partly related to endothelium-
dependent vasodilation of resistance vessels.17

HSS, which is the stimulus for inducing FMD, can
be measured with vascular Doppler during FMD
testing. HSS represents a non-invasive measure of
microvascular function, which has been shown to
correlate with coronary risk factors better than
FMD.18 With respect to the MetSyn, there are
limited and conflicting reports exploring the rela-
tionship of MetSyn and macrovascular and micro-
vascular function, as assessed by brachial artery
FMD, and leg or forearm blood flow.19–23 These
studies suggest a possible association of the MetSyn
with impaired resistance vessel function,20–22 but
conflicting results with respect to conduit vessel
function.19,22,23 Accordingly, the present study was
designed to explore whether there is an association
between the MetSyn, as defined by NCEP, and
macrovascular and microvascular function in a
large cohort of middle-age males without diabetes
or CVD from the Firefighters and Their Endothe-
lium (FATE) study.24 We hypothesized that the
MetSyn would be associated with reduced function
of both conduit and resistance vessels, as assessed by
brachial artery FMD and HSS, respectively.

Methods

FATE study participants
FATE is an ongoing Canadian, multicenter, pro-
spective, longitudinal study of middle-aged, male
firefighters designed to explore the relationship
between peripheral endothelial function and the
development of CVD.24 Between March 1999 and
October 2003, 1,578 firefighters (active and retired)
were recruited from four Canadian centers (Cal-
gary, Montreal, Hamilton, and Halifax). Partici-
pants from Calgary included firefighters of all
ages, while the other cities included those older
than 45 years. All individuals were screened to
exclude those with a history of prior CVD, as previ-
ously described.24 Based on a survey of 300 FATE
participants, they were relatively active with the
average individual performing 14 ± 2.3 hours of
light activity, 2.09 ± 2.01 hours of moderate activ-
ity, and 1.0 ± 1.0 hours of hard or very hard work
during the week prior to enrollment into the study.
The protocol was approved by the individual
research ethics committees at all four sites and all
participants gave written informed consent prior to
the baseline assessment.

Baseline assessment and classification of metabolic
syndrome
The baseline assessment was performed after a
12-hour overnight fast, and vasoactive medications
(angiotensin-converting enzyme inhibitors, angio-
tensin receptor blockers, calcium channel blockers,
beta-blockers, and nitrates) and alcohol were with-
held for 48 hours prior to the visit. Smokers were
asked to refrain from smoking for at least 4 hours
before the visit and they were not studied within
5 days of smoke or fire exposure. Fasting blood
samples were obtained at this visit for the baseline
biochemical assessment. A physical exam, including
blood pressure, height, weight, and waist circumfer-
ence, was performed according to standardized
methods and non-invasive vascular function was
carried out at that time.
Of the 1,578 FATE participants, 1,480 had suffi-

cient data to classify for the MetSyn according to
the modified NCEP criteria3 and all had technically
adequate vascular function tests (FMD and HSS).
Of these, 63 patients with established diabetes mel-
litus (based on self-reported history, use of hypogly-
cemic agents, and/or a fasting glucose > 7 mmol/l at
baseline) were excluded, leaving 1,417 individuals,
which comprised the current study cohort. Partici-
pants were classified as having the MetSyn if they
had three or more of the following criteria: abdomi-
nal obesity defined as waist circumference > 102 cm;
hypertriglyceridemia defined as triglycerides
> 1.7 mmol/l; low HDL cholesterol with an HDL
< 1 mmol/l; hypertension defined as systolic blood
pressure > 130 mmHg or diastolic blood pressure
> 85 mmHg; and impaired fasting glucose defined
by fasting glucose > 5.6 mmol/l.

Non-invasive assessment of vascular function
Vascular function of the brachial artery was
assessed non-invasively using a high-resolution
vascular ultrasound system equipped with a
7.5–10-MHz linear-array vascular transducer,
according to well-described methods.14,15,24,25
Briefly, the right brachial artery was imaged longi-
tudinally 2–15 cm above the antecubital crease. A
pneumatic tourniquet, placed on the upper arm, was
inflated to 250 mmHg pressure for 5 minutes and
rapidly deflated, resulting in reactive hyperemia.
Brachial artery images were obtained before cuff
inflation (first baseline), after cuff deflation (post-
reactive hyperemia), after 10 minutes of rest (second
baseline), and 3 minutes after sublingual nitroglyc-
erin (0.3 mg) and were recorded on sVHS tapes.
Additionally, pulsed-wave Doppler measurements
were obtained before and immediately after cuff
deflation to determine HSS.
Off-line analyses were performed at the Vascular

Function Core Laboratory by a single, experienced

264 LM Title et al.

Vascular Medicine 2008; 13: 263–270



technician, with extensive experience in FMD
assessments, as previously described.25,26 Computer-
assisted edge detection brachial artery analysis
software (DEA, Vasometrix, Montreal, Canada)
was used to calculate brachial artery diameters, as
previously described.25,26 FMD was defined as the
maximal percent change in brachial artery diameter
(between 60 s and 90 s) after reactive hyperemia,
compared to the first baseline. Nitroglycerin-
mediated dilatation (NMD) was calculated as the
percent change in brachial artery diameter at 3 min-
utes after nitroglycerin compared to the second
baseline.
Reactive hyperemic flow was measured using the

recorded pulsed-wave Doppler measurements. The
velocity time integral (VTI) in reactive hyperemia
was determined by measuring two consecutive tra-
cings of the velocity envelope obtained at peak flow
immediately following cuff release and averaging
them. One cardiac cycle was determined based on
ECG gating. HSS in reactive hyperemia was calcu-
lated using the following equation: HSS (dyne/cm2)
= 8 * 0.035 (dyne * s/cm2) * VTI (cm) * [heart rate/
60] / [baseline brachial artery diameter (mm) /10].
We made an assumption of laminar flow and con-
stant viscosity in our calculations, which is similar
to the methods employed by others.18

The intraobserver and interobserver variability
for repeat brachial artery diameter measurements
at the Core Laboratory are 0 ± 0.07 mm and 0.05 ±
0.16 mm, respectively. Among 51 participants
undergoing repeat FMD testing, group means
were similar (8.2 ± 3.2 versus 8.3 ± 2.8%), and the
mean of the absolute difference between determina-
tions for each participant was a favorable 1.8 ±
1.6%. For repeat HSS determinations, the coeffi-
cient of variation was 23%.

Biochemical analyses
Plasma glucose and serum lipids were measured by
standard automated analyzers. Plasma insulin levels
were measured with a commercial radioimmunoas-
say kit (Pharmacia & Upjohn Inc., Mississauga,
ON, Canada); high-sensitivity C-reactive protein
(hsCRP) levels were measured by a particle-
enhanced immunoturbidimetric method with a
Roche/Hitachi 912 analyzer (Roche Diagnostics,
Laval, Quebec, Canada). Insulin resistance was esti-
mated using the homeostatic model assessment-
insulin resistance (HOMA-IR), which equaled:
[plasma glucose (mmol/l) * plasma insulin (pmol/l) /
7.175] / 22.5.27

Statistical analysis
Continuous data are reported as means ± standard
deviation and categorical data are reported as
counts and percentage, unless stated otherwise.

The dichotomous relationship between the presence
or absence of MetSyn and HOMA-IR and hs-CRP
was determined using the Wilcoxon rank-sum test.
The dichotomous relationship between MetSyn and
FMD, NMD, and HSS was determined using one-
way analysis of variance. Adjustments for age,
smoking status, and brachial artery baseline diame-
ter were performed using multiple logistic regression
analysis. The ordinal relationship between the num-
ber of NCEP MetSyn criteria and the mean values
of FMD and HSS were determined using one-way
analysis of variance. Simple linear regression was
used to determine the relationship of insulin resis-
tance (HOMA-IR) to FMD and HSS. Multiple
regression analysis was used to determine whether
specific NCEP MetSyn criteria, the presence of
MetSyn (according to the NCEP definition), and
insulin resistance (HOMA-IR) were independent
predictors for FMD and HSS. Two-sided p-values
≤ 0.05 were considered to indicate statistical
significance.

Results

Characteristics of the FATE participants and
prevalence of metabolic syndrome
The baseline clinical and biochemical characteristics
of the FATE participants are summarized in Table 1,
according to MetSyn status. Of the 1,417 male parti-
cipants, 267 (19%) met the NCEP definition for Met-
Syn. Those with MetSyn were older and had higher
BMI, waist circumference, blood pressure, plasma
glucose, insulin, HOMA-IR and hs-CRP levels
and had proportionally more dyslipidemia, statins,
angiotensin-converting enzyme inhibitors, and
angiotensin receptor blockers, but fewer non-
smokers. Brachial artery diameters were significantly
larger in the individuals with MetSyn.

Relationship between metabolic syndrome and
vascular function
The relationship between MetSyn and brachial
artery vasodilatory function, including brachial
artery FMD and HSS, and NMD is summarized
in Table 2. FMD was significantly lower in those
with MetSyn (p = 0.02). However, those with Met-
Syn had many significant differences in baseline
characteristics, many of which may be important
confounders. While the differences in weight, BMI,
waist circumference, blood pressure, lipids, glucose,
insulin, HOMA-IR, and use of antihypertensive
medications are expected in those with MetSyn,
the differences in age, smoking, and brachial artery
diameter may be confounding variables for FMD
and HSS. Therefore, after adjusting for age, smok-
ing and brachial artery diameter, we found that
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FMD was not significantly different in those with
MetSyn (adjusted p-value = 0.2). Alternatively,
HSS was significantly lower in individuals with
MetSyn, both unadjusted and adjusted for baseline
differences in age, smoking and brachial artery dia-
meters (p < 0.001 and p = 0.01, respectively). NMD
was similar in those with and without MetSyn (non-
adjusted p = 0.1; adjusted p = 0.3).
There was no relationship between the number of

NCEP MetSyn criteria and FMD (mean FMD for
0, 1, 2, 3, 4, and 5 criteria: 8.7 ± 3.9, 8.7 ± 4.1, 8.7 ±
4.0, 8.0 ± 3.8, 8.1 ± 4.9, 8.3 ± 3.4%; p = 0.4 for
trend). In contrast, there was a significant, inverse
graded relationship with the number of NCEP cri-
teria and mean HSS (mean HSS for 0, 1, 2, 3, 4, and
5 criteria: 83.2 ± 22.5, 82.2 ± 24.7, 76.5 ± 27.2,
74.3 ± 27.4, 66.5 ± 28.4, 67.1 ± 27.6 dyne/cm2;
p < 0.001 for trend).

Relationships of FMD and HSS and metabolic
syndrome risk factors
Multiple regression analysis between FMD as the
dependent variable and the five individual NCEP
MetSyn criteria as independent dichotomous vari-
ables is shown in Table 3 (Model 1a). The presence
or absence of the NCEP-defined MetSyn was added
to the model to determine whether the diagnosis of
MetSyn provided any predictive value beyond the
individual MetSyn criteria (Model 2a). As shown
in the table, none of the individual MetSyn criteria,
nor the overall presence of MetSyn, was significant
independent predictors for FMD. Multiple regres-
sion analysis between HSS as the dependent vari-
able and the five individual NCEP MetSyn criteria
as independent dichotomous variables is shown in
Table 3 (Model 1b). Of the individual NCEP crite-
ria, abdominal obesity, systolic hypertension, and

Table 1 Clinical and biochemical characteristics according to NCEP MetSyn status

No MetSyn, n = 1150 (81%) MetSyn, n = 267 (19%)

Age 48.3 ± 9.9 52.5 ± 8.3*
Weight, kg 87.6 ± 10.0 101.4 ± 13.0*
BMI, kg/m2 27.6 ± 3.0 31.7 ± 3.6*
Waist circumference, cm 94.3 ± 8.0 106.3 ± 8.7*
Systolic blood pressure, mmHg 125 ± 15.0 138 ± 17.0*
Diastolic blood pressure, mmHg 80 ± 9.0 88 ± 10.0*
Total cholesterol, mmol/l 5.2 ± 1.0 5.5 ± 1.0*
LDL cholesterol, mmol/l 3.3 ± 0.8 3.3 ± 0.9
HDL cholesterol, mmol/l 1.3 ± 0.3 1.1 ± 0.2*
Brachial artery diameter, mm 4.3 ± 0.5 4.4 ± 0.6*
Triglycerides, mmol/l 1.2 (0.87–1.63) 2.3 (1.83–2.96)*
Fasting glucose, mmol/l 5.1 (4.8–5.4) 5.6 (5.1–5.9)*
Insulin, pmol/l 44.4 (32.7–60.9) 84.3 (62.9–115.4)*
HOMA-IR 1.39 (1.01–2.01) 2.88 (2.05–4.05)*
hs-CRP, mg/l 1.1 (0.6–2.0) 2.1 (1.1–3.3)*
Smoking: current/ex/non 141/449/560 (12/39/49) 28/140/99* (11/52/37)
Statins 70 (6) 27 (10)*
ACE/ARB 50 (4) 30 (11)*

Data given as mean ± SD, median (25–75% range) and n (%).
*p < 0.05.
MetSyn, metabolic syndrome; SD, standard deviation; BMI, body mass index; LDL, low-density lipoprotein; HDL, high-
density lipoprotein; HOMA-IR, homeostatic model assessment-insulin resistance; hs-CRP, high-sensitivity C-reactive
protein; ACE, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.

Table 2 Relationship of brachial artery endothelium-dependent FMD, HSS, and endothelium-independent NMD and
NCEP MetSyn status

No MetSyn, n = 1150
(81%)

MetSyn, n = 267
(19%)

p-value Adjusted p-value*

%FMD 8.7 ± 4.0 8.1 ± 4.1 0.02 0.2
%NMD 15.8 ± 5.8 15.2 ± 6.0 0.1 0.3
HSS (dyne/cm2) 80.9 ± 24.8 72.0 ± 27.8 <0.001 0.01

*Adjusted for age, smoking status and baseline brachial artery diameter.
MetSyn, metabolic syndrome; FMD, flow-mediated dilatation; NMD, nitroglycerin-mediated dilatation; HSS, hyperemic
shear stress.
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impaired fasting glucose were significantly and
independently associated with HSS. The presence
or absence of the NCEP-defined MetSyn was
added as an additional independent variable in the
model (Model 2b) and we found that the overall
presence of the MetSyn was not independently asso-
ciated with HSS beyond the individual components
of the syndrome (p = 0.7).

Relationships of FMD and HSS and insulin
resistance
Using linear regression, we found no significant
relationship between insulin resistance (HOMA-IR
as a continuous variable) and FMD (r = –0.026;
p = 0.3), while there was a significant inverse rela-

tionship with HSS (r = –0.15; p < 0.01). Multiple
regression analysis between FMD (vs HSS) as the
dependent variable and the five individual MetSyn
criteria plus insulin resistance (HOMA-IR > upper
quartile [2.38]) as dichotomous independent vari-
ables are shown in Table 4. None of the individual
MetSyn criteria, nor the presence of insulin resis-
tance were significant independent predictors for
FMD. Conversely, abdominal obesity, systolic
hypertension, and impaired fasting glucose were sig-
nificantly and independently associated with HSS,
while insulin resistance was not (p = 0.06). Similar
findings were found when insulin resistance was
included in the model as a continuous variable
(not shown).

Table 3 Multiple regression models relating macrovascular endothelial function (FMD) or microvascular endothelial
function (HSS) as the dependent variable and (1) the five individual NCEP MetSyn criteria as independent variables
(Model 1) and (2) the five individual NCEP MetSyn criteria along with the presence of MetSyn (Model 2)

Independent variable (categorical) Macrovascular endothelial function
FMD

Microvascular endothelial function
HSS

Model 1a,
R2 = 0.005;
p = 0.3

Model 2a,
R2 = 0.007;
p = 0.2

Model 1b,
R2 = 0.05;
p < 0.00001

Model 2b,
R2 = 0.05;
p < 0.00001

Beta
coeffi-
cient

p-value Beta
coeffi-
cient

p-value Beta
coeffi-
cient

p-value Beta
coeffi-
cient

p-value

Metabolic syndrome (present or absent) – – −0.075 0.08 – – −0.017 0.7
Abdominal obesity (waist > 102 cm) 0.006 0.8 0.036 0.3 −0.114 <0.001 −0.107 0.001

Hypertriglyceridemia
(triglycerides > 1.7 mmol/l)

0.007 0.8 0.028 0.4 0.013 0.7 0.018 0.6

Low high-density lipoprotein cholesterol
(HDL < 1 mmol/l)

−0.019 0.5 0.005 0.9 −0.017 0.5 −0.013 0.7

Hypertension (>130 mmHg systolic) 0.006 0.8 0.011 0.7 −0.109 <0.001 −0.108 <0.001
Hypertension (>85 mmHg diastolic) −0.053 0.08 −0.042 0.2 −0.033 0.3 −0.031 0.3

Impaired fasting glucose
(glucose > 5.6 mmol/l)

−0.041 0.1 −0.020 0.5 −0.070 0.008 −0.066 0.02

FMD, flow-mediated dilatation; HSS, hyperemic shear stress.

Table 4 Multiple regression models relating macrovascular endothelial function (FMD) or microvascular endothelial
function (HSS) as the dependent variable and the five individual NCEP MetSyn criteria and insulin resistance (HOMA-
IR > upper quartile) as independent variables

Independent variable (categorical) Macrovascular endothelial
function
FMD

R2 = 0.005; p = 0.4

Microvascular endothelial
function
HSS

R2 = 0.05; p < 0.00001

Beta
coefficient

p-value Beta
coefficient

p-value

Abdominal obesity (waist > 102 cm) 0.012 0.7 −0.094 0.001
Hypertriglyceridemia (triglycerides > 1.7 mmol/l) 0.010 0.7 0.023 0.4
Low high-density lipoprotein cholesterol (HDL < 1 mmol/l) −0.018 0.5 −0.013 0.6
Hypertension (>130 mmHg systolic) 0.007 0.8 −0.107 0.0001
Hypertension (>85 mmHg diastolic) −0.053 0.09 −0.032 0.3
Impaired fasting glucose (glucose > 5.6 mmol/l) −0.036 0.2 −0.055 0.048
Insulin resistance (HOMA-IR > upper quartile [2.38]) −0.019 0.5 0.060 0.06

FMD, flow-mediated dilatation; HSS, hyperemic shear stress.
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Discussion

In this large cohort of middle-aged male firefighters
without established diabetes or cardiovascular dis-
ease, the prevalence of NCEP-defined MetSyn was
19%. After adjusting for relevant covariates, we
found no association between MetSyn and conduit
function, as assessed by FMD. On the other hand,
HSS, a measure of resistance vessel function, was
significantly lower in the presence of MetSyn, with
an inverse, graded relationship to the number of
NCEP criteria present. While the individual NCEP
criteria of abdominal obesity, systolic hypertension,
and impaired fasting glucose were independently
associated with HSS, the presence of the MetSyn
itself provided no additional predictive value
beyond these individual components. Moreover,
this association did not appear to be significantly
related to insulin resistance, as assessed by
HOMA-IR.
The lack of an independent association between

brachial artery FMD and MetSyn, after adjusting
for confounding variables, is consistent with a
small study from Wendelhag, et al.,19 and with the
larger study by Lind,22 which used similar method-
ology to our study. That is, Wendelhag, et al.19

found that FMDwas similar in those with and with-
out MetSyn (defined by the World Health Organi-
zation) among males over the age of 60 (n = 55).
Similarly, Lind22 found no relationship between
FMD and the presence of the NCEP-defined Met-
Syn among 1,016 individuals aged 70 years (median
FMD: 4.1% vs 4.5%; p = 0.6), which agree with our
negative findings in a younger population of men.
In contrast, the recent Framingham Offspring study
involving 2,123 middle-aged to elderly individuals
demonstrated a significant inverse relationship
between the presence of MetSyn and FMD.23 How-
ever, similar to our study, they demonstrated larger
baseline brachial artery diameters with MetSyn and
although the baseline diameter is inversely related to
FMD they did not adjust for this covariable. There-
fore, one cannot be sure whether this confounding
variable was partly driving the positive association
between FMD and MetSyn. Thus, based on our
study and the other large studies,22,23 it remains con-
troversial as to whether there is an association
between FMD and MetSyn.
Unlike FMD, we found that MetSyn was associ-

ated with lower HSS, and that there was an inverse,
graded relationshipwith the number ofNCEP criteria
present. While it has been generally accepted that
FMD is dependent in part upon the endothelial
release of nitric oxide (NO), HSS, the stimulus for
FMD, has often been regarded as endothelium-
independent.17,28 That is, the extent of reactive hyper-
emia in response to forearm ischemia, has been long
considered to be related to the local release of

ischemia-induced vasodilators.17,28 However, some
studies have suggested that hyperemic flow may in
part be dependent upon the endothelial release
of NO, as the NO synthase inhibitor NG-
monomethyl-L-arginine has been shown to partially
reduce the extent of hyperemic flow after transient
ischemia.29,30 However, this has not been confirmed
by other ultrasound studies.31 Recently, Mitchell, et
al.18 measured brachial artery FMD and diastolic
shear stress produced during reactive hyperemia
and reported that coronary risk factors were better
related to HSS than to FMD. They hypothesized
that the impaired FMD responses attributed to cor-
onary risk factors may be partly related to a reduced
stimulus for dilatation, reflecting microvascular dys-
function, rather than impaired conduit artery
function.18 Thus, our findings suggest that the Met-
Syn is associated with impaired microvascular func-
tion, which is supported by previous studies that have
directly measured microvascular function.20–22 Lteif,
et al.20 demonstrated that there was impaired micro-
vascular function in 97 subjects with MetSyn. Simi-
larly, Lind22 found that forearm blood flow
responses to acetylcholine were impaired in indivi-
duals withMetSyn and that this was inversely related
to the number of NCEP criteria present. Hamburg,
et al.23 similarly demonstrated that MetSyn was
inversely related to brachial artery microvascular
function, as assessed by Doppler-based measure-
ments of hyperemic flow velocity. In agreement
with the studies of Lteif, et al.20 and Lind,22 we
found that this impairment in microvascular function
was specifically related to abdominal obesity, hyper-
tension, and dysglycemia. Unlike Lteif, et al.20 and
Hamburg, et al.,23 we found no independent associa-
tion of insulin resistance with HSS, beyond the
NCEP components. These individual components
of the metabolic syndrome have all been previously
reported to be associated with endothelial
dysfunction.23 Discussion of the pathophysiologic
mechanisms whereby these factors may contribute
to vascular dysfunction is beyond the scope of this
paper, but have been well discussed previously.12,13
The lower HSS associated with MetSyn may have
clinical significance, as this measure of microvascular
function has been associated with coronary risk fac-
tors18 and has recently been shown to be predictive of
future cardiovascular events in patients with periph-
eral vascular disease undergoing vascular surgery.32
That we saw an association between MetSyn and

microvascular function but no relationship with
macrovascular function is consistent with the
human study of Lind22 in which macro- and micro-
vascular function was separately studied by non-
invasive and invasive methods. This may suggest
that the MetSyn may have differential effects on
conduit and resistance vessels, with vascular dys-
function appearing primarily in the resistance
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vessels, which has been previously described in an
animal model of insulin resistance.33 O’Brien,
et al.,33 using a JCR:LA-cp rat model of insulin
resistance, found that resistance vessels of these
insulin-resistant rats had vascular dysfunction with
impaired response to acetylcholine, while conduit
vessels maintained normal responses to acetylcho-
line. However, as other animal models of insulin
resistance have demonstrated impaired conduit ves-
sel function, these findings may be model-
dependent.34 Moreover, demonstrating defects in
macrovascular function may be dependent upon
the type of human individuals that are assessed.
For example, Beckman, et al.35 have shown that
FMD varies according to the type of insulin resis-
tance that is present, as only individuals with type 2
diabetes had impaired FMD, while those with non-
HIV lipodystrophic diabetes and polycystic ovary
syndrome did not have impaired conduit vessel
function despite having profound insulin resistance.
Multivariate analysis in our study suggests the
impairment of microvascular function is a function
of the abdominal obesity, hypertension, and dysgly-
cemia that are components of the MetSyn and were
found in our participants. Similar to the recent study
by Hamburg, et al.,23 we found that the association
between MetSyn and microvascular function was
predominately driven by the presence of the individ-
ual components, rather than the overall clustering of
risk factors that define MetSyn, which has been also
noted in some epidemiologic studies.4
Our study has certain limitations. Most impor-

tantly, our population is confined to males who
are relatively healthy, free of overt CVD and diabe-
tes, and have normal FMDs. Potentially, this may
bias our study against demonstrating a relationship
of FMD to various risk factors. Second, one may
question the accuracy of the FMD measurements
from a multicenter study. However, all the FMD
studies were acquired at centers with extensive expe-
rience in performing FMD and the analysis was per-
formed by an experienced core laboratory, and we
noted good reproducibility on repeat studies.
Lastly, although we found significant associations
with various components of the MetSyn and HSS,
the contribution appears to be relatively small in our
model. These limitations are offset by the strength
of the study, namely the large sample size which
provides sufficient power to look at the relationship
between MetSyn and vascular function, while cor-
recting for baseline differences in the population.
In summary, we demonstrated that the MetSyn is

associated with lower HSS, which may represent
impaired microvascular vasodilator function. This
reduction in shear stress was better related to the
individual components of MetSyn, including
abdominal obesity, systolic hypertension, and dys-
glycemia, rather than to the overall syndrome per se.

Thus, these specific MetSyn components may con-
tribute to the development of CVD by causing
microvascular vasodilator dysfunction.
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