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Obesity is a world-wide epidemic with massive socioeco-
nomic consequences; in particular, it increases the likeli-
hood of associated pathologies including cardiovascular 
disease, type 2 diabetes, dyslipidemia, and sleep apnea. Early 
vascular aging and therefore elevated arterial stiffness, an 
independent marker of cardiovascular events and mortality, 
has been found to be associated with all these pathologies.1–8

Therefore, obesity could be expected to be directly related 
to increased arterial stiffness. However, conflicting results 
have been reported: in adults, some studies found a positive 
relationship between obesity and arterial stiffness, assessed as 
the carotid–femoral pulse wave velocity (PWV)9–15 whereas 
others found no such relationship16–21 or even a negative rela-
tionship.22,23 A recent review24 indicated that only 13% of the 
relevant publications reported a positive association between 
body mass index (BMI) and PWV. It is possible that the con-
flicting results are a consequence of different methodolo-
gies being used to measure carotid–femoral distance. Surface 

measurements in obese subjects can lead to overestimation of 
the arterial length.25 From magnetic resonance imaging (MRI) 
studies, the latest expert consensus advises using the direct dis-
tance multiplied by 0.8, and to use sliding calipers if the distance 
cannot be measured in a straight line with a tape.26 Another 
possible explanation for the discrepancies between studies is 
the probable presence of associated cardiovascular risk factors 
in obese patients such as diabetes and dyslipidemia, contribut-
ing to increased arterial stiffness, independently of obesity.

In this study, we examine the relationship between PWV 
and weight in a large and unselected cohort of patients with 
a large range of weights, and without or with associated car-
diovascular risk factors.

METHODS

Patients were recruited between 2008 and 2012 at the 
Clinical Pharmacology Unit of Henri Mondor Hospital 
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BackgrOunD
There are conflicting results in the literature concerning the relation-
ship between obesity and arterial stiffness, assessed by carotid–femoral 
pulse wave velocity (PWV). The discrepancies could be due to differ-
ences in carotid–femoral distance measurement and/or to the presence 
of pathologies frequently associated with obesity and which increase 
arterial stiffness. In this study, we examine the relationship between 
PWV and weight, without and with associated cardiovascular risk fac-
tors (diabetes and/or dyslipidemia).

METHODS
PWV was assessed with a Complior SP device (Alam Medical, France) in 
2,034 patients referred for ambulatory blood pressure monitoring. The 
carotid–femoral distance used to calculate PWV was measured with a 
flexible tape and from the estimated straight carotid–femoral distance 
obtained with a published equation.

rESuLTS
In the whole cohort, PWV did not differ significantly according 
to weight (9.6 ± 2.1, 9.8 ± 2.2 and 9.7 ± 1.9 m/s in normal weight, 

overweight and obese subjects, respectively, with the distance 
measured with a tape). PWV was significantly higher in the four 
groups of patients with cardiovascular risk factors (e.g., 11.1 ± 2.4, 
11.0 ± 2.7 and 10.4 ± 2.0 m/s in normal weight, overweight, and 
obese subjects, respectively, in the group treated for diabetes and 
dyslipidemia) than in the group of patients without cardiovascular 
risk factors (8.5 ± 1.6, 8.8 ± 1.7 and 8.5 ± 1.2 in normal weight, over-
weight, and obese subjects, respectively). There was no relationship 
between PWV value and weight status, whether or not there were 
cardiovascular risk factors, and whatever the distance used to cal-
culate PWV.

cOncLuSiOnS
In our cohort, obesity per se was not associated with increased arterial 
stiffness.
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(Créteil, France) where they were referred for 24-hour ambu-
latory blood pressure monitoring (ABPM). Informed con-
sent was obtained from all patients. The study was approved 
by local ethics review boards.

All patients referred to the clinical pharmacology unit 
filled in a standardized questionnaire on their medical his-
tory and their cardiovascular risk factors, and underwent a 
thorough clinical examination by the physician in charge.

PWV was measured after the patient had been resting in 
supine position for 15 minutes in a quiet, temperature-con-
trolled room. PWV was measured along the carotid–femo-
ral arterial segment by our trained and highly experienced 
research nurses, using the Complior SP device (Alam 
Medical, France), on the right side of the patient. For each 
subject, the mean of two measurements was used. If the dif-
ference between the two PWV values exceeded 0.5 m/s, the 
test with the lowest tolerance was used—the tolerance being 
a quality parameter provided by the Complior software 
and representing beat-to-beat variation. We successfully 
obtained a PWV value for every subject, including obese 
individuals. Pulse transit time was automatically measured 
by the validated foot-to-foot method from simultaneous 
carotid and femoral recordings as previously published.27–29 
As advised by the latest expert consensus,26 carotid–femoral 
distance was calculated as surface tape measurements mul-
tiplied by 0.8 and used to obtain PWV values (PWVtape).

In obese patients, surface measurements can lead to over 
estimation of the arterial distance.25,26 To overcome this 
limitation, we determined the straight line surface carotid–
femoral distance from the distance measured with a sliding 
caliper, by applying the recently published equation:25 D0.8_
calliper = 0.76*D_tape – 0.12*BMI + 2.73, where D0.8_cal-
liper is the caliper distance multiplied by 0.8 and D_tape the 
surface distance measured with a tape. We then calculated 
the estimated caliper PWV from the estimated straight line 
caliper distance (PWVcal).

Weight and height were measured with a digital scale 
in a standing position without shoes and are expressed in 
kilograms and centimeters, respectively. Waist and hip cir-
cumferences were measured in a standing position using 
a flexible tape measure. BMI was calculated as the weight 
divided by the height in meters squared. Subjects were classi-
fied according to World Health Organization (WHO) stand-
ards as normal (BMI < 25 kg/m2), overweight (25 ≤ BMI < 
30 kg/m2), or obese (BMI ≥ 30 kg/m2).

We also divided our cohort into five groups according to 
cardiovascular risk factors which are potentially confound-
ing factors with obesity: patients with no known cardiovas-
cular risk factor and no history of clinical cardiovascular 
disease; patients treated for type 2 diabetes; patients treated 
for dyslipidemia; patients treated for both type 2 diabetes 
and dyslipidemia; and patients with cardiovascular risk fac-
tors (CVD group) other than type 2 diabetes and dyslipi-
demia, including hypertension or personal history of stroke 
or coronary artery disease or peripheral vascular disease. 
Patients were classified as diabetic or dyslipidemic if cur-
rently treated with antidiabetics or drugs used for treating 
dyslipidemia, respectively. Patients were classified as hyper-
tensive if currently treated with antihypertensive drugs or 
diagnosed as hypertensive on the basis of 24-hour ABPM 

according to European guidelines, i.e., systolic blood pres-
sure day ≥ 135 mm Hg and/or diastolic blood pressure day 
≥ 85 mm Hg or systolic blood pressure night ≥ 120 mm Hg 
and/or diastolic blood pressure night ≥ 70 mm Hg.

Data were analyzed using SAS software (SAS 9.0, Cary, 
NC). Continuous values are expressed as means ± SD. 
Qualitative data are expressed as numbers (percentage). 
Comparisons involved using t-tests for normally distrib-
uted data, Wilcoxon Rank Sum tests for non-normal con-
tinuous data and chi-square tests for qualitative variables. 
Velocities were not normally distributed, so associations 
between velocities and continuous values were assessed 
with Spearman correlations. The PWV values presented are 
uncorrected, but for calculation of correlations, PWV val-
ues were adjusted for age and mean arterial pressure, cal-
culated as [diastolic pressure + (systolic pressure − diastolic 
pressure)/3] with systolic and diastolic blood pressure values 
measured just before PWV measurements. Differences were 
considered to be statistically significant if P < 0.05 and coef-
ficients of correlations were defined as negligible if R < 0.2 
even if statistically significant (P < 0.05).

rESuLTS

The study included 2,304 patients. The characteristics of 
this study population according to the BMI are shown in 
Table 1. The mean age was 56 years, consistent with popula-
tions of patients referred for 24 hours blood pressure moni-
toring generally. The BMI range was from 16.7 to 49.7 kg/m2 
(mean ± SD: 28.7 ± 5.0 kg/m2). The proportions of patients 
with hypertension, type 2 diabetes, and dyslipidemia 
increased with body weight (Table 1).

As expected, in the population as a whole, PWVtape was 
higher than PWVcal (0.6 ± 0.2 m/s, P < 0.001), PWVtape and 
PWVcal increased with age (for both, R = 0.49, P < 0.001) and 
mean blood pressure (for both, R = 0.25, P < 0.001). Similar 

Table 1. Patient characteristics according to BMI category

Normal 

weight Overweight Obese

N 561 905 838

Women (%) 50 34 42

Age (years) 54.6 ± 14.4 58.1 ± 12.1 56.6 ± 12.1

BMI (kg/m2) 22.8 ± 1.8 27.5 ± 1.4 34.1 ± 3.5

Waist circumference (cm) 82.4 ± 8.0 95.6 ± 7.3 109.5 ± 10.2

Waist-to-hip ratio 0.86 ± 0.07 0.92 ± 0.07 0.96 ± 0.08

Hypertension (%) 77 82 90

Diabetes (%) 15 28 40

Dyslipidemia (%) 29 42 49

Heart rate (bpm) 66 ± 11 65 ± 11 67 ± 12

MAP (mm Hg) 99 ± 11 100 ± 11 102 ± 11

Data are means + SD. P < 0.05 between the three groups for all 
values.

Abbreviations: BMI, body mass index; MAP, mean arterial 
pressure.
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results were obtained within each BMI group. Carotid–
femoral transit time increased slightly but significantly 
with increasing BMI (Table 2). The difference between sur-
face tape measurement distance and estimated straight line 
distance increased with increasing BMI (0.4 ± 0.1, 0.5 ± 0.1 
and 0.7 ± 0.2 m/s for normal weight, overweight, and obese 
respectively, P  <  0.001). However, neither PWVtape nor 
PWVcal differed significantly within the three BMI groups 
(Table  2). There was no increase in PWVtape or PWVcal 
with BMI as a continuous variable, or with waist circumfer-
ence or waist-to-hip ratio. In addition, we did not observed 
any difference in the relationship of PWV with central or 
peripheral obesity (PWVtape: R = −0.02, P = 0.64; PWVcal: 
R = −0.02, P = 0.61).

The characteristics of the patients according to their cardi-
ovascular risk factors are shown in Table 3. Patients with dys-
lipidemia, diabetes, or both were older and had a higher BMI 
than patients with no cardiovascular risk factor. PWVtape 
and PWVcal were higher in the four groups of patients with 
cardiovascular risk factors than in the group of patients with 
no cardiovascular risk factor (Table 3, P < 0.001). However, 
PWVtape did not differ significantly according to BMI 
within each cardiovascular risk group (Figure 1). The find-
ings were similar with PWVcal and when waist circumfer-
ence and waist-to-hip ratio were used as measured of obesity.

DiScuSSiOn

Obesity is directly related to the occurrence of patholo-
gies, generally leading to early vascular aging. However, in 
our cohort of more than 2,300 patients, we did not find any 
relationship between PWV and BMI, whatever the measure 
of the carotid–femoral distance used for the calculation of 
PWV (whether surface measurement with a flexible tape 
or straight line distance estimated by using an equation we 
recently published).25 In addition, we did not find any rela-
tionship between PWV and BMI in subgroups of patients 
classified according to the presence or absence of various 
cardiovascular risk factors.

We tested the hypothesis that the positive association 
between BMI and PWV found by some authors might be due 
to the use of surface distance measurements; this approach 
may overestimate PWV and hence lead to artificially high 
PWV values for obese subjects. Indeed, none of the pub-
lished studies used the recently recommended D0.8 method 

and all studies finding a positive relationship between obe-
sity and PWV used tape measurements; also, at least two of 
these studies reported an influence of BMI in women but not 
in men.17,19 As large breasts could lead to overestimation of 
the distance,30 this would be coherent with errors in distance 
measurements. As we previously reported,25 correcting for 
carotid–femoral straight-line distance measurements with a 
caliper has a larger influence on PWV values for obese than 
normal weight subjects. Nevertheless, we did not find any 
relationship between arterial stiffness and BMI, whether 
surface measurements or estimated straight line distance 
was used. Our results are in agreement with those of Rider 
et al.18 who measured aortic PWV with MRI and hence had 
access to the true distance. What is more, they measured 
PWV in segments of the aorta, a pure elastic artery which 
is thus more prone than muscular arteries to vascular aging. 
However, they did not observe any difference in aortic PWV 
between obese and normal patients, entirely consistent with 
our results.

As discussed by Rodrigues et al.,23 the finding of an appar-
ent positive relationship in some groups could be the con-
sequence of the association of obesity with diabetes and/
or dyslipidemia, both of which accelerate vascular aging. It 
may not be the excess of body fat but rather the associated 
disease that increases arterial stiffness. For example, Recio-
Rodriguez et al.10 found that an increase of BMI of 1 kg/m2 
led to an increase of 0.052 m/s in PWV, corresponding to 
about six months of vascular aging. However, 33% of the sub-
jects in the study were diabetic. Our cohort was large, so we 
could identify subgroups of patients with and without vari-
ous cardiovascular risk factors that were large enough to have 
sufficient statistical power to test for possible relationships 
between BMI and PWV. Groups with cardiovascular risk fac-
tors had higher arterial stiffness than patients with no known 
cardiovascular risk; within each group, there was no relation-
ship between PWV values and weight. Therefore, elevated 
BMI does not appear to be associated with greater arterial 
stiffness. However, this does not preclude the possibility that 
a reduction of obesity could lead to improvement in PWV. 
Indeed, significant weight loss has been reported to improve 
PWV.18,31

Cecelja et al.24 reviewed all articles relating PWV to car-
diovascular risk factors up to December 2008 and report 
that a relationship between BMI and PWV was found 
in only 13% of the studies. We extended this analysis to 
another ten articles, published since December 2008, 
specifically looking at the relationship between BMI and 
carotid–femoral PWV.10,11,13–15,17,20–23 Only 10 of the total 
of 62 studies (16%) found a positive association between 
BMI and PWV. One study looked very specifically at body 
fat and its relation to age and arterial stiffness:22 it found 
a negative relationship until middle age and then a posi-
tive relationship at older ages; this suggests a J-shape curve 
which would have been missed by standard multivariate 
analysis and might explain the discrepancies in the litera-
ture. In our cohort, we did not observe any difference with 
age (data not shown), but our cohort was older and with a 
smaller age range.

Obesity is usually considered to be a major cardiovascular 
risk factor and the paradoxical absence of relationship (or 

Table 2. Transit time and PWV values according to BMI category

Normal weight 

(n = 561)

Overweight 

(n = 905)

Obese 

(n = 838) P value

Transit time (ms) 53 ± 11 54 ± 11 57 ± 11 <0.001

PWVtape (m/s) 9.6 ± 2.1 9.8 ± 2.2 9.7 ± 1.9 NS

PWVcal (m/s) 9.2 ± 2.0 9.2 ± 2.1 9.0 ± 1.8 NS

Data are mean + SD.
Abbreviations: PWVtape, carotid–femoral pulse wave veloc-

ity calculated from surface tape measurement; PWVcal, carotid–
femoral pulse wave velocity calculated from estimated straight-line 
distance.
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even negative relationship) seems very surprising at first. 
However, a recent meta-analysis of obesity and mortality 
indicated that slightly elevated BMI was actually protective 
against CV diseases.32 This meta-analysis included data for 
2.88 million individuals in 97 studies and found that over-
weight subjects (BMI of 25–30 kg/m2) had the lowest mor-
tality whereas normal weight (BMI < 25 kg/m2) and grade 
2–3 obesity (BMI > 35 kg/m2) was associated with higher 
mortality.

Limitations

Our recruitment was cross-sectional, based on subjects 
referred to our unit for ambulatory blood pressure moni-
toring. Despite its size, our cohort may not represent the 
standard general population and recruitment bias cannot be 
excluded. Obesity was assessed from BMI, waist circumfer-
ence, and waist-to-hip ratio only. These measures might not 
correctly describe body fat composition and distribution, 

Figure 1. PWVtape values according to BMI group and cardiovascular risk. 

Table 3. Patient characteristics according to cardiovascular risk factor

No CV risk Dyslipidemia Diabetes Dyslipidemia and diabetes CVD

N 240 487 197 469 911

Women (%) 60 40 46 33 45

Age (years) 49 ± 13 63 ± 11 57 ± 10 63 ± 9 52 ± 13

BMI (kg/m2) 27 ± 4 29 ± 5 31 ± 5 31 ± 5 28 ± 5

BMI status (n (%)) 

 Normal 97 (40) 110 (23) 27 (14) 55 (12) 272 (30)

 Overweight 102 (43) 201 (41) 70 (35) 183 (39) 349 (38)

 Obese 41 (17) 176 (36) 100 (51) 231 (49) 290 (32)

Hypertension (%) 0 90 87 95 96

Heart rate (bpm) 66 ± 10 63 ± 11 70 ± 12 66 ± 12 67 ± 11

MAP (mm Hg) 93 ± 7 99 ± 10 102 ± 11 100 ± 11 104 ± 11

TT (ms) 60 ± 10 54 ± 11 53 ± 11 51 ± 11 56 ± 10

PWVtape (m/s) 8.6 ± 1.6 9.8 ± 1.9 10.3 ± 2.1 10.7 ± 2.3 9.3 ± 1.7

PWVcal (m/s) 8.2 ± 1.5 9.3 ± 1.9 9.6 ± 2.0 10.1 ± 2.2 8.8 ± 1.7

Data are means ± SD. P < 0.05 between the five groups for all values.
Abbreviations: BMI, body mass index; CVD, patients with cardiovascular risk factors other than diabetes and dyslipidemia; MAP, mean arte-

rial pressure; PWVtape, carotid–femoral pulse wave velocity calculated from surface tape measurement; PWVcal, carotid–femoral pulse wave 
velocity calculated from estimated straight line distance; TT, carotid–femoral transit time.
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but they do however represent standard clinical practice and 
are consistent with the WHO’s BMI category definitions.

In our cohort, obesity per se is not associated with ele-
vated arterial stiffness. Previous studies suggesting such a 
relationship may have suffered from technical or recruit-
ment biases. Careful characterization of study populations 
and adjustment for age, blood pressure, and concomitant 
cardiovascular-related disease are required to elucidate the 
consequences of obesity for arterial structure and function.
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