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Obesity and Overweight Associated With Increased Carotid
Diameter and Decreased Arterial Function in Young

Otherwise Healthy Men
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BACKGROUND

Obesity is linked to cardiovascular disease, stroke, increased mortality
and vascular remodeling. Although increased arterial diameter is associ-
ated with multiple cardiovascular risk factors and obesity, it is unknown
whether lumen enlargement is accompanied by unfavorable vascular
changes in young and otherwise healthy obese individuals. The purpose
of this study was to compare carotid and brachial artery diameter, blood
pressure, arterial stiffness, and endothelial function in young, apparently
healthy, normal-weight, overweight, and obese male subjects.

METHODS

One hundred sixty-five male subjects (27.39+0.59 years) were divided
into 3 groups (normal weight, overweight, and obese) according to
body mass index. Subjects underwent cardiovascular measurements to
determine arterial diameter, function, and stiffness.

RESULTS
After adjusting for age, the obese group had significantly greater bra-
chial, carotid, and aortic pressures, brachial pulse wave velocity, carotid

Obesity is associated with metabolic disorders and an
increased risk of mortality, cardiovascular disease, and
stroke"? and can lead to vascular remodeling.** It is unclear
whether arterial enlargement in obesity is an adaptive
mechanism due to a greater demand for oxygen and nutri-
ents because of the increased tissue mass® or a maladaptive
mechanism in which there is a change in diameter without
an accompanying increase in shear stress.*

Increased carotid arterylumen diameterisrelated tonumer-
ous cardiovascular risk factors.” There is a positive associa-
tion of lumen diameter with acute myocardial infarction, and

intima media thickness, and carotid arterial diameter compared with
both the overweight and normal-weight groups.

CONCLUSIONS

Obesity is associated with a much worse arterial profile, as an increased
carotid lumen size was accompanied by higher blood pressure, greater
arterial stiffness, and greater carotid intima media thickness in obese
compared with overweight or normal-weight individuals. These data
suggest that although obesity may be a factor in arterial remodeling,
such remodeling is also accompanied by other hemodynamic and arte-
rial changes consistent with reduced arterial function and increased
cardiovascular risk.
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a larger lumen in diastole might reflect a stiffer vessel due to
decreased intrinsic vessel elasticity.®* Lumen diameter is also
influenced by carotid intima-media thickness (IMT), an early
marker of the atherosclerotic process predictive of cardiovas-
cular events that is associated with visceral fat.” Furthermore,
obesity and fat distribution have also been linked to arterial
stiffness in both central and peripheral arteries.®® Arterial
stiffness is a significant risk factor for hypertension and car-
diovascular mortality.!%!! Obesity is also often,!'>!* but not
always,'*1> associated with reduced endothelial function,
another arterial marker of cardiovascular risk.!® It is not
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known if increases in lumen diameter observed in young and
otherwise healthy obese individuals are also accompanied
by other vascular changes, such as increases in arterial stiff-
ness and IMT, or reduced endothelial function. Obesity and
arterial remodeling, even at a young age, could be predictive
of future cardiovascular risk, especially if this occurs in the
presence of vascular dysfunction.

Chung et al. demonstrated that brachial artery remod-
eling in overweight individuals occurs in conjunction with
the maintenance of shear stress, suggesting that arterial
remodeling in obesity is an adaptive process.” However,
because obesity is sometimes, but not always,'*!* associ-
ated with reduced endothelial function'>'? and large artery
stiffness,!” it is clinically relevant to determine whehter arte-
rial remodeling in the presence of obesity is associated with
concomitant changes in arterial function. However, it is cur-
rently not known whether arterial remodeling in obesity is
concurrent with changes in arterial function. Furthermore,
it is also unknown whether obesity affects arterial remod-
eling differentially at different arterial sites, as studies to
date have mostly evaluated brachial or carotid remodeling
but not both. Therefore, the purpose of this study was to
examine differences between normal-weight, overweight,
and obese young, healthy men in carotid and brachial arte-
rial size, blood pressure (BP), central and peripheral arte-
rial stiffness, and endothelial function. We hypothesized
that obesity would be associated with increased brachial and
carotid artery diameter concomitant with decreased arterial
function shown in both the conduit and resistance arteries.

METHODS
Participants

One hundred sixty-five apparently healthy young men
(mean age = 27.39+0.59 years) participated in this study.
Participants were recruited from the local university popula-
tion, the greater Urbana-Champaign area, and the firefighter
population in central Illinois. All testing was conducted in the
same lab at the University of Illinois at Urbana-Champaign.
Subjects were divided into groups according to body mass
index (BMI): obese (OB; n = 51; body mass index (BMI)
> 30kg/m?), overweight (OW; n = 62; BMI = 25-30kg/
m?), and normal weight (NW; n = 52; BMI < 25kg/m?).
Participants completed a health history questionnaire and
were free of any cardiovascular disease, hypertension, or
hyperlipidemia. The participants were excluded if they were
taking any prescription medication influencing heart rate,
BP, or blood flow, or if they had taken any over-the-counter
medication in the past 7 days. Any subjects that were current
smokers were asked not to smoke 12 hours before testing.
The study followed the procedures for protection of human
participants as provided in the 1975 Declaration of Helsinki.
Before any data collection, all participants signed informed
consent, and the study was approved by the University of
Illinois at Urbana-Champaign Institutional Review Board.

Subjects reported to thelab for 1 visit. Subjects were instructed
to be 4 hours postprandial and to abstain from caffeine, alcohol,
and exercise for at least 24 hours before testing. Measurements
of height were taken using a stadiometer to the nearest 0.5, cm

and body weight was obtained using a beam balance platform
scale to the nearest 0.5kg. BMI was calculated as the weight in
kilograms divided by the height in meters squared.

Subjects then assumed a supine position and rested qui-
etly for 5 minutes in a temperature-controlled room before
systolic and diastolic BP measurements were obtained using
an automated oscillometric cuff (HEM-907 XL; Omron,
Kyoto, Japan). Brachial BP measurements were repeated,
and if values were within 5mm Hg of each other, the aver-
age of the 2 values was used for analysis. If measurements
were not within 5mm Hg, readings were taken until 2 values
within 5mm Hg were obtained. Heart rate was also recorded
during this time. Subjects remained in a supine position for
the remainder of the measurements.

Aortic and brachial pulse wave velocity (PWV)

Usingahigh-fidelity strain-gauge transducer (SphygmoCor;
AtCor Medical, Sydney, Australia), central pressure wave-
forms were taken first at the right common carotid artery
and then at the right femoral artery, and peripheral pressure
waveforms were taken at the right common carotid artery
and then at the right radial artery. Distances from the carotid
artery to the suprasternal notch and from the suprasternal
notch to the femoral artery or radial artery were measured as
straight lines with a tape measure and recorded to the near-
est millimeter. The distance from the carotid artery to the
suprasternal notch was subtracted from the distance from the
suprasternal notch to the femoral or radial artery to account
for the differences in the direction of the pulse wave propa-
gation. Aortic and brachial PWV was then calculated from
the distances between measurement points and the measured
time delay between 10 proximal and distal waveforms. All
measurements were conducted according to the guidelines of
the Clinical Application of Arterial Stiffness, Task Force IIL.!8
Test-retest repeatability (intra-class correlation) for resting
PWYV in a subset of subjects from this investigation calcu-
lated on 2 separate days was greater than 0.90 (P < 0.01).

Aortic and carotid BP

Applanation tonometry was performed using a high-
fidelity strain-gauge transducer (SphygmoCor; AtCor
Medical) on the radial artery to obtain pressure waveforms.
A central aortic pressure waveform was reconstructed from
the radial artery pressure waveforms using a generalized
validated transfer function.! Carotid artery pressure
waveforms were taken using applanation tonometry and
calibrated against brachial mean arterial and diastolic
pressure to determine carotid BP. The intraclass correlation
coefficient for all variables derived from the radial pulse
contour in a subset of subjects from this investigation,
collected on 2 separate days, was >0.85 (P < 0.01).

Reactive hyperemia (RH)

Forearm RH, an index of endothelial function, was
measured using strain gauge plethysmography (EC-4; D
E Hokanson, Bellevue, WA) immediately after obtaining
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resting forearm blood flow. The BP cuff on the upper arm
was inflated to 250 mm Hg for 5 minutes to occlude arm
blood flow. One minute before the release of the upper arm
cuff, the wrist cuff was inflated to 250 mm Hg. The upper
arm cuff was rapidly released, and changes in forearm
volume were measured in 15-second cycles for 13 readings
(3 minutes). The peak blood flow was the highest reading
recorded (RH peak), and all 13 measurements were plotted
into a curve, and the area under the curve was taken as a
measure of total RH. The intraclass correlation coefficient
for peak forearm blood flow after RH in a subset of subjects
from this investigation, collected on 2 separate days, was
0.90 (P < 0.01).

Intima-media thickness (IMT)

The IMT of the common carotid artery was measured
by ultrasonography (SSD-5500; Aloka, Tokyo, Japan) using
a high-frequency (7.5-MHz) linear array probe and was
defined as the distance between the leading edge of the
lumen-intima interface to the leading edge of the media
adventitia interface of the far wall. All measurements for
the carotid IMT were made at end-diastole from an aver-
age of 5 measurements of a 10-mm segment (separated by
2-mm intervals) obtained 20 mm proximal to the carotid
bifurcation.

Carotid arterial stiffness measurements

Using ultrasound (SSD-5500; Aloka) echo-tracking tech-
nology, indices of arterial stiffness and compliance, such as
B-stiffness, arterial compliance, and elastic modulus meas-
urements, were obtained from the common carotid artery
using a high-frequency (7.5-MHz) linear array probe. The
cephalic portion of the carotid artery was imaged in a lon-
gitudinal section, 10-20mm proximal to the bifurcation.
Echo-tracking gates were manually set just outside the
intima-media complex, near the edge of the adventitia side.
B-Stiffness index, one of the most commonly used clinical
markers®® and an independent risk factor for future vascular
events®! was calculated as a means of adjusting arterial com-
pliance for changes in distending pressure using the equation:

logP, /P,
(D, -D,/D,)

where P, and P, are the highest (systolic) and lowest (dias-
tolic) carotid pressures and D, and D, are the maximum
(systolic) and minimum (diastolic) diameters. The intra-
class correlation coefficient for measures of carotid stiffness
in a subset of subjects from this investigation, collected on
2 separate days, was 0.94 for B-stiffness and 0.86 for PWV.
Arterial compliance was calculated as an absolute change in
carotid lumen area for a given increase in pressure. Pressure-
strain elastic modulus was determined by the change in
carotid artery diameter for a change in arterial BP relative to
the average diameter.??
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Brachial artery diameter

The brachial artery diameter was imaged 5-10cm above
the antecubital fossa using an SSD-5500 ultrasound (Aloka)
with a high-frequency (7.5-MHz) linear array probe. A base-
line diameter was recorded during a 10-second interval dur-
ing diastole only. One experienced sonographer collected all
images. The images were digitized from the video output of
the ultrasound machine using a frame grabber under con-
trol of custom software (Vascular Research Tools 5; Medical
Imaging Applications, Corallvile, Iowa). Image acquisi-
tion was gated with an electrocardiogram signal so that the
images were captured at end-diastole in each cardiac cycle.

Carotid tensile wall stress

Carotid circumferential wall stress was calculated using
the equation?

MAP(diameter X 2)
IMT

where diameter is the carotid artery diameter in centimeters,
IMT is the intima-media thickness in centimeters, and MAP
is the mean arterial pressure in dynes/cm?.

Statistical analysis

All data are presented as the mean + SE. All analyses
were adjusted for age. Group differences in hemodynamics,
anthropometrics, microvascular function, and macrovas-
cular structure and function were tested separately with a
multivariate analysis of variance followed by Tukey-Kramer
post hoc tests. A stepwise multiple linear regression was
performed with carotid artery diameter as the dependent
variable using age, BMI, brachial systolic and diastolic BP,
IMT, B stiffness, aortic pulse wave velocity, and endothelial
function as potential predictors. Statistical significance was
set at P < 0.05. All analyses were conducted using Statistical
Package for Social Sciences software, version 18.0 (SPSS,
Chicago, IL).

RESULTS

Table 1 shows the descriptive statistics of the study popu-
lation divided into NW, OW, and OB groups based on BMI.
The OW and OB groups were both significantly older than
the NW group. All groups were significantly different from
each other in both BMI and weight, with both measures
increasing significantly from NW to OW and OW to OB.
The OB group had significantly higher brachial, carotid,
and aortic BPs when compared with both the NW and OW
group. There were no significant differences in heart rate.

Table 2 shows subject arterial characteristics of the NW,
OW, and OB groups. There were no significant differences
between groups in measures of aortic PWV, RH peak, RH
area under the curve, or arterial compliance. Brachial PWV
and IMT were significantly higher in OB individuals com-
pared with the OW and NW groups. Elastic modulus and
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Table 1. Subject descriptive statistics

Normal weight Overweight Obese
Variable (n=52) (n=62) (n=51)
BMI, kg/m? 23+0.2 27+0.2*  33+0.4%*
Age, y 24+09 28+0.8* 30+1.3*
Height, cm 178+0.9 177+0.8 177+0.9
Weight, kg 72+1.4 86+1.3* 104+1.4**
HR, bpm 57+1.3 58+1.2 60+1.3
Brachial SBP, mm Hg 124+1.3 126+1.2 132+£1.3%**
Brachial DBP, mm Hg 70+1.2 7011 76+1.2%**
Brachial MAP, mm Hg 88+1.1 88+1.0 94 +£1.1%*
Carotid SBP, mm Hg 116+£1.5 116£1.3 124+1.5%*
Carotid DBP, mm Hg 70+1.2 70+£1.1 76+1.2%**
Aortic SBP, mm Hg 105+1.3 106+£1.1  112+1.3%*
Aortic DBP, mm Hg 71+1.2 71£1.1 77+1.2%*

Data are mean + SEM.

Abbreviations: NW: normal weight. BMI, body mass index;
DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial
pressure; SBP, systolic blood pressure.

*P < 0.05 vs. normal weight; **P < 0.05 vs. overweight.

Table 2. Subject arterial characteristics

Normal
weight Overweight

Variable (n=52) (n=62) Obese (n = 51)
Aortic PWV, m/s 6.1+0.1 6.3+0.1 6.4+0.1
Brachial PWV, m/s 4.4+01 4.6+0.1 5.0£0.1%*
RH peak, %/min — 1 2712 29+1.1 25+1.3
RHAUC, AU 86+5.6 102+5.0 93+5.8
Ep, kPa 56+3.0 59+2.7 68+3.1*
AC, mm?/kPa 1.3+0.1 1.3+£0.0 1.4+0.1
Carotid IMT, mm 0.46+0.0 0.46+0.0 0.51+0.0***
Carotid CWS, 86.47+2.4 91.28+22 96.44+24*

dynes/cm? x 10*

Data are mean + SEM.

Abbreviations: AC, arterial compliance; AU, arbitrary units; AUC,
area under the curve; CWS, circumferential wall stress; Ep, elastic
moduls; IMT, intima-media thickness; PWV, pulse wave velocity; RH,
reactive hyperemia.

*P < 0.05 vs. normal weight; **P < 0.05 vs. overweight.

carotid circumferential wall stress were significantly higher
in the OB group compared with the NW group.

Figure 1 shows carotid f} stiffness in the 3 groups. § Stiffness
was significantly higher in the OB group compared with the
NW group. Figure 2 shows that there was no difference in
brachial diameter with increasing BMI; however, the carotid
arterial diameter was significantly higher in the OB and OW
groups compared with the NW group, and the OB group also
exhibited significantly higher carotid diameter compared
with the OW group.

Carotid beta stiffness
(arbitrary units)

Figure1. Carotid betastiffness. Mean + SEM.*P < 0.05 vs. normal-weight
group. Abbreviations: NW, normal weight; OB, obese; OW, overweight.

Results of the stepwise multiple linear regression demon-
strated that although BMI is a predictor of carotid arterial
diameter, other variables such as IMT,  stiftness, and aortic
PWYV are also associated with carotid diameter, collectively
explaining 41% of the variance. Although there were 21
smokers (9 in the NW group and 6 in both the OW and OB
groups), smoking was not included as a significant predictor
in the linear regression. The equation developed was

Carotid Arterial Diameter (mm) = 3.043 + (0.052 x BMI) +
(2.426 x IMT) + (0.096 x P stiffness) + (0.154 x aortic PWV);
standard error of estimate = 0.621 mm; R? = 0.412; p < 0.0001.

DISCUSSION

Our study provides several novel findings. First, although
carotid diameter increased linearly with BMI, BMI did not
impact brachial diameter in these young, otherwise healthy
men, suggesting obesity has differential effects depending on
arterial site. Obesity was also accompanied by higher carotid
artery stiffness, but interestingly, resistance artery endothe-
lial function was not reduced in the groups with higher BMI.
Furthermore, obesity was associated with an impaired arte-
rial profile, as evidenced by the increased carotid lumen size,
higher BP, greater carotid artery stiffness, and greater carotid
IMT in the OB group compared with the other groups. In
addition, a stepwise multiple regression demonstrated that
carotid artery diameter was positively associated with BMI,
aortic PWYV, carotid p stiffness, and carotid IMT. These data
suggest that obesity in these young men is associated with
arterial remodeling and is accompanied by other hemody-
namic and arterial changes consistent with reduced arterial
function and increased cardiovascular risk.

Arterial enlargement has been speculated to occur as a
compensatory mechanism due to atherosclerosis, which
leads to arterial wall thickening and an increase in lumen
diameter.?*-?” This occurs because of increases in shear stress at
the intimal thickening of the stenotic site, which is thought to
stimulate luminal enlargement to regulate wall shear stress.”
Chung et al. suggested that the arterial enlargement in obese
subjects is an adaptive response due to proportionate changes
in blood flow to maintain shear stress;* therefore their study
could not support measurement of the brachial artery lumen
size in determination of cardiovascular risk.?*** However, their
study included individuals with BMIs <29.7 kg/m?, and obesity
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Arterial diameter (mm)

1 Brachial
EE Carotid

Figure 2. Brachial and carotid arterial diameter. Mean + SEM. *P < 0.05 vs. normal-weight group. tP < 0.05 vs. overweight group. Abbreviations: NW,

normal weight; OB, obese; OW, overweight.

is considered to occur at 30 kg/m? Therefore, their population
might not have reached the point where arterial remodeling
was associated with a decrease in shear stress. Conversely,
recent data* from a population with a mean BMI of 46kg/
m? found a larger brachial artery diameter was accompanied
by a decrease in shear stress. This maladaptive remodeling is
thought to be associated with chronic inflammation of the
vascular wall, which leads to larger arteries with low shear
stress.>! Our data support arterial remodeling of the carotid
artery in obesity, but provide little evidence for a significant
effect of obesity on brachial artery diameter, suggesting that
obesity may have different effects on different arterial sites in
young, relatively healthy subjects.

Another potential mechanism of arterial diameter remod-
eling is prolonged high BP. This produces mechanical stress
and medial degeneration, leading to a decrease in arterial
compliance and production of a large lumen diameter.>>3
This is considered maladaptive if this perpendicular tension
to the arterial wall (circumferential wall stress) remains ele-
vated despite lumen diameter remodeling. In our study, obese
subjects had significantly higher carotid circumferential wall
stress when compared with normal-weight individuals, in
addition to greater carotid diameter, which might suggest
maladaptive remodeling. We also observed increased aortic,
carotid, and brachial pressures in obese individuals; how-
ever, our study design did not allow us to determine whether
the higher BP had been sustained for a period of time.
Interestingly, BP was not included as a significant predictor in
the multiple regression analyses, suggesting that BP may not
be a predictor of carotid lumen diameter, but carotid p stiff-
ness and carotid IMT were, in addition to BMI. Furthermore,
arterial stiffness and microvascular and endothelial function
are predictive of future hypertension, suggesting that these
variables precede increases in BP.>* These findings support
our data, suggesting that structural changes in the arterial
wall may be unrelated to BP, but are associated with increased
lumen diameter in obesity. Our study confirms previous find-
ings that obesity is related to arterial stiffness in multiple sub-
ject populations.?®3® In both young and older populations,
body fat measures, including BMI, were among the strong-
est independent predictors of aortic stiffness, indicating that
excess weight affects the vasculature at an early stage.®
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An important finding, with clinical relevance, in our study
was that arterial remodeling begins even at the overweight
stage, with increasing arterial dysfunction developing as
BMI increases. The Framingham Heart Study found that
individuals who are overweight based on BMI standards
exhibit increased risk for hypertension and cardiovascu-
lar risk factors.? Coronary heart disease mortality has also
been shown to increase 4%-5% for every BMI unit increase
exceeding 22kg/m?.* Furthermore, the increase in cardio-
vascular risk was exponential in the OB group because the
OB group had many risk factors that were absent in the OW
group, including higher carotid and aortic pressures, higher
brachial PWYV, higher carotid stiffness, and a larger carotid
IMT. These are all considered risk factors for cardiovascular
disease, even without the presence of obesity, and alterations
in these measures are early markers of vascular disease and
atherosclerosis.**~#? Our data also suggest that the OB group
exhibited maladaptive carotid remodeling because circum-
ferential wall stress was higher in this group, even with the
increased carotid diameter. Further research needs to be
done to determine whether weight reduction and decreased
arterial diameter can also reverse other cardiovascular risk
factors, such as those measured in this study.

Our study has several limitations. First, we used a cross-
sectional design; thus only associations and no cause—
effect can be inferred. Second, only men were included in
our sample; thus it is unknown whether our findings also
apply to women. Third, only young, apparently healthy men
were included; thus our findings may not be generalized to
other populations. We also did not perform blood analyses
of traditional cardiovascular risk factors. However, all par-
ticipants filled out a health history questionnaire and were
free of diagnosed cardiovascular disease, hypertension,
and hyperlipidemia; therefore we are classifying subjects as
“apparently healthy” Fourth, the age difference between our
groups may not be completely accounted for by controlling
for age in our multivariate analysis of variance. However, age
was not included as a significant predictor in our regression
model, suggesting that age was not a significant contributor
to our findings. Finally, groups were defined based on BMI,
which only takes into account height and weight. However,
the definition of obesity is based on BMI, BMI is commonly
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used in epidemiologic studies and has been recommended
for use in clinical practice,* and BMI is widely used because
of its simplicity.**

Our study demonstrates that obesity is associated
with negative changes in the vasculature that can lead to
increased cardiovascular risk, even in young, seemingly
healthy individuals. These vascular changes occur when an
individual is overweight, and then progress to further and
more advanced arterial dysfunction in obese individuals.
These vascular changes contribute to the increased risk of
cariodvascular mortality, cardiovascular disease risk, and
stroke associated with obesity. Consistent with prior data
from our group,!® it appears that obesity affects arterial
stiffness, IMT, and BP before a deterioration of endothe-
lial function. Data also suggest that the arterial impact of
obesity is not isolated to arterial size but is accompanied by
a deterioration of other markers of vascular structure and
function.
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