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Abstract

In the context of obesity epidemic, no large population study has extensively investigated the
relationships between total and abdominal adiposity and large artery structure and function nor
have such relationships been examined by gender, by age, by hypertensive status. We investigated
these potential relationships in a large cohort of community dwelling volunteers participating the
SardiNIA Study.

Methods and Results—Total and visceral adiposity and arterial properties were assessed in
6,148 subjects, aged 14-102 in a cluster of 4 towns in Sardinia, Italy. Arterial stiffness was
measured as aortic pulse wave velocity (PWV), arterial thickness and lumen as common carotid
artery (CCA) intima-media thickness (IMT) and diameter — respectively. We reported a nonlinear
relationship between total and visceral adiposity and arterial stiffness, thickness, and diameter.
The association between adiposity and arterial properties was steeper in women than in men, in
younger than in older subjects. Waist correlated with arterial properties better than BMI. Within
each BMI quartile, increasing waist circumference was associated with further significant changes
in arterial structure and function.

Conclusion—The relationship between total or abdominal adiposity and arterial aging (PWV
and CCA IMT) is not linear as described in the current study. Therefore, BMI- and/or waist-
specific reference values for arterial measurements might need to be defined
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INTRODUCTION

Obesity has become an increasingly alarming epidemic. Approximately 65% of the US
population (1) and more than one billion people worldwide (2) are overweight or obese.
Increases have been observed in men and women, at all ages and at all educational levels

3).

Obesity represents a major independent risk factor for cardiovascular disease (4-5).
However, there is considerable heterogeneity in the risks associated with excess adiposity.
Large studies have suggested that waist circumference, as an indicator of abdominal obesity
rather than total adiposity, is a better predictor of the risk of CV disease than adiposity or
body-mass index (BMI) (6-9). Abdominal adiposity is significantly associated with the
development of cardiovascular diseases independent of total adiposity (4, 10). Thus, we also
focused on the effect of increasing waist circumference within each quartile of BMI — from
the normal weight to the obese range of BMI.

The CV burden associated with obesity may differ by gender, in younger and older subjects,
in normotensive and hypertensive subjects. The prevalence of obesity is usually greater in
women than in men (11) and increases with advancing age (12). Obesity is associated with
greater mortality in younger than in older men, but no age-specific difference is observed in
women (13). Despite a greater prevalence of hypertension among obese subjects, obese
subjects with hypertension have been reported to have paradoxically fewer CV events than
individuals of normal weight (14-16)

One mechanism by which obesity can promote arterial damage and its progression to the
occurrence of cardiovascular events may be an effect due to remodeling of large arteries.
Numerous studies suggest that obesity is associated with large artery stiffening and
thickening (17-21), i.e. established risk factors for adverse CV outcomes (22-24).

To date, there are no large population studies that have extensively investigated the
relationships between total and abdominal adiposity and large artery stiffness and thickness
— estimated as aortic pulse wave velocity (PWV) and carotid intima-media thickness (IMT),
respectively — nor have such relationships been examined by gender, by age, by
hypertensive status. The purpose of the present study is to investigate these potential
relationships in a large cohort of community dwelling volunteers participating the SardiNIA
Study.

SUBJECTS AND METHODS

Study population

The SardiNIA Study investigates the genetics and epidemiology of complex traits/
phenotypes, including CV risk factors and arterial properties, in a Sardinian founder
population (25-26). Over a 3-yr period, from November 2001 to December 2004, all
residents aged 14 years and older in 4 towns of Sardinia Region, Italy were invited to
participate in the Study. The response rate was 60%, resulting in enrolment of 6148
participants aged 14-102 years old. Study design and measurements have described
previously (25-26).

All subjects gave written informed consent to participate the Study: The entire study was
approved by our Institutional Reviewe Board and it has been conducted in accordance with
the principles of the Declaration of Helsinki.

Hypertension was defined as an average BP = 140/90 mm Hg or if the participant was taking
antihypertensive medications.
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Adiposity and obesity definition

Height, weight and waist circumference (midway between the inferior margin of the last rib
and the crest of the ileum, in a horizontal plane) were determined for all participants. Body
mass index (BMI) was calculated as body weight (kg)/height (m)2. BMI was adopted as
indicator of total adiposity and waist circumference as indicator of abdominal adiposity.

As previously indicated (26), we defined normal weight (BMI < 25 Kg/m2), overweight
(BMI = 25-29.9 Kg/m2), and obese individuals (BMI = 30 Kg/m2). Abdominal obesity was
defined as a waist circumference = 88 cm for women and = 102 cm for men.

Arterial stiffness, thickness, and lumen

Carotid-femoral pulse wave velocity (PWV) was measured as previously described (26). A
minimum of 10 arterial flow waves from the right common carotid artery and the right
femoral artery were recorded simultaneously using nondirectional transcutaneous Doppler
probes (Model 810A, 9 to 10-Mhz probes, Parks Medical Electonics, Inc, Aloha, OR), and
averaged using the QR interval on ECG trace for synchronization. The foot of the flow, i.e.,
the point of systolic flow onset, was identified off-line by a custom-designed computer
algorithm, and verified or manually adjusted by the reader after visual review. The time
differential between the feet of simultaneously recorded carotid and femoral flow waves was
then measured. The distance traveled by the flow wave was measured with an external tape
measure over the body surface, as the distance from the right carotid sampling site to the
manubrium subtracted from the distance from the manubrium to the right femoral sampling
site. PWV was calculated as the distance traveled by the flow wave divided by the time
differential.

High-resolution B-mode carotid ultrasonography was performed by use of a linear-array 5-to
7.5-MHz transducer (HDI 3500-ATL Ultramark Inc) as previously described (26). The
subject lay in the supine position in a dark, quiet room. The stabilized BP after 15 minutes
from the onset of testing was used for subsequent analyses. The right common carotid artery
(CCA) was examined with the head tilted slightly upward in the midline position. The
transducer was manipulated so that the near and far walls of the CCA were parallel to the
transducer footprint and the lumen diameter was maximized in the longitudinal plane. A
region 1.5 cm proximal to the carotid bifurcation was identified, and the IMT of the far wall
was evaluated as the distance between the luminal-intimal interface and the medial-
adventitial interface. CCA intima-media thickness (IMT) was measured on the frozen frame
of a suitable longitudinal image with the image magnified to achieve a higher resolution of
detail. The IMT measurement was obtained from 5 contiguous sites at 1-mm intervals, and
the average of the 5 measurements was used for analyses. CCA diastolic diameter was
individuated through an ECG gating and measured similarly to IMT.

PWV, CCA IMT and diameter measurements were performed off-line by a single observer
(A. Scuteri) who was blinded to the identity of participants.

Medications

All the analyses of the current study were run in the whole population and, separately, in the
5310 subjects not on antihypertensive, antidiabetic, or lipid-lowering medications.

Statistical analysis

Data are presented as mean + SD unless otherwise specified. All analyses are performed
using the SAS package for Windows (9.1 Version Cary, NC). Differences in mean values
for each of the measured variables among groups are compared by ANOVA, followed by
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Bonferroni’s test for multiple comparisons. An ANCOVA analysis is employed to test for
interactions among adiposity and age, gender, and hypertension.

Univariate and multivariable linear regression analyses for continuous variables are
conducted to detect associations of covariates and arterial structure or function. These
models are constructed with arterial stiffness or thickness, alternatively, as dependent
variables. A two-sided p value < 0.05 indicates statistical significance.

Study population characteristics are listed in Table 1, whereas the Table 2 illustrates the
study population profile according to different age group. Increasing age was accompanied
by a progressive increase in PWV, CCA IMT, and CCA diameter values.

Univariate linear regression revealed that BMI is significantly positively correlated with
arterial stiffness (r2 = 0.230, p < 0.0001), thickness (r2 = 0.139, p < 0.0001), and diameter (r?
=0.230, p < 0.0001). Significant positive relationship between waist circumference and
large artery properties was observed and appeared to be stronger (higher correlation
coefficients) than those for BMI: specifically, for arterial stiffness (r2 = 0.245, p < 0.0001),
thickness (r2 = 0.176, p < 0.0001), and diameter (r2 = 0.240, p < 0.0001).

Total adiposity relationship with arterial stiffness

The relationship between BMI and arterial stiffness, measured as PWV, is best described by
a quadratic relationship in the entire SardiNIA population and in both men and women
(Figure 1 top left panel) — in which was stronger (r2 = 0.263, p < 0.0001) than in men (r2 =
0.175, p < 0.0001). This relationship remained significant even after controlling for age, sex,
SBP, DBP, LDL and HDL cholesterol, triglycerides, and fasting glucose levels.

While age is strongly correlated with PWV, the effects of BMI on PWV do not differ
significantly across age groups (interaction term p = 0.62), although the association appears
weaker in subjects > 65 years. The best fit line indicated a linear relationship between BMI
and PWV at all ages, except in subjects 35 to 49 years old in whom the best fit line is a
cubic relationship (Table 2 and Figure 1 middle left panel). No gender difference in the
relationship between total adiposity and arterial stiffness is observed across age groups
(interaction term BMI*gender*age group p = 0.08).

BMI is a stronger correlate of PWV in hormotensive than in hypertensive subjects
(interaction term BMI™* hypertensive status p < 0.0001). Of note the best fit line for the
relationship between total adiposity and arterial stiffness is cubic in normotensive subjects
(r2 =0.209, p < 0.0001) and linear in hypertensive ones (r2 = 0.043, p < 0.0001) (Figure 1
bottom left panel and Table 3).

Total adiposity relationship with arterial thickness

The relationship between BMI and arterial thickness, measured as CCA IMT, is best
described by a cubic relationship in the entire SardiNIA population and in men, whereas a
quadratic shape best describes th is relationship in women (Figure 2 top left panel) — in
which it was stronger (r2 = 0.155, p < 0.0001) than in men (r2 = 0.119, p < 0.0001).

This relationship remained signifcant even after controlling for age, sex, SBP, DBP, LDL
and HDL cholesterol, triglycerides, and fasting glucose levels.

Age is significantly correlated with CCA IMT and the association of BMI and CCA IMT
significantly differs across age groups (interaction term p < 0.01) and is weaker and
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statistically not significant in subjects 65 years and older. The best fit line for the
relationship between BMI and CCA IMT is quadratic in subjects < 35 years (r20.012, p <
0.001), cubic in those 35 to 49 years (r2 = 0.037, p < 0.0001), and linear in those 50 to 64
years old (r2 = 0.011, p < 0.001) (Figure 2 middle left panel).

BMI is a stronger correlate of CCA IMT in normotensive than in both men and women
hypertensive subjects (interaction term BMI* hypertensive status p < 0.0001). The best fit
line for the relationship between total adiposity and arterial thickness is cubic in
normotensive subjects (r2 = 0.125, p < 0.0001) and quadratic in hypertensive ones (r2 =
0.015, p < 0.0001) (Figure 2 bottom left panel).

Total adiposity relationship with arterial lumen

The relationship between BMI and arterial lumen, measured as CCA diameter, is best
described by a quadratic relationship for the entire SardiNIA population and in each gender
(Figure 3 top left panel), that was significantly stronger in women (r2 = 0.159, p < 0.0001)
than in men (r2 = 0.151, p < 0.0001).

This relationship remained signifcant even after controlling for age, sex, SBP, DBP, LDL
and HDL cholesterol, triglycerides, and fasting glucose levels.

Age is significantly correlated with CCA diameter. The effects of BMI on CCA diameter
significantly differs across age groups (interaction term p < 0.0001) and becomes
progressively weaker with advancing age. The best fit line for the relationship between BMI
and CCA diameter is quadratic in subjects < 35 years (r2 = 0.146, p < 0.0001), in those 35 to
49 years (r2 = 0.116, p < 0.0001), and in those 50 to 64 years old (r2 = 0.063, p < 0.0001),
but linear in subjects 65 years and older (r2 = 0.011, p < 0.001) (Figure 3 middle left panel).

BMI is a stronger correlate of CCA diameter in normotensive than in hypertensive subjects
(interaction term BMI* hypertensive status p < 0.0001), with no gender difference. The best
fit line for the relationship between total adiposity and arterial lumen diameter is quadratic
in both normotensive (r2 = 0.163, p < 0.0001) and hypertensive subjects (r2 = 0.035, p <
0.0001) (Figure 3 bottom left panel).

Abdominal adiposity relationship with arterial properties

The analysis of the correlation between waist circumference and arterial properties resulted
in a slightly higher r2 than those observed for the correlation with BMI in each and every
group of subjects (see Table 3 right columns). The best fit line describing the association
between waist circumference and arterial stiffnes, or thickness, or lumen has virtually the
same shape (linear or higher-order correlation) as described for BMI.

These relationships remained significant independently of age, sex, SBP, DBP, LDL and
HDL cholesterol, triglycerides, and fasting glucose levels.

Secondary analyses conducted in the 5310 subjects not on anti-hypertensive, antidiabetic, or
lipid-lowering medications, showed that the relationship of total or abdominal adiposity with
arterial properties was similar to that described in the general population.

When we focused on the effect of increasing waist circumference within each quartile of
BMI - from the normal weight to the obese range of BMI, increasing abdominal adiposity
significantly magnifies the arterial remodeling in each BMI group, both in lean and in the
obese subjects by standard clinical definition (see Figure 4) (p < 0.001 for PWV and CCA
IMT, p < 0.05 for CCA diameter — after controlling for age, sex, SBP, DBP, LDL and HDL
cholesterol, triglycerides, and fasting glucose levels).
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DISCUSSION

The present study in a large cohort of community dwelling men and women of broad age
range demonstrates nonlinear relationships between total and visceral adiposity and arterial
stiffness, thickness, and diameter. Indeed, a non-linear relationship between total adiposity
and mortality has recently been reported (13). Specifically, a higher risk for deaths was
observed in the lower (< 23 Kg/m2) and in the higher (= 26.6 Kg/m2) BMI groups than in
the middle BMI groups (13). Obesity and central obesity are more prevalent in women with
coronary disease than in men (11). Obesity is also more prevalent in older subjects (12), in
whom a higher BMI, in the “near-obese” range, has been associated with optimal survival
(27-29).

The significant association between adiposity and arterial stiffness and thickness in the
SardiNIA population has been reported in other study populations and has been found to be
independent of blood pressure levels, age, ethnicity (19-21, 30-31). This association was
stronger with visceral than with total adiposity (19-20, 32), as we confirmed in the present
study.

Recently, a large prospective collaborative study clearly showed that the burden of BMI and
waist circumference on the risk of CV disease was three-to-four times stronger in the age
group 40-59 than in subjects older than 70 years, but it did not differ between men and
women (33). However, the observation of the present study of a steeper association between
total or abdominal adiposity and arterial properties in women than in men as well as in
younger than in older subjects is novel.

The relationship between adiposity and arterial properties has been described even in
children and teenagers (34-35), indicating that a long exposure to increased fatness is not
necessarily a prerequisite for arterial stiffening and thickening. Rather, the association
between adiposity and arterial problems in children may reflect lifestyle or genetic factors
operating in very early phase of life (36-37), or may indicate that the complexity of age-
associated changes in arterial remodeling (38) are not “active” and the response of arteries to
individual traditional CV risk factors (adiposity in our case) is functional, i.e. occurring
without “organized” structural wall changes (39). However, it is noteworthy that even at
older ages, excess adiposity is associated with stiffer and thicker large arteries.

Surprisingly, the relationship of total or abdominal adiposity and arterial remodeling is
stronger in normotensive than in hypertensive subjects of our population. Although the
relationship between adiposity and higher blood pressure is linear, and is evident even in the
nonobese range (40) and although hypertension is a major determinant of arterial thickening
and stiffening (39, 41), obese hypertensives have been reported to have a “paradoxically”
lower risk of CV events than lean hypertensives (14-15). Whether this paradox may, at least
partly, be related to the relatively weaker impact of obesity on arterial structure and function
in hypertensive than in normotensive subjects remains to be determined. Certainly, higher
PWV or CCA IMT values in hypertensive subjects might influence the weaker observed
relationship with adiposity markers in hypertension.

Within each BMI quartile, increasing waist circumference was associated with further
significant changes in arterial structure and function. Indeed, waist circumference has been
reported as a significant predictor of new onset metabolic syndrome (42—43), that, in turn,
significantly increases arterial stiffness and thickness at any age and in both men and women
(39, 44). However, two prior studies reported that the significant association between
visceral adiposity and PWV (45) or CCA IMT (46) was dependent upon BMI, so that further
adjustment for BMI led to non-significant findings.
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The present study has some limitations. Firstly, the cross-sectional analysis presented does
not allow pathophysiological speculations. Secondly, the relatively larger representation of
younger subjects in this cohort of South-European (lower CV risk) population does not
allow generalization of our findings to other populations. Rather, cross-cultural comparison
of the reported relationship are welcome even though the study population consisted of more
than 6000 subjects. A potential additional limitation is sub-stratification of subjects into
small groups when combining adiposity and gender or age groups or hypertension. Waist-to-
hip ratio has been reported to show a graded and highly significant association with
myocardial infarction risk in different ethnic populations (47). It was not available in our
population, so it was not possible to test the correlation between arterial stiffness and
thickness with this additional measure of adiposity.

Clinical implications

The observed non.linear association between adiposity and arterial properties in specific
groups of subjects has relevant clinical implications. In fact, it implies that smaller reduction
in adiposity (for instance, by lifestyle interventions) will results in a dramatically greater
impact on arterial stiffness or thickness — and, thus, on individual CV risk profile —in
specific groups (women, middle-age subjects).

Accordingly, resources should be allocated to try reference and normative values for arterial
stiffness and thickness accounting also for obesity or specific for different adiposity groups
(overweight, obese). Indeed, a recent study firstly provided reference values for arterial
stiffness (48). However, in this remarkable study no stratification for adiposity was
specifically analysed.

Additionally, it might be relevant to identify subjects with greater adiposity and increased
pro-inflammatory cytokines circulating levels. In fact, higher leptin and hsCRP have been
found to be associated with stiffer and low adiponectin and high interleukin 6 levels with
thicker large arteries, respectively, independently from traditional CV risk factors and
metabolic syndrome (49). Thus, those subjects might have an accelerated arterial aging and
a greater risk for CV events.

Waist circumference can be a useful measurement to discriminate and follow-up subjects
who are at risk for accelerated arterial aging (and, thus, likely of CV events) above and
beyond the measurement of BMI. The present findings recall the relevance of routine
clinical measurement of waist circumference. Although measurement of waist
circumference is easy and not time-consuming, yet it has not widely adopted in clinical
practice (50).

Our results contribute to further emphasize the recent findings of 58 studies investigating the
association between total or abdominal adiposity and CV disease (33). Indeed, the Authors
remarked that adiposity may represent an intermediate CV risk factor whose clinical
assessment is critical at least because it provides a useful clinical tool to promote lifestyle
and behavioural changes and to improve CV risk communication (33).

Another relevant clinical implication of the present findings is a need to establish “normal”
or reference values for adiposity to facilitate a more accurate individual CV risk
stratification. In fact, the current waist circumference cut points were derived by regression
from an “obese” BMI (51). However, approximately 14% of women and 1% of men with
normal BMI (18.5-24.9kg/m2) have a “fat” waist circumference (52). Thus, waist
circumference may identify patients who are “metabolically obese” and at risk of
accelerated arterial aging, independent of their level of total adiposity (BMI)
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Indeed, it has been showed that BMI-specific waist threshold values provided a better
indicator of CV risk than the currently recommended waist circumference cut offs (53).
Studies are needed to establish waist cut offs that can assess CV risk that is not adequately
captured by BMI and routine clinical assessments. These reference values likely need to be
specific by gender, age groups, ethnicity, hypertension. Such an identification could imply
allocation to lifestyle and pharmacological therapy of subjects who would not have been
considered for treatment because of a normal BMI.
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Figure 1.

Best-fit lines describing the association between arterial stiffness (PWV) and total adiposity
(BMI) (left column) or abdominal adiposity (waist circumference) (right column)
according to gender (top panels), age group (middle panels), or hypertension (bottom
panels). Best fit line and coefficient of determination (r2) of each line are listed in Table 3.
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adiposity (BMI) (left column) or abdominal adiposity (waist circumference) (right column)
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panels). Best fit line and coefficient of determination (r2) of each line are listed in Table 3.
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Figure 3.

Best-fit lines describing the association between arterial lumen (CCA Diameter) and total
adiposity (BMI) (left column) or abdominal adiposity (waist circumference) (right column)
according to gender (top panels), age group (middle panels), or hypertension (bottom
panels). Best fit line and coefficient of determination (r2) of each line are listed in Table 3.
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Figure 4.
Average levels of arterial stiffness (top panel), thickness (middle panel), and lumen

diameter (bottom panel) according to quartiles of BMI (21.8 — 24.8 — 28.1 Kg/m2) and
gender-specific quartiles of waist circumference (men: 82 — 90 — 98 cm ; women: 71 — 79 —
89 cm).
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Table 1

Description of study population (The SardiNIA Study)

Mean + SD | Median | Interquartile Range

Age (years) 43.7+17.6 42.2 27.7
BMI (Kg/m2) 254+47 24.8 6.3
Waist circumference (cm) 84.8+13.1 84.0 20.0
Fasting glucose (mg/dl) 90.1+23.6 85.7 15.0
Total cholesterol (mg/dl) 208.6 +42.2 206.9 57.8
LDL cholesterol (mg/dl) 127.0+35.0 124.9 47.6
HDL cholesterol (mg/dl) 64.2+14.9 62.7 19.2
Triglycerides (mg/dl) 85.2+52.7 70.8 53.5
SBP (mmHg) 1258+184 | 1225 24.0
DBP (mmHg) 77.6+105 77.0 14.0
PP (mmHg) 48.7+13.0 47.0 15.0
MBP (mmHg) 936+12.1 92.0 16.3
PWV (cm/sec) 672 £ 227 615 238
CCA IMT (mm) 0.55+0.11 0.52 0.12
CCA diameter (mm) 5.41 + 0.68 53 0.9
Women (%) 57.5 N/A N/A
Overweight (%) 17.1 N/A N/A
Obese (%) 15.7 N/A N/A
Abdominal obesity (%) 22.1 N/A N/A
Hypertension (%) 29.1 N/A N/A
Antihypertensive medication (%) 9.7 N/A N/A
Antidiabetic medications (%) 2.1 N/A N/A

Insulin (%) 0.7 N/A N/A
Statin (%) 2.5 N/A N/A
Prevalent Myocardial Infarction (%) 09
Prevalent Stroke (%) 0.8
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Total (left columns) and visceral (right columns) adiposity association with arterial properties

BMI Waist circumference
Best fit 2 Best fit r2
PWV
All Q 0.224 C 0.243
Men Q 0.175 0.228
Women Q 0.263 C 0.289
Adge group
<35yrs L 0.083 Q 0.070
35-49 yrs Cc 0.117 Q 0.102
50-64 yrs L 0.062 C 0.078
65 > yrs L 0.026 L 0.032
Hypertension
Normotensive Cc 0.209 C 0.209
Hypertensive 0.043 0.051
CCA IMT
All C 0.141 C 0.174
Men 0.119 C 0.175
Women Q 0.155 L 0.166
Adge group
<35yrs Q 0.012 C 0.020
35-49 yrs Cc 0.037 L 0.037
50-64 yrs L 0.011 L 0.031
65 > yrs L 0.003 L 0.013
Hypertension
Normotensive Cc 0.125 C 0.141
Hypertensive 0.015 0.035
CCA Diameter
All Q 0.182 Q 0.239
Men Q 0.151 0.183
Women 0.159 0.166
Adge group
<35yrs Q 0.146 Q 0.180
35-49 yrs Q 0.116 Q 0.179
50-64 yrs Q 0.063 L 0.122
65 > yrs L 0.011 L 0.030
Hypertension
Normotensive Q 0.163 Q 0.210
Hypertensive Q 0.035 Q 0.077
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L = linear ; Q = quadratic ; C = cubic
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