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Abstract: Objectives: Arterial stiffness is widely accepted as an important predictor of cardiovascular
disease (CVD) development. While obesity is generally associated with increased CVD risk, there is
evidence that overweight patients with existing CVD may have better clinical outcomes than their
lean counterparts. Our study sought to observe any potential association between brachial–ankle
pulse wave velocity (BAPWV), a marker of arterial stiffness related to CVD risk, and Body Mass
Index (BMI), a crude and widely used measure of obesity. Methods: Adult individuals (n = 857)
assessed for routine CV risk were included and grouped according to their BMI (<25 kg/m2: normal;
25–30 kg/m2: overweight, ≥30 kg/m2: obese). Their anthropometric parameters, brachial cuff
pressures, and BAPWV were measured. Results: Brachial pressure was significantly higher as BMI
increased. BAPWV showed a positive linear association with systolic (r = 0.66, p < 0.01), mean (r = 0.60,
p < 0.01), diastolic (r = 0.51, p < 0.01), and pulse (r = 0.53, p < 0.01) pressures. However, a linear
relationship between BMI and BAPWV was only apparent in males aged <50 years (p = 0.01) and in
females aged ≥50 years (p < 0.01). In individuals with similar brachial systolic pressure, BAPWV was
higher in normal-weight subjects compared to overweight–obese ones. Conclusions: This conflicting
finding is attributed to an overestimation of the degree of arterial stiffness as a measure of CVD risk
in individuals with a less ‘healthy’ BMI. This suggests that BMI may not the appropriate obesity
indicator to assess CV risk. Our finding emphasizes the importance of establishing a non-linear
relationship between CVD risk, age, and BMI, taking into account apparent sex differences, to predict
future CV events. While this finding may suggest a lower degree of stiffness in large arteries of
overweight–obese subjects compared to their normal-weight counterparts, the potential implications
for individuals with higher BMI need be explored further.

Keywords: arterial stiffness; cardiovascular disease; body mass index; blood pressure; age; sex

1. Introduction

Arterial stiffness is widely accepted as an important predictor of cardiovascular dis-
ease (CVD) development [1,2] and is usually considered as an index of vascular aging
quantifiable by the measurement of pulse wave velocity (PWV). There is an abundance of
information that shows a strong association between arterial stiffness and future cardiovas-
cular events in various clinical cohorts as well as in the general population, independently
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of traditional risk factors [3,4]; the relative ease and feasibility of PWV measurements has
made this index widely utilized in identifying CVD risk associated with arterial stiffness.

One of the methods to measure PWV is brachial-ankle PWV (BAPWV). BAPWV has
been shown to be closely correlated with the directly measured aortic and carotid–femoral
PWV [5]. This measurement can be performed easily using an automatic cuff for each of the
four limbs by an oscillometric method [6]. Another method of assessing vascular stiffness
is the ankle–brachial index (ABI), that is the ratio of the ankle systolic blood pressure
(BP) to the brachial systolic BP. ABI has been reported to have an inverse relationship
with the presence of CV risk factors [7]. While both indexes are shown to be markers of
arterial stiffness, there are conflicting reports on how well each one predicts CV risk in
the presence of different diseases [8,9]. One further limitation of PWV measurement is
its dependence on blood pressure (BP) level at the time PWV is taken, thus making this
parameter unsuitable to assess BP control with hypertensive therapies [10]. An alternative
to PWV is the cardio–ankle vascular index (CAVI) [11]; this index is not BP-dependent and
may reflect the stiffness of a section of an artery.

Obesity is a common and costly epidemiologic challenge worldwide. In China, obesity
has become a major public health issue, and its prevalence has increased rapidly in the past
four decades. In 2019, it was estimated that 34.3% of adults were overweight, and 16.4% of
adults were obese [12,13]. Obesity is generally associated with metabolic syndrome and
will lead to adverse health outcomes [14,15]. It is also associated with an increased risk of
developing cardiovascular disease (CVD), especially heart failure (HF) and coronary heart
disease (CHD) [16]. However, studies in overweight and obese subjects with established
diseases often found their heavier weight has a potentially protective effect when it coexists
with CVD; this phenomenon is termed the “obesity paradox” [17,18]. While the obesity
paradox has been observed in patients with HF and CHD, recent studies reported the
same observation in patients with hypertension [19], atrial fibrillation [20], and pulmonary
arterial hypertension [21].

The ‘obesity paradox’ may be related to the use of the Body Mass Index (BMI) to
measure obesity. The Body Mass Index (BMI), used worldwide, is a crude measure of
obesity that classifies individuals based on their weight and height, identifying normal,
overweight, and obese categories. There are studies that show that BMI indicates the
lean body mass and may inadequately represent body fat distribution [22]—the latter
is a stronger predictor of CVD morbidity and mortality [23]. Further, the practice of
classification based on BMI may not distinguish body shape or body fat distribution [24].
While obesity has been known to affect both sexes, it is apparent that females who are
overweight or obese have a higher susceptibility to weight-related stiffening of the arteries
associated with hypertension [25], hence increased CVD risk [26].

In this study, we attempted to observe any potential association between BMI, a simple
measure of obesity, and arterial stiffness measured as BAPWV, ABI, and/or CAVI, in a
health assessment clinic setting.

2. Methods

Individuals attending an outpatient clinic for CV risk screening between April 2017
and June 2018 at Ruijin Hospital North, Shanghai, China, were invited to participate.
Subjects with any CV symptoms and those with clinical or laboratory evidence of acute
CV-related and/or cerebrovascular diseases in the 3 months prior to the assessment were
excluded, as well as those with any malignancy. All subjects provided written informed
consent. This study was approved by the Ethics Committee of Ruijin Hospital North.



J. Cardiovasc. Dev. Dis. 2022, 9, 75 3 of 12

Following demographic and anthropometric data collection, a total of 857 recruited
subjects were divided into 3 groups based on their BMI (<25 kg/m2: normal; 25–30 kg/m2:
overweight, ≥30 kg/m2: obese). Measurements of brachial cuff pressures, BAPWV, and ABI
were performed in the supine position using the Omron device (BP-203RPEIII VP-1000
Kyoto, Japan), following 10 min of rest in a quiet, temperature-controlled (22 ◦C) room.
Appropriate standard-size four pressure cuffs were wrapped on both sides of the arms
and ankles to measure systolic (SP), diastolic (DP), mean (MP), and pulse (PP) pressures
and simultaneously record the arterial pulse waveform to estimate BAPWV and ABI [27].
Due to the health screening protocols performed at a busy outpatient department, only
single-point measurements of brachial pressure, BAPWV, and ABI were performed, and
measurements were made with the participant in a stable state. During the assessment, if an
individual was found to have an ABI < 0.9 and >1.3, we would perform a vascular Doppler
test of lower limb arteries to confirm whether there was any asymptomatic peripheral
arterial disease (arterial obstruction). We also estimated CAVI using the same BAPWV
value as a substitute of PWV determination from heart to ankle [28].

Besides analyzing the whole cohort, we hypothesized that some features related to
different class of BMI might be partly associated with sex, as we previously reported [25];
thus, we also grouped and further analyzed males and females separately.

All statistical analyses were performed using SPSS 24.0 for Windows (SPSS Inc.,
Chicago, IL, USA). A 2-sided p-value of <0.05 was considered statistically significant.
Continuous variables are expressed as mean ± SD. One-way ANOVA with Bonferroni
post-hoc test or Student’s t-test was used to detect significant differences between BMI
classes. Pearson’s correlation and partial correlation analyses were used to assess the
relationship between BMI and BAPWV, ABI and CAVI, adjusted for age, sex, heart rate,
and MP. The association of BMI with BAPWV as a marker of arterial stiffness was assessed
by univariate and linear regression adjusted for known cardiovascular risk factors (age, sex,
heart rate, MP, or SP). We further applied a mediation analysis to examine the influence of
age on the relationship between BMI and BAPWV using the PROCESS macro for SPSS.

3. Results

A total of 857 subjects (mean age 47 ± 15 years; 17–89 years; 72.6% males) were
recruited; 59% of them were classified in the normal weight group (35% overweight, 6%
obese) (Table 1). The obese group was the youngest (average 43 years), while the overweight
group was the oldest (average 51 years). The average values of brachial pressures, BAPWV,
and ABI were used for the analysis to minimize any potential difference between left and
right measurement sites. Compared to individuals with normal weight, SP and DP were
significantly higher in the overweight/obese group (both p < 0.01) (Table 1). BAPWV
showed a strong linear correlation with age (r = 0.658, p < 0.001), SP (r = 0.621, p < 0.001),
MP (r = 0.603, p < 0.001) and a positive correlation with other pressure indices (Table 2); a
weaker but significant correlation with heart rate and BMI was also observed. In contrast,
ABI only showed a positive and significant correlation with age, heart rate, SP, and PP
(Table 2), while the derived CAVI only showed a positive and significant correlation with
age, heart rate, and all pressures but not with BMI (Table 2). To understand to what the
extent of the relationship between BMI and BAPWV is influenced by age, we performed a
mediation analysis. We found that age (36.2%) partly mediated this relationship between
BMI and BAPWV, as expected.
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Table 1. Subjects’ characteristics grouped according to their BMI (mean ± SD).

LW
BMI < 25 kg/m2

OW
BMI 25–30 kg/m2

OB
BMI > 30 kg/m2

p-Value
(OW vs. LW)

p-Value
(OB vs. LW)

N 503 300 54
Age (years) 45.9 (15.3) 50.5 (14.4) 42.7 (14.7) <0.001 NS
SP (mmHg) 125.1 (18.0) 137.7 (17.2) 155.9 (17.6) <0.001 <0.001
MP (mmHg) 94.1 (14.7) 103.9 (14.2) 117.2 (15.6) <0.001 <0.001
DP (mmHg) 75.7 (10.9) 82.9 (10.8) 92.2 (13.5) <0.001 <0.001
PP (mmHg) 49.4 (10.7) 54.7 (10.8) 63.7 (10.1) <0.001 <0.001

BAPWV (cm/s) 1403 (333) 1505 (295) 1499 (229) <0.001 NS
ABI 1.12 (0.1) 1.13 (0.13) 1.09 (0.12) NS NS

CAVI 4.3 ± 1.8 4.5 ± 1.8 4.0 ± 1.8 0.033 0.090

BMI = Body Mass Index, LW = lean (normal) weight, OW = overweight, OB = obese. SP = Brachial Systolic
Pressure, MP = Brachial Mean Pressure (by integration), DP = Brachial Diastolic Pressure, PP = Brachial Pulse
Pressure, BAPWV = brachial–ankle Pulse Wave Velocity, ABI = ankle–brachial index, CAVI = cardio–ankle vascular
index, NS = not significant.

Table 2. Correlation between BAPWA (top) and ABI (bottom) with age, BMI, and hemodynamic
parameters.

Age BMI HR SP DP MP PP

BAPWV
CC 0.658 0.206 0.198 0.621 0.513 0.603 0.532

p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Age BMI HR SP DP MP PP

ABI
CC 0.293 −0.005 −0.165 −0.165 −0.003 −0.032 −0.158

p-value <0.001 NS <0.001 0.008 NS NS <0.001

Age BMI HR SP DP MP PP

CAVI
CC 0.666 0.046 0.175 0.31 0.196 0.3 0.325

p-value <0.001 NS <0.001 <0.001 <0.001 <0.001 <0.001

CC = Pearson’s correlation coefficient, p-value NS = not significant. BAPWV = brachial–ankle pulse wave velocity,
ABI = ankle–brachial index, CAVI = cardio–ankle vascular index. BMI = body mass index, HR = heart rate,
SP = systolic pressure, DP = diastolic pressure, MP = mean pressure, PP = pulse pressure.

Following our initial analysis of the whole cohort, we further analyzed males and
females separately (Table 3, Figure 1). In males, BAPWV was highest in the overweight
group, lower in the obese group, and lowest in the normal weight group, which can be
partly attributed to the age of the male subjects (the oldest was in the overweight group,
the youngest was in the obese group), despite brachial pressure values being all highest in
the obese group (Table 3). In females, there was a strong and steady significant increase in
BAPWV as BMI increased (Table 3). In our cohort, ABI was found to be not significantly
different in different BMI classes for both males and females (Figure 2). Further, our study
calculated CAVI as a derivation using BAPWV rather than estimating it directly; therefore,
we focused on examining the association of BAPWV with BMI and other hemodynamic
parameters.
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Table 3. Subjects’ characteristics according to their BMI for males (top) and females (bottom)
separately.

LW
BMI < 25 kg/m2

OW
BMI 25–30 kg/m2

OB
BMI ≥ 30 kg/m2

p-Value
(LW vs. OW + OB)

Males
N 323 254 45

BMI 22.7 (1.7) 27.0 (1.4) 32.1 (1.9) <0.001
Age (years) 47.9 (15.8) 50.6 (14.5) 41.2 (14.4) <0.001
SP (mmHg) 127.6 (15.9) 136.1 (15.2) 156.2 (18.7) <0.001
MP (mmHg) 95.8 (13.1) 102.7 (12.8) 117.7 (16.5) <0.001
DP (mmHg) 77.4 (9.8) 82.7 (10.4) 92.8 (13.8) <0.001
PP (mmHg) 50.2 (10.2) 53.4 (9.7) 63.4 (10.2) <0.001

BAPWV (cm/s) 1454 (338) 1509 (299) 1477 (212) 0.107
CAVI 4.5 (1.9) 4.6 (1.8) 3.8 (1.1) 0.016

Females
N 173 54 9

BMI 21.1 (1.9) 26.6 (1.2) 32.5 (2.4) <0.001
Age (years) 41.8 (13.8) 49.6 (14.1) 49.7 (15.0) <0.001
SP (mmHg) 120.1 (20.5) 144.4 (23.1) 154.6 (11.1) <0.001
MP (mmHg) 90.6 (17.0) 108.3 (18.4) 115.4 (10.5) <0.001
DP (mmHg) 72.2 (12.0) 83.5 (13.0) 89.0 (12.3) <0.001
PP (mmHg) 48.0 (11.6) 60.9 (13.1) 65.5 (9.6) <0.001

BAPWV (cm/s) 1302 (300) 1481 (276) 1610 (291) 0.007
CAVI 3.9 (1.5) 4.1 (1.2) 4.6 (1.8) 0.176

BMI = Body Mass Index, LW = lean weight, OW = overweight, OB = obese, p-value was the significance level
between LW and OW + OB due to the low numbers. SP = Brachial Systolic Pressure, MP = Brachial Mean Pressure
(by integration), DP = Brachial Diastolic Pressure, PP = Brachial Pulse Pressure, BAPWV = brachial–ankle Pulse
Wave Velocity.
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Figure 2. Relationship between ABI and BMI (black open triangles, females; black closed circles,
males). There was a small correlation between ABI and BMI for both males and females.

This apparent disparity between BAPWV and BMI with age and sex led us to further
investigate the independent association of BMI with sex and with age (<50 and ≥50 years)
using a simple linear regression analysis (Table 4, Figure 3). The strongest set of predictors
for BAPWV were age, sex, BMI, heart rate, and SP (model 2, R2 0.69), while age, sex, BMI,
heart rate, and MP were the second strongest set of predictors for BAPWV (model 1, R2 0.68).
We found that BMI was negatively associated with BAPWV (p < 0.001) in all regression
models. The discrepancy between males and females was evident only when age and BMI
were considered as predictors of BAPWV. In younger (≤50 years) males, both age (β = 0.19,
p < 0.0001) and BMI (β = −0.17, p < 0.0001) were strong predictors of BAPWV, while
for older (>50 years) males, only age remained a strong predictor (β = 0.45, p < 0.0001).
In contrast, in younger females, only age was a strong predictor of BAPWV (β = 0.28,
p < 0.0001), while in older females, both age (β = 0.42, p < 0.0001) and BMI (β = −0.23,
p = 0.004) were predictors.

Table 4. Determinants of BAPWV explored using a simple linear regression analysis.

Variable β p Value R2

Model 1 0.679

Age (years) 0.556 <0.001
Sex (female vs. male) −0.077 <0.001

BMI (kg/m2) −0.104 <0.001
HR (bpm) 0.183 <0.001

MP (mmHg) 0.473 <0.001
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Table 4. Cont.

Variable β p Value R2

Model 2 0.694

Age (years) 0.540 <0.001
Sex (female vs. male) −0.075 <0.001

BMI (kg/m2) −0.137 <0.001
HR (bpm) 0.199 <0.001

SP (mmHg) 0.507 <0.001

Model 3 0.588

Age (≥50 vs. <50 years) 0.461 <0.001
Sex (female vs. male) −0.097 <0.001

BMI (≥25 vs. <25 kg/m2) −0.069 <0.001
HR (bpm) 0.175 <0.001

MP (mmHg) 0.49 <0.001

Model 4 0.605

Age (≥50 vs. <50 years) 0.449 <0.001
Sex (female vs. male) −0.192 <0.001

BMI (≥25 vs. <25 kg/m2) −0.088 <0.001
HR (bpm) 0.192 <0.001

SP (mmHg) 0.516 <0.001
BMI: body mass index; SP: systolic pressure; MP: mean pressure; BAPWV: brachial–ankle pulse wave velocity;
HR: heart rate.
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Figure 3. Relationship between brachial SP and BAPWV between normal-weight (LW = lean weight)
(black open circles, females; black closed circles, males) and overweight (OW)/obese (OB) groups
(black open triangles, females; black closed triangles, males). A linear relationship (solid line for
LW, dashed line for OW + OB) between BMI class and BAPWV was only apparent for males aged
≤50 years (p = 0.01) and females aged >50 years (p < 0.01). The increase in arterial stiffness (measured
as baPWV) in the normal group appeared to be greater with similar brachial SP values when these
subjects were compared to individuals in the overweight and obese groups.



J. Cardiovasc. Dev. Dis. 2022, 9, 75 8 of 12

4. Discussion

Obesity is now seen as a global health problem with increasing prevalence worldwide.
A systematic analysis of the Global Burden of Disease 2013 Study [29] showed that the
percentage of individuals with BMI ≥ 25 increased from 28.8% in 1980 to 36.9% in 2013 for
men and from 29.8% to 38.0% for women. China’s obese population is described as ranking
the second in the world after that of the United States (13%) [30]; therefore, it is appropriate
to develop suitable early detection methods and interventions for obesity in China [12,13].

Our study found that all brachial pressures were significantly higher as BMI increased.
BAPWV showed a positive linear association with SP (r = 0.66, p < 0.01), MP (r = 0.60,
p < 0.01), DP (r = 0.51, p < 0.01), and PP (r = 0.53, p < 0.01). However, a linear relationship
between BMI and BAPWV was only apparent for males aged <50 years (p = 0.01) and
females aged ≥50 years (p < 0.01). When considering individuals with similar brachial
systolic pressures, BAPWV was higher in the normal-weight group compared to the
overweight–obese group. We attribute this disparity to an overestimation of the degree
of arterial stiffness as a measure of CVD risk in subjects with a less ‘healthy’ BMI, which
suggests that BMI may not be the appropriate obesity indicator to assess CV risk.

Observation at our Sydney clinic suggests that obesity in humans may “mask” arterial
degeneration that is usually described in individuals with hypertension and occurs with
aging. Therefore, we performed the current study to explore if any association exists
between age-related and/or sex-related stiffening of the arteries measured as BAPWV with
BMI in a general outpatient setting.

While obesity is a well-known CV risk factor, when obesity and HF or CHD coexist,
the prognosis in patients with high BMI seems to be more favorable as compared to those
who have a normal weight [18,31–34]; this fact is termed the “obesity paradox”. This
finding has been attributed to an overestimation of the degree of CVD risk associated with
arterial stiffness in individuals with a less ‘healthy’ BMI [23]. In fact, the MESA study
investigators [35] found that a higher BMI was significantly associated with a lower degree
of arterial stiffness, independently of common CVD risk factors.

The relevance of BMI to BAPWV as a measure of arterial stiffness remains contro-
versial [36,37]. In our study, BAPWV tended to rise significantly with an increase in BMI;
however, this was not clear. A recent study [38] did not find any significant correlation
between BAPWV and BMI, suggesting that arterial stiffness may have a weaker association
with the overall obesity status. While our study showed a linear relationship between
BMI class and BAPWV, this was only apparent for younger males aged <50 years (p = 0.01)
and older females aged ≥ 50years (p < 0.01). Females may be particularly affected by
obesity-related CVD [26], as the natural protection by females hormones diminishes with
age. Our study also found that BAPWV increased as BMI increased towards the overweight
level, yet in the obese population, BAPWV decreased, although it remained higher com-
pared to that in normal-weight individuals (Table 3). Our findings were further supported
when we investigated the relationship between brachial SP and BAPWV. In overweight
and obese subjects, BAPWV showed a lower-than-expected value with higher brachial SP,
than in individuals with normal weight, suggesting that the normal-weight group had
“stiffer” arteries (Figure 1). These conflicting results may be attributable to differences in
age, comorbidities, other CVD risk factors, or even in the measurement of anthropometric
and/or hemodynamic properties. Previous studies reported either a positive or a negative
association between BMI and arterial stiffness and attributed this inconsistency to the arte-
rial segment where PWV was measured, particularly in children and youth [39–42]. The
weight gain reflected as an increased BMI may have a different impact on different arterial
segments, and this may be dependent on BP or on passive arterial changes. Subsequently,
these changes may impact on the measurement of ‘regional’ arterial stiffness markers in
different stages of life, i.e., adolescence, adulthood, or mature age. Indeed, another study
including middle-aged patients, with normal or high blood pressure and hypertension
reported significant correlations between BMI and PWV, brachial augmentation index,
aortic augmentation index, and arterial age [43]. To undertake a comprehensive analysis
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including these variables is beyond the scope of our observational study, whose purpose
was to identify individuals in a general outpatient clinic with a greater risk of CVD due to
their weight and BMI.

PWV has been shown to be an indicator of arterial stiffness and CV risk; a 1 m/s
increase in PWV is associated with a 14% increased risk of CV disease [44]. PWV mea-
surement is currently the optimal measurement of arterial stiffness because of its accuracy,
simplicity, predictive value, and reproducibility. The Malmö Diet and Cancer Study at-
tempted to find the association between PWV and inflammation for CVD risk prediction
among elderly participants [45] and showed that the measurement of PWV can be used
as an objective and robust indicator of CVD risk. They suggested that low-grade systemic
inflammation might be the missing link between different metabolic phenotypes and CV
risk [46]; this warrants further consideration. The MESA study [35] found that the inverse
relationship between arterial stiffness and BMI remained in the elderly cohort, suggesting
that arteries in elderly individuals with normal weight may be less stiff than they appear by
measuring BAPWV. Another study found that regardless of the BMI, females are generally
more affected by progression of arterial stiffness [47], while this is not apparent in males.
The latter may lend support to other studies which have found BMI to be a crude measures
of total adiposity which may inadequately represent body fat distribution and/or body
shape [22]. A potential explanation of the obesity paradox highlights the inherent limita-
tions of assessing adiposity by BMI alone. As most studies usually categorize patients based
on their BMI, the groups that showed benefit may have a relatively healthier fat distribution
and a higher muscle mass [48]. It is also hypothesized that unaccounted for confounding
factors like cardiorespiratory fitness may be responsible for the obesity paradox [49].

A major limitation of our study is that females were under-represented, only com-
prised about 27.5% of the total study population, and only 7% of them were in overweight
or obese. However, the results are consistent with our findings previously published [25],
showing that overweight and obese females are more susceptible to weight-related hy-
pertension associated with faster degeneration of the elastic arteries. Furthermore, the
current study was an observational study and did not examine the effect of a greater BMI
on endpoint events. We did not analyze other cardiovascular and metabolic risk factors or
any cardiovascular-related medication. We also did not analyze body composition, which
would be useful to discriminate to what extent ‘fat excess´ contribution to a person’s BMI
is associated with arterial stiffness, as well as any inflammatory biomarkers which may
be predictors of PWV. Lastly, the study population was mainly recruited from a health
assessment clinic in Shanghai, China; hence, the findings may not be applicable to other
ethnicities.

The prognostic value of arterial stiffness in the future development of CVD has
been established. With the increasing prevalence of obesity worldwide, establishing the
associating between arterial stiffness and obesity will have significant clinical importance
for the early detection and prevention of CVD. This is particularly valuable for obesity
treatment, which must consider the strong link between indicators of obesity and CV
risk. It is apparent from our study and others that BMI, an overall obesity indicator,
may not reflect adipose tissue distribution, which has a strong correlation with CVD
risk. A thorough control of CV risk factors such as arterial stiffness and hypertension,
metabolic syndrome, and dyslipidemia contributing to obesity is vital to reduce future CVD
events. Our preliminary findings emphasize the importance of establishing a non-linear
relationship between BMI, age, and CV risk, taking into account apparent sex differences.
Further investigation on the effect of age and sex, considering the degree of obesity and
other anthropometric indices, as well as their clinical implications, is warranted.



J. Cardiovasc. Dev. Dis. 2022, 9, 75 10 of 12

Author Contributions: Conceptualization, J.Z., M.F.O. and A.A.; methodology, A.A. and A.P.A.;
software, J.Z.; validation, J.Z. and B.T.; formal analysis, J.Z. and A.A.; investigation, J.Z. and B.T.;
resources, A.A.; data curation, A.A. and J.Z.; writing—original draft preparation, M.F.O. and A.A.;
writing—review and editing, A.A.; visualization, A.A.; supervision, A.P.A. and M.F.O.; project admin-
istration, A.A. and J.Z. All authors have read and agreed to the published version of the manuscript.

Funding: The project was funded by the National Natural Science Foundation of China (Grant no
81500190) and Clinical Science and Shanghai Municipal Hospital New Frontier Technology joint
project (SHDC 12019X20), Shanghai Municipal Commission of Health and Family Planning (Grant
no 2020YJZX0124).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Ruijin Hospital North (approval number 2017-
(1)-1).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data underlying this article cannot be shared publicly due to the
Privacy of individuals that participated in the study.

Conflicts of Interest: The author declare no conflict of interest.

References
1. Boutouyrie, P.; Chowienczyk, P.; Humphrey, J.D.; Mitchell, G.F. Arterial Stiffness and Cardiovascular Risk in Hypertension. Circ.

Res. 2021, 128, 864–886. [CrossRef]
2. Maeda, Y.; Inoguchi, T.; Etoh, E.; Kodama, Y.; Sasaki, S.; Sonoda, N.; Nawata, H.; Shimabukuro, M.; Takayanagi, R. Brachial-ankle

pulse wave velocity predicts all-cause mortality and cardiovascular events in patients with diabetes: The Kyushu Prevention
Study of Atherosclerosis. Diabetes Care 2014, 37, 2383–2390. [CrossRef]

3. Chirinos, J.A.; Segers, P.; Hughes, T.; Townsend, R. Large-Artery Stiffness in Health and Disease: JACC State-of-the-Art Review. J.
Am. Coll. Cardiol. 2019, 74, 1237–1263. [CrossRef]

4. Vlachopoulos, C.; Aznaouridis, K.; Stefanadis, C. Prediction of cardiovascular events and all-cause mortality with arterial stiffness:
A systematic review and meta-analysis. J. Am. Coll. Cardiol. 2010, 55, 1318–1327. [CrossRef]

5. Tanaka, H.; Munakata, M.; Kawano, Y.; Ohishi, M.; Shoji, T.; Sugawara, J.; Tomiyama, H.; Yamashina, A.; Yasuda, H.; Sawayama,
T.; et al. Comparison between carotid-femoral and brachial-ankle pulse wave velocity as measures of arterial stiffness. J. Hypertens.
2009, 27, 2022–2027. [CrossRef]

6. Ohkuma, T.; Ninomiya, T.; Tomiyama, H.; Kario, K.; Hoshide, S.; Kita, Y.; Inoguchi, T.; Maeda, Y.; Kohara, K.; Tabara, Y.; et al.
Brachial-Ankle Pulse Wave Velocity and the Risk Prediction of Cardiovascular Disease: An Individual Participant Data Meta-
Analysis. Hypertension 2017, 69, 1045–1052. [CrossRef]

7. Rabkin, S.W.; Chan, S.H.; Sweeney, C. Ankle-brachial index as an indicator of arterial stiffness in patients without peripheral
artery disease. Angiology 2012, 63, 150–154. [CrossRef]

8. Sugawara, N.; Yasui-Furukori, N.; Umeda, T.; Kaneda, A.; Sato, Y.; Takahashi, I.; Matsuzaka, M.; Danjo, K.; Nakaji, S.; Kaneko, S.
Comparison of ankle-brachial pressure index and pulse wave velocity as markers of cognitive function in a community-dwelling
population. BMC Psychiatry 2010, 10, 46. [CrossRef]

9. Guoxiang, F.; Yuan, Z.; Fengfeng, P.; Chanchan, X. Differential Sensitivity of Brachial-Ankle Pulse Wave Velocity and Ankle-
Brachial Index for Cardiovascular Risk Assessment in Elderly Chinese: A Cross-Sectional Study. Artery Res. 2021, 27, 82–86.
[CrossRef]

10. Shirai, K.; Hiruta, N.; Song, M.; Kurosu, T.; Suzuki, J.; Tomaru, T.; Miyashita, Y.; Saiki, A.; Takahashi, M.; Suzuki, K.; et al.
Cardio-ankle vascular index (CAVI) as a novel indicator of arterial stiffness: Theory, evidence and perspectives. J. Atheroscler.
Thromb. 2011, 18, 924–938. [CrossRef]

11. Sun, C.K. Cardio-ankle vascular index (CAVI) as an indicator of arterial stiffness. Integr. Blood Press Control. 2013, 6, 27–38.
[CrossRef]

12. Pan, X.F.; Wang, L.; Pan, A. Epidemiology and determinants of obesity in China. Lancet Diabetes Endocrinol. 2021, 9, 373–392.
[CrossRef]

13. Zeng, Q.; Li, N.; Pan, X.F.; Chen, L.; Pan, A. Clinical management and treatment of obesity in China. Lancet Diabetes Endocrinol.
2021, 9, 393–405. [CrossRef]

14. Powell-Wiley, T.M.; Poirier, P.; Burke, L.E.; Després, J.-P.; Gordon-Larsen, P.; Lavie, C.J.; Lear, S.A.; Ndumele, C.E.; Neeland, I.J.;
Sanders, P.; et al. Obesity and Cardiovascular Disease: A Scientific Statement From the American Heart Association. Circulation
2021, 143, e984–e1010. [CrossRef]

15. Jastreboff, A.M.; Kotz, C.M.; Kahan, S.; Kelly, A.S.; Heymsfield, S.B. Obesity as a Disease: The Obesity Society 2018 Position
Statement. Obesity 2019, 27, 7–9. [CrossRef]

http://doi.org/10.1161/CIRCRESAHA.121.318061
http://doi.org/10.2337/dc13-1886
http://doi.org/10.1016/j.jacc.2019.07.012
http://doi.org/10.1016/j.jacc.2009.10.061
http://doi.org/10.1097/HJH.0b013e32832e94e7
http://doi.org/10.1161/HYPERTENSIONAHA.117.09097
http://doi.org/10.1177/0003319711410307
http://doi.org/10.1186/1471-244X-10-46
http://doi.org/10.2991/artres.k.201225.002
http://doi.org/10.5551/jat.7716
http://doi.org/10.2147/IBPC.S34423
http://doi.org/10.1016/S2213-8587(21)00045-0
http://doi.org/10.1016/S2213-8587(21)00047-4
http://doi.org/10.1161/CIR.0000000000000973
http://doi.org/10.1002/oby.22378


J. Cardiovasc. Dev. Dis. 2022, 9, 75 11 of 12

16. Kotsis, V.; Tsioufis, K.; Antza, C.; Seravalle, G.; Coca, A.; Sierra, C.; Lurbe, E.; Stabouli, S.; Jelakovic, B.; Redon, J.; et al. Obesity
and cardiovascular risk: A call for action from the European Society of Hypertension Working Group of Obesity, Diabetes and
the High-risk Patient and European Association for the Study of Obesity: Part B: Obesity-induced cardiovascular disease, early
prevention strategies and future research directions. J. Hypertens. 2018, 36, 1441–1455. [CrossRef]

17. Carbone, S.; Canada, J.M.; Billingsley, H.E.; Siddiqui, M.S.; Elagizi, A.; Lavie, C.J. Obesity paradox in cardiovascular disease:
Where do we stand? Vasc. Health Risk Manag. 2019, 15, 89–100. [CrossRef]

18. Lavie, C.J.; De Schutter, A.; Parto, P.; Jahangir, E.; Kokkinos, P.; Ortega, F.B.; Arena, R.; Milani, R.V. Obesity and Prevalence of
Cardiovascular Diseases and Prognosis-The Obesity Paradox Updated. Prog. Cardiovasc. Dis. 2016, 58, 537–547. [CrossRef]

19. Jayedi, A.; Shab-Bidar, S. Nonlinear dose-response association between body mass index and risk of all-cause and cardiovascular
mortality in patients with hypertension: A meta-analysis. Obes. Res. Clin. Pr. 2018, 12, 16–28. [CrossRef]

20. Sandhu, R.K.; Ezekowitz, J.; Andersson, U.; Alexander, J.H.; Granger, C.B.; Halvorsen, S.; Hanna, M.; Hijazi, Z.; Jansky, P.; Lopes,
R.D.; et al. The ‘obesity paradox’ in atrial fibrillation: Observations from the ARISTOTLE (Apixaban for Reduction in Stroke and
Other Thromboembolic Events in Atrial Fibrillation) trial. Eur. Heart J. 2016, 37, 2869–2878. [CrossRef]

21. Agarwal, M.; Agrawal, S.; Garg, L.; Lavie, C.J. Relation Between Obesity and Survival in Patients Hospitalized for Pulmonary
Arterial Hypertension (from a Nationwide Inpatient Sample Database 2003 to 2011). Am. J. Cardiol. 2017, 120, 489–493. [CrossRef]

22. Despres, J.P. Excess visceral adipose tissue/ectopic fat the missing link in the obesity paradox? J. Am. Coll. Cardiol. 2011, 57,
1887–1889. [CrossRef]

23. Lalazar, G. Central obesity: Redefining normal BMI. Sci. Transl. Med. 2015, 7, 316ec209. [CrossRef]
24. Sahakyan, K.R.; Somers, V.K.; Rodriguez-Escudero, J.P.; Hodge, D.O.; Carter, R.E.; Sochor, O.; Coutinho, T.; Jensen, M.D.; Roger,

V.L.; Singh, P.; et al. Normal-Weight Central Obesity: Implications for Total and Cardiovascular Mortality. Ann. Intern. Med. 2015,
163, 827–835. [CrossRef]

25. Zuo, J.; Chao, H.; Tang, B.; Avolio, A.P.; Schlaich, M.P.; Nolde, J.M.; Adji, A.; Carnagarin, R. Female Gender Is Associated with
Higher Susceptibility of Weight Induced Arterial Stiffening and Rise in Blood Pressure. J. Clin. Med. 2021, 10, 3479. [CrossRef]

26. Manrique-Acevedo, C.; Chinnakotla, B.; Padilla, J.; Martinez-Lemus, L.A.; Gozal, D. Obesity and cardiovascular disease in
women. Int. J. Obes. 2020, 44, 1210–1226. [CrossRef]

27. Yamashina, A.; Tomiyama, H.; Arai, T.; Hirose, K.; Koji, Y.; Hirayama, Y.; Yamamoto, Y.; Hori, S. Brachial-ankle pulse wave
velocity as a marker of atherosclerotic vascular damage and cardiovascular risk. Hypertens. Res. Off. J. Jpn. Soc. Hypertens. 2003,
26, 615–622. [CrossRef]

28. Spronck, B.; Avolio, A.P.; Tan, I.; Butlin, M.; Reesink, K.D.; Delhaas, T. Arterial stiffness index beta and cardio-ankle vascular
index inherently depend on blood pressure but can be readily corrected. J. Hypertens. 2017, 35, 98–104. [CrossRef]

29. Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.; Abbafati, C.; Abera,
S.F.; et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980–2013: A
systematic analysis for the Global Burden of Disease Study 2013. Lancet 2014, 384, 766–781. [CrossRef]

30. Lancet, T. Obesity: A growing threat to health in China. Lancet 2014, 384, 716. [CrossRef]
31. Kim, S.H.; Despres, J.P.; Koh, K.K. Obesity and cardiovascular disease: Friend or foe? Eur. Heart J. 2016, 37, 3560–3568. [CrossRef]

[PubMed]
32. Angerås, O.; Albertsson, P.; Karason, K.; Råmunddal, T.; Matejka, G.; James, S.; Lagerqvist, B.; Rosengren, A.; Omerovic, E.

Evidence for obesity paradox in patients with acute coronary syndromes: A report from the Swedish Coronary Angiography and
Angioplasty Registry. Eur. Heart J. 2013, 34, 345–353. [CrossRef] [PubMed]

33. Hastie, C.E.; Padmanabhan, S.; Slack, R.; Pell, A.C.H.; Oldroyd, K.G.; Flapan, A.D.; Jennings, K.P.; Irving, J.; Eteiba, H.;
Dominiczak, A.F.; et al. Obesity paradox in a cohort of 4880 consecutive patients undergoing percutaneous coronary intervention.
Eur. Heart J. 2010, 31, 222–226. [CrossRef]

34. Lavie, C.J.; Sharma, A.; Alpert, M.A.; De Schutter, A.; Lopez-Jimenez, F.; Milani, R.V.; Ventura, H.O. Update on Obesity and
Obesity Paradox in Heart Failure. Prog. Cardiovasc. Dis. 2016, 58, 393–400. [CrossRef]

35. Logan, J.G.; Kang, H.; Kim, S.; Duprez, D.; Kwon, Y.; Jacobs, D.R., Jr.; Forbang, N.; Lobo, J.M.; Sohn, M.W. Association of obesity
with arterial stiffness: The Multi-Ethnic Study of Atherosclerosis (MESA). Vasc. Med. 2020, 25, 309–318. [CrossRef] [PubMed]

36. Pierce, G.L.; Zhu, H.; Darracott, K.; Edet, I.; Bhagatwala, J.; Huang, Y.; Dong, Y. Arterial Stiffness and Pulse-Pressure Amplification
in Overweight/Obese African- American Adolescents: Relation With Higher Systolic and Pulse Pressure. Am. J. Hypertens. 2013,
26, 20–26. [CrossRef]

37. Caterini, J.E.; Banks, L.; Wells, G.D.; Cifra, B.; Slorach, C.; McCrindle, B.W.; Seed, M. Magnetic resonance imaging reveals elevated
aortic pulse wave velocity in obese and overweight adolescents. Clin. Obes. 2017, 7, 360–367. [CrossRef]

38. Kim, H.L.; Ahn, D.W.; Kim, S.H.; Lee, D.S.; Yoon, S.H.; Zo, J.H.; Kim, M.A.; Jeong, J.B. Association between body fat parameters
and arterial stiffness. Sci. Rep. 2021, 11, 20536. [CrossRef]

39. Castro, J.M.; García-Espinosa, V.; Zinoveev, A.; Marin, M.; Severi, C.; Chiesa, P.; Bia, D.; Zócalo, Y. Arterial Structural and
Functional Characteristics at End of Early Childhood and Beginning of Adulthood: Impact of Body Size Gain during Early,
Intermediate, Late and Global Growth. J. Cardiovasc. Dev. Dis. 2019, 6, 33. [CrossRef]

40. Garcia-Espinosa, V.; Bia, D.; Castro, J.; Zinoveev, A.; Marin, M.; Giachetto, G.; Chiesa, P.; Zócalo, Y. Peripheral and Central Aortic
Pressure, Wave-Derived Reflection Parameters, Local and Regional Arterial Stiffness and Structural Parameters in Children and
Adolescents: Impact of Body Mass Index Variations. High. Blood Press Cardiovasc. Prev. 2018, 25, 267–280. [CrossRef]

http://doi.org/10.1097/hjh.0000000000001731
http://doi.org/10.2147/VHRM.S168946
http://doi.org/10.1016/j.pcad.2016.01.008
http://doi.org/10.1016/j.orcp.2018.01.002
http://doi.org/10.1093/eurheartj/ehw124
http://doi.org/10.1016/j.amjcard.2017.04.051
http://doi.org/10.1016/j.jacc.2010.10.063
http://doi.org/10.1126/scitranslmed.aad8027
http://doi.org/10.7326/M14-2525
http://doi.org/10.3390/jcm10163479
http://doi.org/10.1038/s41366-020-0548-0
http://doi.org/10.1291/hypres.26.615
http://doi.org/10.1097/HJH.0000000000001132
http://doi.org/10.1016/S0140-6736(14)60460-8
http://doi.org/10.1016/S0140-6736(14)61421-5
http://doi.org/10.1093/eurheartj/ehv509
http://www.ncbi.nlm.nih.gov/pubmed/26685971
http://doi.org/10.1093/eurheartj/ehs217
http://www.ncbi.nlm.nih.gov/pubmed/22947610
http://doi.org/10.1093/eurheartj/ehp317
http://doi.org/10.1016/j.pcad.2015.12.003
http://doi.org/10.1177/1358863X20918940
http://www.ncbi.nlm.nih.gov/pubmed/32484395
http://doi.org/10.1093/ajh/hps014
http://doi.org/10.1111/cob.12206
http://doi.org/10.1038/s41598-021-00175-z
http://doi.org/10.3390/jcdd6030033
http://doi.org/10.1007/s40292-018-0264-1


J. Cardiovasc. Dev. Dis. 2022, 9, 75 12 of 12

41. Lurbe, E.; Torro, I.; Garcia-Vicent, C.; Alvarez, J.; Fernández-Fornoso, J.A.; Redon, J. Blood pressure and obesity exert independent
influences on pulse wave velocity in youth. Hypertension 2012, 60, 550–555. [CrossRef]

42. Mikola, H.; Pahkala, K.; Niinikoski, H.; Rönnemaa, T.; Viikari, J.S.A.; Jula, A.; Juonala, M.; Raitakari, O.T. Cardiometabolic
Determinants of Carotid and Aortic Distensibility From Childhood to Early Adulthood. Hypertension 2017, 70, 452–460. [CrossRef]

43. Mozos, I. Body mass index, blood pressure and arteriography variables in a middle and aged population. Health Med. 2014, 8,
442–450.

44. Hansen, L.; Taylor, W.R. Is increased arterial stiffness a cause or consequence of atherosclerosis? Atherosclerosis 2016, 249, 226–227.
[CrossRef] [PubMed]

45. Nilsson Wadström, B.; Persson, M.; Engström, G.; Nilsson, P.M. Aortic Stiffness, Inflammation, and Incidence of Cardiovascular
Events in Elderly Participants from the General Population. Angiology 2022, 73, 51–59. [CrossRef] [PubMed]

46. Mozos, I.; Jianu, D.; Gug, C.; Stoian, D. Links between High-Sensitivity C-Reactive Protein and Pulse Wave Analysis in Middle-
Aged Patients with Hypertension and High Normal Blood Pressure. Dis. Markers 2019, 2019, 2568069. [CrossRef]

47. Yuan, Y.; Mu, J.J.; Chu, C.; Zheng, W.L.; Wang, Y.; Hu, J.W.; Ma, Q.; Yan, Y.; Liao, Y.Y.; Chen, C. Effect of metabolically healthy
obesity on the development of arterial stiffness: A prospective cohort study. Nutr. Metab. 2020, 17, 50. [CrossRef] [PubMed]

48. Iliodromiti, S.; Celis-Morales, C.A.; Lyall, D.M.; Anderson, J.; Gray, S.R.; Mackay, D.F.; Nelson, S.M.; Welsh, P.; Pell, J.P.; Gill,
J.M.R.; et al. The impact of confounding on the associations of different adiposity measures with the incidence of cardiovascular
disease: A cohort study of 296,535 adults of white European descent. Eur. Heart J. 2018, 39, 1514–1520. [CrossRef]

49. Banack, H.R.; Kaufman, J.S. Does selection bias explain the obesity paradox among individuals with cardiovascular disease? Ann.
Epidemiol. 2015, 25, 342–349. [CrossRef]

http://doi.org/10.1161/HYPERTENSIONAHA.112.194746
http://doi.org/10.1161/HYPERTENSIONAHA.117.09027
http://doi.org/10.1016/j.atherosclerosis.2016.04.014
http://www.ncbi.nlm.nih.gov/pubmed/27133480
http://doi.org/10.1177/00033197211017406
http://www.ncbi.nlm.nih.gov/pubmed/34013787
http://doi.org/10.1155/2019/2568069
http://doi.org/10.1186/s12986-020-00474-8
http://www.ncbi.nlm.nih.gov/pubmed/32625239
http://doi.org/10.1093/eurheartj/ehy057
http://doi.org/10.1016/j.annepidem.2015.02.008

	Introduction 
	Methods 
	Results 
	Discussion 
	References

