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Background: We previously reported the arterial elasticity value we measured to reflect the characteristic
features of vessel walls, and to possibly be useful for detecting early stage atherosclerosis in type 2
diabetes. Obesity, especially visceral adiposity, is well known to play a crucial role in the development of
metabolic disorders and atherosclerosis. To assess whether arterial elasticity value reflects the effect of
obesity on atherosclerosis, we examined the associations of obesity characteristics with atherosclerosis
values including arterial elasticity, carotid intima-media thickness (IMT) and pulse wave velocity (PWV).

Iél?sv:gf; Methods: Three atherosclerosis values were measured in 78 obese subjects (body mass index >30).
Obesity We investigated the associations of atherosclerosis values with obesity-related parameters including
Ultrasound abdominal fat accumulation determined by computed tomography.

Results: Arterial elasticity values were positively related to established atherosclerosis values, carotid IMT
and PWV, in obese subjects. Age, systolic blood pressure and hypertension also correlated with these
atherosclerosis values. Single regression analysis showed all three atherosclerosis values to correlate
significantly with visceral fat area. Intriguingly, visceral fat area is an independent variable affecting
arterial elasticity, but not IMT or PWV. Furthermore, multiple regression analysis revealed that arterial
elasticity correlates strongly with visceral fat area.
Conclusions: Arterial elasticity value we measure is a new parameter for evaluating atherosclerosis in
subjects with visceral adiposity and more sensitive than the currently established atherosclerosis values,
carotid IMT and PWV. Measuring arterial elasticity has the potential to reveal minute vascular changes,
and may have broad clinical applications for evaluating early stage atherosclerosis.

© 2009 Elsevier Ireland Ltd. All rights reserved.

Visceral adiposity
Early stage atherosclerosis

Obesity has increased dramatically, becoming a global epi-
demic in recent decades [1]. Obesity is closely associated with
the development of atherosclerosis [2], via rising incidences of
metabolic disorders, including diabetes, dyslipidemia, hyperten-
sion, inflammation, and the prothrombotic state [3]. Furthermore,
obesity is involved in sympathetic nerve activation as well as car-
diac structural and functional adaptations [4], and is reportedly
an independent cardiovascular risk factor [5]. Recent studies have
shown that adipocytokines, such as PAI-1, TNF-a and adiponectin,
play crucial roles in the development of metabolic disorders and
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atherosclerosis, in various tissues including the vasculature [6]. In
particular, visceral fat accumulation, rather than the body mass
index (BMI) or subcutaneous fat accumulation, was shown to be
strongly associated with various obesity-related disorders [7], and
is thus considered to be a major risk factor for cardiovascular dis-
ease [8]. Many studies have shown that increasing body weight is
closely related to the surrogate markers associated with atheroscle-
rosis, such as carotid intima-media thickness (IMT) and pulse
wave velocity (PWV). In addition, visceral adiposity is reportedly
related to atherosclerosis, which is determined by carotid IMT
[9-13], coronary calcification [14] and arterial stiffness [15,16]. In
some reports, this relationship persisted after adjustments for mul-
tiple linear regression analysis [12-15]. While visceral fat areas
were correctly measured by computed tomography (CT) scans in
few studies [12,15], abdominal ultrasound was employed in many
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reports [9-11,13,14,16], which is often imprecise to determine vis-
ceral fat area. It has been widely recognized that non-invasive
methods of evaluating atherosclerosis have limitations, such as
slow changes in carotid IMT and the influence of blood pres-
sure on PWV. Thus, an accurate and practical means of evaluating
atherosclerosis is needed.

Recently, we developed a novel non-invasive method for mea-
suring a change in thickness of multiple layers preset in arterial
wall during a single heartbeat [17,18]. Briefly, multiple points were
preset from the luminal surface to the adventitia of the pos-
terior wall along an ultrasonic beam and the displacements at
these preset points were estimated by applying the phased track-
ing method to the received echo. A layer was defined as being
between two points. A minute change in thickness of the layer
was obtained by subtraction of the displacements at these two
points and then, the strain of the layer was obtained by dividing
the change in thickness by the original thickness set at the end
diastole. By changing the depth and applying the same procedure,
the strains at multiple depths in arterial wall were obtained at
constant intervals, usually 80 wm. This innovative phased track-
ing method enables us to evaluate regional characteristics of the
artery in detail; during a single heartbeat these sites either deform
easily in soft regions or there is little deformation in hard regions.
We integrated changes in thickness, which we describe with the
term “arterial elasticity”. This “arterial elasticity” measurement is
a promising approach to evaluating atherosclerosis [19,20]. There-
fore, we applied this method to in vivo detection of regional changes
in human carotid arterial walls. In a study of subjects with type 2
diabetes, carotid arterial elasticity correlated significantly with cur-
rently established values for atherosclerosis, such as carotid artery
IMT and PWV. Intriguingly, in subjects with IMT <1.1 mm, who are
classified as not having atherosclerosis as defined by IMT criteria,
arterial elasticity correlated with the number of risk factors, i.e.
diabetes, dyslipidemia, hypertension and smoking, suggesting that
arterial elasticity has potential for detecting early stage atheroscle-
rosis. It was also suggested that measuring arterial elasticity would
allow evaluation of qualitative changes in the carotid arterial wall
[21].

Herein, to assess whether the effect of obesity on atheroscle-
rosis can be evaluated using arterial elasticity, we examined the
associations of obesity characteristics with atherosclerosis values
including arterial elasticity, carotid IMT and PWV. We further eval-
uated the impact of fat distribution on atherosclerosis.

1. Methods
1.1. Study subjects

The study subjects were recruited from among patients with
BMI over 30 at Tohoku University Hospital. Patients with type 1
diabetes, renal failure (serum creatinine >2.0 mg/dL), severe heart
failure (NYHA functional class 2-4), atrial fibrillation and peripheral
arterial disease were excluded from the study. The study protocol
was approved by the Tohoku University Institutional Review Board.
Informed consent was obtained from each patient.

We used the following criteria for the diagnosis of metabolic dis-
orders. Diabetes was defined as fasting blood glucose >7.0 mmol/dl
(126 mg/dl) and/or hemoglobin Alc >6.5%, based on the defini-
tion proposed by the Japan Diabetes Society, or taking antidiabetic
drugs including insulin. Dyslipidemia was defined as LDL choles-
terol >3.6 mmol/dl (140 mg/dl) and/or triglyceride >1.7 mmol/l
(150 mg/dl), based on the definition proposed by the Japan
Atherosclerosis Society in 2007, or taking lipid-lowering drugs. The
subjects whose systolic blood pressure (BP) >140 mmHg and/or
diastolic BP >90 mmHg (Japanese Society of Hypertension guide-
lines 2004) or who were taking antihypertensive drugs were

defined as having hypertension. The subjects who currently smoked
were classified as current smokers.

1.2. Measurement of arterial wall elasticity

Real-time measurement of regional elasticity in the far wall of
common carotid artery (CCA) was achieved based on a previously
described method [22] with ultrasound diagnostic equipment (pro-
totype system by Panasonic), which was specialized for measuring
regional elasticity. With this system, an ultrasound beam sequen-
tially scanned an artery along its length at 32 positions at intervals
of 200 wm with a linear type 7.5-MHz probe.

Multiple points were preset from the luminal surface to the
adventitia along each beam at constant intervals of 80 wm, and
the displacements at these preset points were estimated by apply-
ing the phased tracking method to the received echo. A layer was
defined as being between two points, where the distance between
these two points (i.e. the thickness of the layer) was set at 320 pm.
As shown in Fig. 1C, minute changes in thickness of the layer were
obtained by subtraction of the displacements at these two points
and then, the strain of the layer was obtained by dividing the change
in thickness by the original thickness (320 wm) which was set at
the end diastole. By changing the depth of the layer at intervals of
80 wm and applying the same procedure, the strains at multiple
depths were obtained at intervals of 80 wm.

The elasticity of each layer was obtained from the maximal strain
and the pulse pressure measured at the upper arm. The maximal
strain is defined by the absolute value of difference between the
maximum and minimum of the measured change in thickness, as
shown in Fig. 1C, and the maximal strain was determined at each
location, independent of time.

Using the above procedure, the elasticity was obtained at inter-
vals of 80 wm in the direction of depth and 200 wm along its length,
as shown in Fig. 1B. Regional elasticity values of multiple sites in
each layer were displayed as shown in Fig. 1A and a mean regional
elasticity value (kPa) of bilateral CCA was used for analysis.

1.3. Measurement of carotid artery intima-media thickness

IMT of the carotid arteries was measured using ultrasound diag-
nostic equipment (EUB-450, Hitachi Medico, Tokyo, Japan) with an
electrical linear transducer (center-frequency of 7.5 MHz). By B-
mode ultrasound, CCA, carotid bulb, and portions of the internal
and external carotid arteries on both sides were scanned with the
subject in the supine position. IMT was measured at a point on the
far wall of the CCA, 1 cm proximal to the bifurcation [23], from the
longitudinal scan plane that showed the intima-media boundaries
most clearly.

1.4. Measurement of PWV

PWYV values were measured using an automatic waveform ana-
lyzer (BP-203RPE; Colin Co., Komaki, Japan) [24]. Pulse waves were
recorded on the right brachial artery and both posterior tibial arter-
ies. The average PWV was calculated by dividing the arm-ankle
distance by the pulse wave transmission time between these points
on both sides.

1.5. Measurement of abdominal fat area

Abdominal subcutaneous and intra-abdominal fat areas were
measured by CT scans with a SOMATOM Definition (Siemens AG.,
Munich, Germany) at the level of the fourth lumbar vertebra. The
border of the intra-abdominal cavity was outlined on the CT image
and the total area of visceral fat was measured at an attenuation
range of —200 and —50 Hounsfield units [25].
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Fig. 1. Evaluation of carotid artery elasticity by phase tracking method. Arterial elasticity is displayed as a 2D cross-sectional color image, which is updated at every heartbeat
(A). Multiple sites are preset from the luminal surface to the adventitia (113 depths x 32 beams per 9 mm x 6.4 mm scanned area) and elasticity in each module is measured
by the phase tracking method (B). The arterial wall was divided into multiple layers with thicknesses set at 320 wm. The changes in thickness at each depth during the cardiac
cycle are simultaneously obtained, and the maximum change in thickness corresponds to the elasticity in each module (C). The elasticity distribution is shown as a histogram

(D).
1.6. Statistical analysis

Variables were compared using Pearson’s regression analysis.
Then, a multiple linear regression analysis was performed to eval-
uate the independent parameters that were significantly related to
arterial elasticity. All data are expressed means & S.D., and a p-value
less than 0.05 was accepted as indicating statistical significance.
All statistical analyses were performed using the Statistical Pack-
age for the Social Sciences version 13.0 (SPSS Japan Inc., Tokyo,
Japan).

2. Results

The clinical characteristics of 78 subjects are shown in Table 1.
Mean age is 41.0 & 13.9 years, BMI 37.6 + 7.2 (kg/m?). Thus, the sub-

Table 1

Subject characteristics.

Number 78

Age, years 41.0+£13.9
Gender (male), % 29.5

Body weight, kg 98.8+£24.2
BMI, kg/m? 37.6+72
Fasting blood glucose, mg/dl 121.3+47.6
HbA1c, % 6.5+18
Serum insulin wU/ml 17.8+13.2
HOMA-R 45+38
Systolic BP, mmHg 126.9+ 144
Diastolic BP, mmHg 79.8 £10.7
Total cholesterol, mg/dl 208.2+43.5
HDL cholesterol, mg/dl 45.8+9.6
LDL cholesterol, mg/dl 132.6+32.9
Triglyceride, mg/dl 184.1+177.4
Uric acid, mg/dl 59+15
Visceral fat area, cm? 150.3 +55.7
Subcutaneous fat area, cm? 405.7 +£160.0
Diabetes, % 46.8
Dyslipidemia, % 60.3
Hypertension, % 48.7
Current smoker, % 28.0

Mean +S.D.

jects were relatively young and categorized as having moderate,
extreme or severe obesity according to Japanese guidelines.

To assess the clinical relevance of carotid artery elasticity
in obese subjects, the arterial elasticity value was compared to
atherosclerosis values obtained with currently established meth-
ods, carotid IMT and PWV. Arterial elasticity showed significant
positive correlations with both carotid IMT (r=0.422, p<0.01) and
PWV (r=0.360, p<0.01) in obese subjects (Fig. 2). Similar posi-
tive correlations among these three atherosclerosis values were
observed in our previous results in subjects with type 2 diabetes
[21]. The IMT value in this study was 0.61 +0.17 (range: 0.30-1.20)
mm and PWV was 1396 £+ 260 (range: 992-2117) cm/s, i.e. these
obese subjects did not have advanced atherosclerosis, in contrast
to the results in subjects with type 2 diabetes in our previous study
(IMT: 0.94 +0.30 mm, PWV: 1703 356 cm/s).

We then explored the association of carotid arterial elasticity
with the clinical and demographic characteristics of these obese

Table 2
Associations between atherosclerosis values and subject characteristics.
Variables r

Elasticity IMT PWV
Age 0.46" 0.44" 0.67"
Male 0.27° 0.24" —0.086
Body weight 0.03 -0.075 -0.11
BMI 0.07 —-0.06 0.045
Fasting blood glucose 0.14 0.032 0.14
HbA1lc -0.02 -0.036 0.0095
Total cholesterol 0.20 0.061 0.030
HDL cholesterol -0.03 0.19 0.060
LDL cholesterol 0.15 0.034 —0.049
Triglyceride -0.03 0.005 —0.040
Systolic BP 0.38" 0.27" 0.35"
Diastolic BP 0.28" 0.26 0.047
Uric acid 0.15 0.10 -0.20
Diabetes 0.15 0.091 0.39"
Dyslipidemia 0.04 -0.11 0.037
Hypertension 037" 0.39" 0.51"

" p<0.05.

*

" p<0.01
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Fig. 2. Correlations of arterial elasticity with carotid IMT (A) and PWV (B) in obese subjects.

Table 3 Table 5
Associations between each atherosclerosis value and fat distribution. Multivariate adjustment for parameters related to visceral fat area.
Variables r Variables Regression coefficient p
Elasticity IMT PWV Elasticity 0.34 0.0041

Visceral fat area 042" 0.25" 031" {)I\c\'/l'v 88;4 8317
Subcutaneous fat area —0.066 -0.111 0.046 . .

. R?=0.23.

p<0.05.
" p<0.01.

subjects. As shown in Table 2, arterial elasticity correlated with
age (r=0.46, p<0.01), gender (r=0.27, p<0.05), BP, both systolic
(r=0.38, p<0.01) and diastolic (r=0.28, p<0.05), and hyperten-
sion (r=0.37, p<0.01). Carotid IMT and PWV also showed similar
associations with age, systolic BP and hypertension.

To evaluate whether fat distribution affects atherosclerosis
in obese subjects, we performed a single regression analysis of
atherosclerosis values with subcutaneous or visceral fat accumu-
lation, as determined by CT scanning. Interestingly, visceral fat area
correlated significantly with arterial elasticity as well as carotid
IMT and PWV (Table 3), whereas subcutaneous fat area showed
no apparent association with these three atherosclerosis values
in the present study. Then, we performed multiple linear regres-
sion analysis with parameters related to atherosclerosis values, i.e.
age, hypertension and visceral fat area (Tables 2 and 3), to search
for independent variables affecting atherosclerosis values in obese
subjects. As shown in Table 4, each atherosclerosis value is associ-
ated with age, indicating that age is also a strong atherosclerosis
determinant in obese subjects. Intriguingly, the analysis revealed
that visceral fat area is an independent variable showing a posi-
tive correlation with carotid arterial elasticity, but not carotid IMT
or PWV. We next analyzed the results in a different way, to deter-
mine which of the atherosclerosis values is most strongly associated
with visceral adiposity. Visceral fat area was significantly associ-
ated with both arterial elasticity and PWYV, though the correlation
with arterial elasticity was stronger (Table 5). These results suggest

Table 4
Multivariate adjustment for parameters related to atherosclerosis values.

Variables Regression coefficient
Elasticity? IMTP PWV©

Age 030" 0.34" 0.52"
Visceral fat area 0.28" 0.075 —-0.06
Hypertension 0.13 0.019 0.32°

2 R2=0.32.

b R2=0.25.

¢ R2=0.47.

‘ p<0.05

" p<0.01.

that arterial elasticity is an excellent parameter of atherosclerosis
as compared with currently established atherosclerosis values and
might reflect the cardiovascular risk of visceral adiposity.

3. Discussion

We measured two established atherosclerosis values, carotid
IMT and PWV, in addition to “arterial elasticity”, which was mea-
sured by a novel method, in this study. Similar to our previous
results in subjects with type 2 diabetes [21], the arterial elastic-
ity value was significantly associated with those of carotid IMT and
PWV. These results raise the possibility of evaluating atherosclero-
sisin obese subjects with this novel method of measuring elasticity.
The important finding of the present study is that arterial elasticity
is a better measurement than either carotid IMT or PWV for eval-
uating the effect of visceral fat accumulation on atherosclerosis in
obese subjects; the multiple linear regression analysis revealed that
only carotid arterial elasticity, not carotid IMT or PWV, showed a
positive correlation with visceral fat area.

In addition, our present results clearly shows that visceral adi-
posity rather than subcutaneous adiposity is an important factor
affecting atherosclerosis in Japanese obese subjects with BMI over
30, since all three parameters for evaluating atherosclerosis, arte-
rial elasticity, carotid IMT and PWV, were significantly associated
with visceral fat area but not with subcutaneous fat area. Abdom-
inal fat accumulation, especially visceral adiposity, is well known
to play a crucial role in the development of metabolic syndrome
[26], leading to atherosclerosis and ultimately cardiovascular dis-
ease [6]. Indeed, visceral adiposity determined by CT scanning was
related to the incidence of coronary artery disease [8]. Further-
more, recent reports have shown several surrogate markers for
atherosclerosis, such as carotid IMT [9-13] and arterial stiffness
[15], to be associated with intra-abdominal fat accumulation in
subjects without advanced atherosclerosis. Since obesity is increas-
ing explosively world-wide, a practical and non-invasive method is
urgently needed for early detection of atherosclerosis before serious
cardiovascular events occur.

Herein, we have shown that our novel method of measur-
ing arterial elasticity has potential for detecting early stage
atherosclerosis in obese subjects. This ultrasonic method accurately
tracks arterial wall movements based on both the phase and the
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magnitude of demodulated signals, allowing instantaneous deter-
mination of the position of an object. With this method, it is possible
to accurately detect small-amplitude velocity signals, less than a
few micrometers, which are superimposed on arterial motion due
to the heartbeat. Thus, the values obtained with this method reflect
animportant characteristic of vessel walls, i.e. arterial elasticity. We
previously reported arterial elasticity to be a promising method of
evaluating early stage atherosclerosis in subjects with type 2 dia-
betes [21]. Taken together with the present results in obese subjects,
these finding indicate that measurement of arterial elasticity might
be broadly applicable to evaluation of subjects with atherosclerosis-
prone metabolic disorders.

This novel method also has potential for evaluating the elas-
ticity distribution in vessel walls with high spatial resolution; the
elasticity distribution is demonstrated as a histogram as shown
in Fig. 1D. Properties of the histogram, such as deviation and the
shape of the distribution, which were not used in this study, would
provide additional information regarding qualitative changes in
atherosclerosis. This possibility should be pursued in future inves-
tigations.

Several studies have examined which obesity-related values,
including body weight, BMI, waist-hip ratio and abdominal fat
accumulation, are closely associated with atherosclerosis values
such as carotid IMT [27,28] and PWV [29]. However, comparisons
among these atherosclerosis values were not conducted, i.e., which
ofthe atherosclerosis values, IMT, PWV or elasticity, is most strongly
associated with obesity-related values remains to be determined.
This is the first report demonstrating arterial elasticity to have a
stronger association with visceral fat area in obese subjects than
the two most widely used atherosclerosis values, IMT and PWV.

The present study has several limitations. The study design
was cross-sectional. Determination of whether arterial elastic-
ity predicts cardiovascular events in the future thus awaits a
prospective study. Another issue warranting further investigation
is whether reducing visceral adiposity would improve arterial elas-
ticity. Another important issue is that only approximately 30% of
our study subjects were male. The difference in fat distribution
by gender is well known, i.e. visceral adiposity is more frequently
observed in males [30] and subcutaneous adiposity in females [25].
However, despite the female dominance in our subject group, the
effect of visceral adiposity on arterial elasticity was confirmed by
multiple regression analysis, implying a crucial role of visceral fat
in atherosclerosis.

In conclusion, the present results indicate that arterial elastic-
ity is a novel, sensitive parameter for evaluating atherosclerosis in
obese subjects, potentially more useful than currently established
atherosclerosis values. Measuring arterial elasticity hold promise
of detecting minute vascular changes in early stage atherosclerosis,
and may have broad clinical applications for evaluating atheroscle-
rosis in subjects with metabolic disorders.
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