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Abstract

Background: This study investigated the correlation in parameters of arterial stiffness and cardiovascular disease (CVD) risk on age and
body mass index (BMI) in Chinese females. Methods: This cross-sectional study enrolled 2220 females. Arterial stiffness was assessed
by the measurement of arterial velocity pulse index (AVI) and arterial pressure volume index (API). Individual 10-year cardiovascular
risk was calculated for each patient using the Framingham cardiovascular risk score (FCVRS). Results: API and AVI had a significant
J-shaped relationship with age. Beginning at the age of 30 years, the API started to increase, while after 49 years, the increase in API was
even steeper. AVI increased from the age of 32 years, and increased more rapidly after 56 years. The linear association between API and
BMI following adjustment for age was significant (β = 0.324, 95% CI 0.247–0.400, p< 0.001). In the total study cohort, FCVRS scores
increased by 0.16 scores for every 1 kg/m2 increase in BMI and by 0.11 scores for each 1 value increase in API in the age adjusted model.
Conclusions: API and BMI correlate with 10-year cardiovascular risk at various ages in females. Regardless of age, overweight females
have a higher risk of increased API. Therefore API can be used for the early detection of CVD so that preventive therapy can be instituted
in these high risk patients. Clinical Trial Registration: Registered on the official website of the China Clinical Trial Registration Center
(20/08/2020, ChiCTR2000035937).
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1. Introduction
Cardiovascular disease (CVD) remains the leading

cause of morbidity andmortality among females worldwide
[1]. According to European CVD statistics, CVD mortality
was higher in females, especially in middle-income coun-
tries, and can be as high as 43% (vs 39% in males) [2].

Arterial stiffness is a marker of vascular damage and
has been identified as an independent predictor of CVD
[3,4]. The traditional method of measuring arterial stiff-
ness is pulse wave velocity (PWV), which represents the
rate at which the pulse wave of circulating blood, travels to
the peripheral vasculature and is proportional to the stiff-
ness of the arterial wall and inversely proportional to the
vessel diameter. However, it is more complicated to mea-
sure and its sensitivity is low [5]. The measurement of arte-
rial velocity pulse index (AVI) and arterial pressure volume
index (API) are validated approaches which can noninva-
sively quantify arterial stiffness [6]. Using oscillometric

sensors within an upper arm blood pressure cuff inflated
to suprasystolic pressure, a detailed analysis of the prox-
imal brachial arterial pressure waveform can be acquired.
Computational analyses of these waveforms are then used
to obtain indirect measures of both central and systemic ar-
terial stiffness. By quantitatively analyzing the peaks and
troughs, AVI can be calculated, and API can be calculated
by constructing a transmural pressure-volume characteris-
tic curve [7].

AVI, reflecting the overall central artery stiffness, and
API, reflecting the stiffness of peripheral arteries, are inex-
pensive techniques suitable for both large-scale epidemio-
logical studies and clinical testing, with low operator depen-
dence, making them attractive tools to assess cardiovascular
health [8].

Obesity is associated with vascular remodeling and
stiffness and has been shown to predict adverse CVD out-
comes in both genders [9]. The negative effects of obesity
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on CVD health are higher in females compared to males
[10]. Arterial stiffness is part of the arterial aging process,
however; cardiovascular risk factors can accelerate and ex-
acerbate arterial stiffness. In postmenopausal females, the
incidence of CVD increases disproportionately [11]. Thus,
gender-specific studies are needed to investigate the com-
plex interactions between aging, body mass index (BMI),
arterial stiffness and CVD risk to help identify patients at
higher risk who would benefit from preventive treatment.

The aim of this study was to identify female-specific
arterial stiffness risk factors for CVD, and the association
of age and BMI to CVD risk.

2. Methods
2.1 Study Population

This single center, cross-sectional study population
comprised 2220 females who visited the Health Manage-
ment Center in the Shanghai General Hospital Jiading
Branch, between August 2020 and December 2020. Ap-
proval for the study, No. 2021KY057, was issued by the
Shanghai General Hospital Ethics Committee and regis-
tered on the official website of the China Clinical Trial Reg-
istration Center (20/08/2020, ChiCTR2000035937). All
study subjects signed the informed consent form for this
study. The study protocol was performed according to the
Declaration of Helsinki. Patients undergoing hemodialysis
or with atrial fibrillation, severe mental illness, pregnancy,
acute illness, or with upper limb infections were excluded
from the study, as were patients younger than 18 years of
age.

2.2 Clinical Characteristics
All patients had a medical history, underwent a phys-

ical examination and anthropometric data collection. Age,
height, weight, current medication, previous medical di-
agnoses, smoking history and alcohol consumption were
recorded. BMI was calculated as weight (kg)/height (m)2.

Patients were stratified into three age groups accord-
ing to the World Health Organization age criteria (18–44
years: young, 45–59 years: middle aged,≥60 years: older)
[12], and were stratified into three subgroups according to
BMI (BMI<24 kg/m2: normal, 24–28 kg/m2: overweight,
≥28 kg/m2: obese) [13]. Smoking was defined as a history
of smoking for more than 1 year and smoking more than 1
cigarette per day on average.

2.3 Biochemistry
Collection of fasting venous blood samples for im-

mediate processing and analysis at the time of the sur-
vey, included total cholesterol (TC), high-density lipopro-
tein cholesterol (HDL-C), low-density lipoprotein choles-
terol (LDL-C), triglyceride (TG), fasting plasma glucose
(FPG), albumin and uric acid (UA).

2.4 Measurement of Arterial Stiffness
AVI, API, systolic blood pressure (SBP), and diastolic

blood pressure (DBP) were measured simultaneously based
on a cuff oscillator (PASESA AVE-2000Pro, Shisei Datum,
Tokyo, Japan). Smoking and caffeine were avoided for at
least one hour before the examination. After resting for at
least 5 minutes, the cuff was wrapped around the upper arm
in the sitting position with the temperature controlled at 24–
26 °C in a quiet room. API was calculated using the formula
(X× 1/B), in which X is a constant and indicates the trans-
versewall pressure to be fitted. B is the coefficient of the fit-
ting function, whose value was determined according to the
algorithm for fitting the function to the transmural pressure-
vascular volume characteristic curve [14]. AVI was calcu-
lated as A× |V2|/|P1|, which is the ratio of the second val-
ley to the first peak of the first-order differential waveform
of the cuffed oscillation waveform, where A was taken as a
constant 20 [14]. AVI and API became dimensionless indi-
cators. Measurements were performed three times, and the
average values of the assessments was calculated.

2.5 Framingham Cardiovascular Risk Score
The Framingham cardiovascular risk score (FCVRS)

equation was used to estimate the 10-year CVD risk [15],
including gender, age, smoking, TC, HDL-C, SBP hyper-
tension and diabetes mellitus [16].

2.6 Statistical Analysis
For normally distributed values, the data were pre-

sented as mean and standard deviation for continuous vari-
ables and one-way Analysis of Variance (ANOVA) and post
hoc least-significant difference (LSD) analysis was used
to present the clinical characteristics, anthropometric mea-
sures, and biochemical parameters for each age group when
significant. For non-normally distributed values, data were
presented as median (along with first-third quartiles) and
the Kruskal-Wallis andWilcoxon signed-rank test was used
to present the FCVRS score. For categorical variables, the
data were presented as numbers and percentages by cate-
gory for qualitative variables and the Chi-square test used
for the descriptive analysis.

Pearson’s or Spearman correlation analysis was used
to analyze risk factors for CVD with arterial stiffness and
FCVRS. The relationship between age and AVI, and API
were analyzed by restrictive cubic spline (RCS). Multivari-
able linear regressionmodels were used to assess the associ-
ation between API and FCVRS with adjustment for age and
BMI. A two-tailed p value of less than 0.05 was considered
statistically significant. Statistical analyses were performed
using statistical tools package SPSS 23.0 (IBM, Armonk,
NY, USA). RCS statistical analyses were performed using
Stata 12 (Stata Corp, College Station, TX, USA).
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Table 1. Basic characteristics of the study population (mean ± SD).
Variables Total 18–44 years 45–59 years ≥60 years p

n 2220 400 722 1098
Age (years) 56.96 ± 12.59 35.97 ± 6.07 53.18 ± 4.25∗ 67.08 ± 4.78∗# <0.001
Current smoker (%) 29 (1.3%) 4 (1.0%) 9 (1.2%) 16 (1.5%) 0.777
Anthropometrics

Height, cm 158.78 ± 5.18 160.33 ± 4.54 159.11 ± 4.84∗ 158.00 ± 5.45∗# <0.001
Weight, Kg 60.74 ± 10.04 60.52 ± 11.72 61.69 ± 9.72 60.20 ± 9.54# 0.007
Body mass index, kg/m2 24.07 ± 3.65 23.45 ± 3.97 24.34 ± 3.36∗ 24.09 ± 3.50 0.002
Systolic blood pressure, mmHg 129.86 ± 23.25 115.12 ± 17.44 128.08 ± 20.44∗ 136.41 ± 24.17∗# <0.001
Diastolic blood pressure, mmHg 77.16 ± 12.16 74.35 ± 11.28 78.93 ± 11.92∗ 77.02 ± 12.42∗# <0.001
Heart rate, beats/min 79.69 ± 12.34 84.49 ± 12.77 79.14 ± 12.33∗ 78.31 ± 11.75∗ <0.001

Laboratory parameters
Uric acid, umol/L 286.27 ± 83.22 266.68 ± 71.61 281.30 ± 79.78∗ 296.78 ± 87.77∗# <0.001
Albumin, g/dL 43.10 ± 4.42 43.31 ± 4.42 43.61 ± 4.47 42.69 ± 4.35∗# <0.001
Total cholesterol, mmol/L 4.61 ± 1.02 4.21 ± 0.89 4.79 ± 0.991∗ 4.64 ± 1.03∗# <0.001
Triglyceride, mmol/L 1.42 ± 0.94 1.16 ± 0.87 1.48 ± 1.05∗ 1.48 ± 0.86∗ <0.001
HDL cholesterol, mmol/L 1.22 ± 0.32 1.19 ± 0.29 1.23 ± 0.31∗ 1.22 ± 0.33 0.076
LDL cholesterol, mmol/L 2.86 ± 0.94 2.62 ± 0.85 3.03 ± 0.91∗ 2.84 ± 0.98∗# <0.001
Fasting plasma glucose, mmol/L 5.65 ± 1.53 5.11 ± 1.12 5.60 ± 1.48∗ 5.88 ± 1.64∗# <0.001

Arterial stiffness parameters
AVI 17.96 ± 6.58 12.76 ± 4.38 17.98 ± 6.15∗ 19.85 ± 6.51∗# <0.001
API 29.41 ± 7.35 24.72 ± 5.29 27.98 ± 6.32∗ 32.06 ± 7.51∗# <0.001
FCVRS 13.00 (8.00, 16.00) 1.00 (–3.00, 4.00) 11.00 (9.00, 13.00)∗ 16.00 (14.00, 18.00)∗# <0.001

LDL, low density lipoprotein; HDL, high density lipoprotein; AVI, arterial velocity pulse index; API, arterial pressure volume index; FCVRS,
Framingham cardiovascular risk score; SD, standard deviation. ∗ p < 0.05 vs the 18–44 years old group, # p < 0.05 vs the 45–59 years old
group.

Fig. 1. Distribution of Mean API and AVI by Age. (A) Box plots showing API by decades of age. (B) Box plots showing AVI by
decades of age. The lower and upper limits of the box plots are the 5% and 95% percentiles; internal horizontal lines indicate medians;
T‑bars represent the percentage of the 95% range; and the circles indicate outliers. AVI, arterial velocity pulse index; API, arterial
pressure volume index.

3. Results
3.1 Baseline Characteristics

A total of 2220 females aged 20 to 79 years, with a
mean age of 57 years, who had complete data sets were ana-
lyzed in this study. The cohort had an average BMI of 24.07

± 3.65 kg/m2, the brachial BP averaged 130/77 mmHg,
API averaged 18 units (range 3–46 units), AVI averaged
29 units (range 4–66 units), and FCVRS averaged 11.42
(range –8–24). The study cohort included 29 current smok-
ers (1.3%); 1160 patients (52.3%) had normal weight, 818
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Fig. 2. Correlations between API, AVI and age based on Restricted Cubic Spline Functions. (A) There was a significant J-shaped
relationship between API and age. The age corresponding to the lowest API value was 30 years and when API increased rapidly, the
corresponding age was 49 years. (B) There was a significant J-shaped relationship between AVI and age. The age corresponding to the
lowest AVI value was 32 years, and when AVI increased rapidly, the corresponding age was 56 years. API, arterial pressure volume
index; AVI, arterial velocity pulse index.

were overweight (36.8%), 242 were obese (10.9%). The
SBP, DBP, TC, LDL-C and FPG in middle-aged and older
patients were significantly higher than those in younger pa-
tients. The baseline characteristics of all study patients are
shown in Table 1.

3.2 Age Distribution of Arterial Stiffness

Arterial stiffness was assessed by AVI and API across
the various age groups. Fig. 1 displays the absolute val-
ues and distributions of AVI and API for each age decade.
Whereas AVI and API were low in young, it gradually in-
creased and became more disperse with age. Middle aged
and older females exhibited more vascular stiffness. API
and AVI had different magnitudes of growth in different
ages. Fig. 2 showed that there was a significant J-shaped
relationship between AVI, API and age. Beginning at the
age of 30 years, the API started to increase, while after 49
years the increase in API was even steeper. AVI increased
from the age of 32 years, and then increased rapidly after
the age of 56 years.

At all ages, APIwas low in patients with a normal BMI
and it gradually increased in overweight and obese females
who exhibited stiffer vessels than normal females. How-
ever, only overweight and obese young females had higher
AVI (Table 2).

3.3 Association between Arterial Stiffness and Clinical
Characteristics

Associations between arterial stiffness indices and
clinical characteristics were summarized in Fig. 3. Positive

correlations were observed for age, BMI, SBP, DBP, TG,
FPG, FCVRS, and AVI and API. Heart rate was inversely
correlated with AVI and API.

Linear regression analysis showed that BMI was sig-
nificantly associated with API in the total study cohort (β
= 0.324, 95% CI 0.247–0.400, p< 0.001) but not with AVI
in the age adjusted model (Fig. 3).

3.4 Age Based Associations of API with FCVRS

The association between API, BMI and FCVRS was
assessed using linear regression analysis, adjusted for age,
and was significant in females. FCVRS scores increased by
0.16 scores for every 1 kg/m2 increase in BMI and by 0.11
scores for each 1 value increase in API in the age adjusted
model (Supplementary Fig. 1). In the age categories, the
linear association between API and FCVRS remained sig-
nificant (young group, r = 0.116, p < 0.05; middle aged
group, r = 0.403, p < 0.001; older group, r = 0.571, p <

0.001), as well as BMI (young group, r = 0.296, p< 0.001;
middle aged group, r = 0.181, p < 0.001; older group, r =
0.150, p < 0.001) (Fig. 4).

4. Discussion
This study evaluated the association of arterial stiff-

ness and the Framingham 10-year cardiovascular risk score
from adult to older females in a Chinese population, with a
specific focus on age-BMI interactions. Arterial stiffness
showed a substantial augmentation of the age-related in-
crease in AVI and API in middle and old age, and both AVI
and API had a significant J-shaped relationship with age.
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Table 2. Arterial parameters (mean ± SD) grouped by age and BMI.
Variables Normal Overweight Obese p

18–44 years
n 258 102 40
Systolic blood pressure, mmHg 110.90 ± 14.71 118.96 ± 16.84∗ 132.53 ± 22.05∗# <0.001
Diastolic blood pressure, mmHg 71.76 ± 9.74 76.97 ± 11.98∗ 84.33 ± 11.86∗# <0.001
AVI 12.09 ± 3.93 13.89 ± 4.93∗ 14.25 ± 4.75∗ <0.001
API 23.98 ± 5.07 25.17 ± 5.32∗ 28.35 ± 5.13∗# <0.001
FCVRS 0.00 (–5.00, 3.00) 2.00 (–2.00, 4.00)∗ 4.50 (0.00, 6.00)∗ <0.001

45–59 years
n 343 304 75
Systolic blood pressure, mmHg 123.43 ± 19.34 130.78 ± 20.56∗ 138.39 ± 19.25∗# <0.001
Diastolic blood pressure, mmHg 76.17 ± 11.05 80.25 ± 11.83∗ 86.17 ± 12.36∗# <0.001
AVI 17.87 ± 6.40 18.15 ± 6.17 17.79 ± 4.79 0.809
API 26.69 ± 5.48 28.97 ± 6.87∗ 29.85 ± 6.48∗ <0.001
FCVRS 11.00 (8.00, 12.00) 11.00 (9.00, 13.00)∗ 12.00 (11.00, 15.00)∗# <0.001

≥60 years
n 559 412 127
Systolic blood pressure, mmHg 132.17 ± 22.91 140.38 ± 24.04∗ 142.17 ± 26.69∗# <0.001
Diastolic blood pressure, mmHg 74.40 ± 11.61 79.02 ± 12.34∗ 82.01 ± 13.44∗ <0.001
AVI 20.21 ± 6.58 19.62 ± 6.18 18.91 ± 7.16 0.109
API 30.84 ± 7.37 33.03 ± 7.43∗ 34.37 ± 7.41∗ <0.001
FCVRS 15.00 (13.00, 17.00) 16.00 (14.00, 18.00)∗ 16.00 (14.00, 18.00) <0.001

AVI, arterial velocity pulse index; API, arterial pressure volume index; FCVRS, Framingham cardiovascular risk score; BMI, body
mass index; SD, standard deviation. ∗ p < 0.05 vs the normal group. # p < 0.05 vs the overweight group.

Fig. 3. Associations between arterial stiffness indices and clinical characteristics. (A) Age, BMI, SBP, DBP, TG, FPG, FCVRS were
positively correlated with AVI and API, and heart rate was inversely correlated with AVI and API. (B) BMI was significantly associated
with API. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR heart rate; TC total cholesterol; TG
triglyceride; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; FPG, fasting plasma glucose; UA,
uric acid; Alb, albumin; AVI, arterial velocity pulse index; API, arterial pressure volume index; FCVRS, Framingham cardiovascular
risk score.

BMIwas significantly associated with API but not with AVI
in the age adjusted model. Overweight and obese females
had a higher AVI compared to females with normal BMI
only in the young group. These results demonstrate that ex-
cess BMI in females was associated with an increased risk

of peripheral arteries stiffness. In addition, API, taken as
an indicator of cardiovascular risk, was significantly associ-
ated with FCVRS. FCVRS scores increased by 0.16 scores
for every 1 kg/m2 increase in BMI and by 0.11 scores for
each 1 value increase in API in the age adjusted model.
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Fig. 4. Correlation between API, age, BMI and FCVRS. (A) Associations between the FraminghamRisk score and API by age groups.
(B) Associations between the Framingham Risk score and BMI by age groups. (C) Age/API relations of the Framingham Risk score,
age (x axis, years), and API (y axis, values) and FCVRS. (D) Age/BMI relationship of the Framingham Risk score, age (x axis, years),
and BMI (y axis, kg/m2) and FCVRS. Age, API/BMI and interaction with FCVRS are highly significant. API, arterial pressure volume
index; BMI, body mass index; FCVRS, Framingham cardiovascular risk score.

Artery stiffening is a manifestation of vascular aging,
and has been recognized as an important cardiovascular risk
factor [17,18]. Previous studies [19] have shown that there
are mechanistic differences in vascular aging and arterial
stiffening between females and males. Age, obesity, hyper-
tension andmenopause are important determinants of aortic
and peripheral arterial stiffness in the high cardiovascular
risk female population [20]. In particular, the age-related
increase in arterial stiffness was observed after menopause
[21–23]. In this study, middle-aged and older females ex-
hibited higher arterial stiffness. From the age of 30 years,
the API started to increase, while after 49 years the increase
in API was even steeper. AVI increased from the age of
32 years, and increased rapidly after the age of 56 years.
Furthermore, API and AVI have different magnitudes of
increase in middle and old age. The increase in AVI was
most pronounced among females in their 50s and 60s, while
API was significantly higher in the older age group after 60
years. Our results were consistent with previous studies,
which found that elastic arteries became stiffer than periph-
eral muscular arteries in middle age due to degradation of
elastin [20,24]. In addition, hormonal changes, oxidative

stress, as well as a higher susceptibility to conventional vas-
cular risk factors accumulating after menopause might play
a role in the regulation of compliance in larger arteries [25–
27].

Our results are in agreement with previous studies
[28], in which female peripheral muscular arteries were
stiffer with increasing BMI from adulthood, with a linear
increase in API with age. The strength of this correlation
also depended on the age group; the older the participants,
the stronger the dependence. However, AVI increased with
BMI only at a young age. Previous studies have shown
[6,29] that these two variables, API and AVI, have different
meaning in the assessment of target organ damage and that
the risk factors associated with both are not the same. BMI
is influenced by sex, age and race [30]. For older adults,
increased arterial stiffness was more related to abdominal
visceral fat distribution and adiposity than to increased BMI
[31]. While in young adults, obese individuals had an in-
crease in aortic stiffness, independent of BP level, race, and
age [32]. Ferreira et al. [33] found that total trunk fat was
adversely associated with large artery stiffness. However,
the influence of body fat on arterial stiffness remains con-
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troversial. Tapolska et al. [34] mentioned that obesity itself
lead to an increase in cardiac output and can affect arterial
stiffness measurements, and that this issue required further
research.

Our study demonstrated a significant correlation be-
tween API and BMI with FCVRS in females at various
ages. The risk of CVD increased significantly in middle
aged and older females, especially in those who were over-
weight. Previous studies suggest that female sex hormones
protect against CVD until the ages of menopause, but this
protection may be lost in obese patients [35]. In addition,
obesity induced insulin resistance was associated with a
greater increase in arterial stiffness, and is a stronger de-
terminant of CVD risk in females [36,37].

Finally, it is noteworthy that in female individuals with
aging and obesity, increased aortic stiffness also may con-
tribute to the development of CVD risk. Artery stiffness,
measured with a simple clinical tool such as API, combined
with BMI, remains a good predictor of CVD risk.

5. Limitations
A major strength of this study is that the large sample

size allowed us to analyze the correlation between the new
oscillometric indices of arterial stiffness and cardiovascular
score in Chinese females and age–BMI interactions. This
was a single center cross-sectional study, which represented
the sample characteristics of Chinese Oriental females, and
our results may not be generalizable to other populations
or ethnic groups. Nevertheless, the arterial stiffness data
in Chinese females have good validity and reliability. The
sample size differed by age rangewhich is a potential source
of bias however the consistency of the results makes sig-
nificant bias less likely. Moreover, our study samples were
taken from the natural population, which may provide a ref-
erence standard for the future study of the control popula-
tion. In addition, our study enrolled some individuals aged
<30 years, and these individual CVD risk scores were cal-
culated according to the FCVRS equation. Finally, we had
no data on the body fat distribution or visceral fat adiposity
of the female participants, which is a significant determi-
nant of arterial stiffness, and we did not used other methods
to detect vascular stiffness, such as ultrasound, which is a
significant determinant of arterial stiffness [38,39]. These
techniques will be assessed in future studies.

6. Conclusions
API and BMI correlated with 10-year cardiovascu-

lar risk measured by the Framingham cardiovascular risk
scores at various ages in females. Regardless of age, over-
weight females have a higher risk of higher API. Therefore,
API can be used for early detection of injury to peripheral
arteries, and can be helpful in the identification of individu-
als with different CVD risks and provide guidance for early
preventative treatment for CVD.
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