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ABSTRACT

Introduction: Cardiovascular disease is the
leading cause of morbidity and mortality.
Besides traditional cardiovascular risk factors,
arterial stiffness is a recognized predictor of
cardiovascular risk.

Methods: We investigated the relationship
between traditional cardiovascular risk factors, sex,
andaorticpulsewavevelocity in subjects living ina
countryside area of Southern Switzerland. For this
aim,weperformedacross-sectionalanalysisofdata
from adult participants of the Swiss Longitudinal
Cohort Study, which, initiated in 2015, follows
health status and disease risk factors in a Swiss
countryside cohort at least 6 years of age.
Results: A total of 387 people (205 women and
182 men) were included. Hyperlipidemia, over-
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weight, and obesity were more common (p
B 0.001) and LDL-cholesterol, triglycerides, and
hemoglobin A1c were higher (p\0.03) in men
than women. Systolic and diastolic brachial and
aortic blood pressures were higher in men
(p\0.02), whereas aortic pulse wave velocity and
aortic pulse pressure were higher in women
(p\0.05). The aortic pulse wave velocity was
significantly higher in subjects with hyperten-
sion, hyperlipidemia, diabetes, and obesity, and
significantly increased with age (p\0.0001).
Multiple linear regression analysis showed a sig-
nificant correlation between pulse wave velocity
and age, female sex, brachial systolic blood pres-
sure, and heart rate (p\0.005).
Conclusion: Also in a countryside area, the
aortic pulse wave velocity is higher in subjects
with hypertension, hyperlipidemia, diabetes
and obesity, and significantly increases with
age. Furthermore, with advancing age, aortic
pulse wave velocity is higher in women than
men.
Trial Registration: ClinicalTrials.gov identifier,
NCT02282748.

Keywords: Pulse wave velocity; Arterial
hypertension; Cardiovascular risk; Sex;
Country; Rural

Key Summary Points

Why carry out this study?

Urban and rural surroundings can impact
cardiovascular risk. Arterial stiffness is a
recognized predictor of cardiovascular
risk.

We therefore investigated traditional
cardiovascular risk factors, sex, and aortic
pulse wave velocity in subjects living in a
countryside area of Southern Switzerland.

What was learned from the study?

This study confirmed that also in the
studied countryside cohort, aortic pulse
wave velocity is higher in subjects with
hypertension, hyperlipidemia, diabetes,
and obesity, and significantly increases
with age.

Interestingly, with advancing age, aortic
pulse wave velocity was higher in women
than men.

Pulse wave velocity correlated with age,
female sex, brachial systolic blood
pressure, and heart rate.

INTRODUCTION

Cardiovascular disease is the leading cause of
morbidity and mortality worldwide [1]. It is
recognized that the individual risk of cardio-
vascular disease is dependent, in addition to
age, on various factors, such as arterial hyper-
tension, hyperlipidemia, diabetes mellitus,
smoking, and excessive body weight [2–7]. Also
genetic, inflammatory, and thrombotic factors
play a pathogenic role in cardiovascular disease
[2–7].

Interestingly, aortic stiffness is a good pre-
dictor of future cardiovascular events [8].
Indeed, great emphasis has recently been placed
on aortic pulse wave velocity, a reliable hemo-
dynamic marker of stiffness of large arteries, as
an independent and attractive predictor of car-
diovascular risk that may help in decision-
making in several clinical settings [9]. Briefly, a
healthy aorta exerts a cushioning function that
limits arterial pulsatility and protects the
microvasculature from potentially dangerous
fluctuations in blood flow and pressure. Stiff-
ening of large arteries, which occurs with aging
and various pathologic states, impairs this
cushioning function, and has relevant conse-
quences on cardiovascular health [8–11]. Cross-
sectional studies have shown a solid association
of aortic stiffness not only with age but also
with other cardiovascular risk factors such as
elevated blood pressure, hyperlipidemia, dia-
betes, smoking, and excess body weight [8–11].

It is currently possible to non-invasively and
accurately measure the aortic pulse wave
velocity [10–14]. Recognizing that urban and
rural surroundings can impact cardiovascular
risk [15, 16], the aim of this study was to
investigate the relationship between traditional
cardiovascular risk factors, sex, and aortic pulse
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wave velocity in subjects living in a countryside
area of Southern Switzerland.

METHODS

Study Design

Cama and Lostallo are two neighboring coun-
tryside villages in Southern Switzerland with a
population of approximately 1300 people and a
low migration rate. Between April 2015 and
June 2018, inhabitants of Cama, Lostallo, and
surroundings were invited to enter the Swiss
Longitudinal Cohort Study (SWICOS). This
study aims to examine and longitudinally fol-
low health status and disease risk factors in an
aging Swiss countryside cohort. All residents
were eligible for SWICOS. There were no
exclusion criteria. Written informed consent
was obtained from participants. In subjects
unable to provide informed consent, it was
obtained from a proxy. The study protocol was
published in 2016 [17], and the SWICOS study
is registered at ClinicalTrials.gov
(NCT02282748). The study was conducted in
accordance with the Declaration of Helsinki,
and approved by the Ethics Committee of
Nordwest-und Zentralschweiz (protocol code
EKNZ 2014-209).

A total of 496 participants entered the SWI-
COS study [18]. For the current cross-sectional
analysis, we considered data from 474 subjects
18 years of age or more. The following infor-
mation was collected: medical history including
arterial hypertension, hyperlipidemia, diabetes
mellitus, and tobacco smoking, and demo-
graphics including body weight, height, and
waist circumference. Furthermore, blood was
collected for the determination of LDL-choles-
terol, triglycerides, and hemoglobin A1c. Bra-
chial blood pressure, heart rate, and central
hemodynamic parameters were also measured.

Medical history was assessed using a struc-
tured self-administered questionnaire. Weight
was determined to the nearest 0.1 kg on a plat-
form scale (TANITA SC-240 MA, Tanita Corpo-
ration, Tokyo, Japan), height to the nearest
0.1 cm with a stadiometer, and waist circum-
ference to the nearest 0.5 cm with a non-

stretching tape placed around the bell at the
iliac crest level.

The following five traditional cardiovascular
risk factors were considered for the present
analysis: (1) history of arterial hypertension, (2)
history of hyperlipidemia, (3) history of dia-
betes mellitus, (4) tobacco smoking, and (5)
obesity (body mass index C 30.0 kg/m2) [19].

Sitting brachial blood pressure and heart rate
were measured twice after the participants had
been seated for at least 5 min using an oscillo-
metric device (OMRON 705CP-II) and the sec-
ond value was retained [20]. Subsequently, an
operator-independent, non-invasive device
(Arteriograph�; Tensiomed, Budapest, Hungary)
based on a validated oscillometric occlusive
technique was applied for the determination of
central hemodynamic parameters [12]. After
5 min of rest, supine brachial systolic and dias-
tolic blood pressure, heart rate, and central
hemodynamic parameters were simultaneously
obtained. After two brachial blood pressure
measurements, this device produces a cuff
pressure over the brachial artery that is
35 mmHg in excess of the measured systolic
blood pressure, which is employed to record the
beat-to-beat pulse signals for 8 s. To calculate
the aortic pulse wave velocity, the distance from
the jugulum to the symphysis is measured in a
straight line using a tape measure, as a surrogate
value of the aortic length. The result is then
divided by the difference in time between the
beginning of the first wave and the beginning of
the second (reflected) wave, resulting in an
estimate of the aortic pulse wave velocity in
meters/second (m/s) [11, 12]. To ensure quality
of measured pulse wave velocity, measurements
of aortic pulse wave velocity with a standard
deviation of beat-to-beat variation greater than
1.0 m/s were excluded. Values above 10.0 m/s
were considered as pathologically increased
[12, 21]. All blood parameters were determined
by means of an enzyme assay in the same
accredited central laboratory (Unilabs Ticino,
Breganzona, Switzerland) using an Architect
ci8200 analyzer, as previously reported [18].
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Analysis

Categorical variables are presented as percent-
ages and were analyzed using the Fisher’s exact
test. The Shapiro–Wilk test was used to test for
normal distribution of continuous data. Con-
tinuous normally distributed variables are
expressed as mean ± standard deviation (SD)
and were compared using the Student’s two-
tailed unpaired t test. Continuous non-nor-
mally distributed variables are expressed as
median and interquartile range (IQR) and were
analyzed using the Mann–Whitney U test. The
association between pulse wave velocity with its
possible determinants such as age, sex, heart
rate, systolic and mean blood pressure, LDL-c-
holesterol and triglyceride levels, hemoglobin
A1c, smoking, and obesity was explored with
correlation analysis and simple linear regres-
sion, and subsequently analyzed using multiple
linear regression. Sensitivity analyses integrat-
ing mean arterial pressure in multiple linear
regression analysis, as well as using logistic
regression (with pulse wave velocity greater
than 10 m/s as an outcome) were also carried
out. Analyses were performed using IBM SPSS
Statistics software (version 25, IBM Corp.,
Armonk, NY, USA) and GraphPad Prism 9 for
macOS (GraphPad Software, San Diego, CA,
USA). p values less than 0.05 were considered
significant.

RESULTS

Among the 474 subjects at least 18 years of age
considered for the study, we excluded 87 par-
ticipants with standard deviation of aortic pulse
wave velocity greater than 1.0 m/s, as shown in
Fig. 1. The baseline characteristics of the
remaining 387 participants (205 women and
182 men) are given in Table 1. Included subjects
(male to female, M:F, ratio 1.08) had a compa-
rable sex distribution to that of the whole
population (M:F ratio 0.89, p = 0.095) living in
Cama and Lostallo. Male and female partici-
pants did not differ with respect to age and
prevalence of history of arterial hypertension,
diabetes, and current tobacco smoking. Hyper-
lipidemia, overweight, and obesity were more

common in men as compared to women. Cir-
culating LDL-cholesterol, triglycerides, and
hemoglobin A1c were slightly but significantly
higher in men than in women (Table 1).

In the age groups up to 60 years, systolic and
diastolic brachial blood pressures as well as
aortic systolic blood pressure were higher in
men as compared to women, whilst this differ-
ence disappeared in the older cohort (Table 2).
On the other hand, after 40 years of age, aortic
pulse pressure and pulse wave velocity were
higher in women than in men (Table 2).

In univariate analyses, the aortic pulse wave
velocity was significantly higher in subjects
with hypertension, hyperlipidemia, diabetes,
and obesity as compared to subjects without
these cardiovascular risk factors, while tobacco
smoking was not associated with a significant
increase in aortic pulse wave velocity (Table 3).

The aortic pulse wave velocity significantly
increased with age (p\ 0.0001) both in men
and women (Fig. 2, Supplementary Table S1).
This central hemodynamic variable did not
differ between men and women in subjects less
than 40 years of age but was significantly higher
in women as compared to men in subjects
40–60 and greater than 60 years of age (Fig. 2).

SWICOS study (Cama-Lostallo) 

Enrolled participants 
15.04.2015 – 21.06.2018

N=496

Included

N= 387

Females
N=205

Males
N=182

Age <18
Years

(N=22)
Pulse wave velocity
standard deviation

of beat-to-beat variation
>1.0 m/s
(N=87)

Fig. 1 Flowchart of study participants
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Women and men did not significantly differ
in age when stratified according to the number
of cardiovascular risk factors (i.e., without, with
one, and with two or more) (Table 4). In sub-
jects without and in those with two or more
traditional cardiovascular risk factors, pulse

wave velocity was higher in women than in
men (Table 4).

Each of the considered cardiovascular risk
factors was significantly correlated with pulse
wave velocity and, in simple linear regression,
the slope of that relationship was significantly

Table 1 Baseline characteristics of the SWICOS study participants

All, N = 387 Men, N = 182 Women, N = 205 p value

Age, years (mean ± SD) 48.1 ± 15.7 48.5 ± 15.4 47.7 ± 16.0 0.58

Medical history

Arterial hypertension

N (%) 50 (13) 30 (17) 20 (9.8) 0.68

Treated, N 38 21 17

Dyslipidemia

N (%) 62 (16) 41 (23) 21 (10) \ 0.001

Treated, N 34 23 11

Diabetes mellitus

N (%) 17 (4.4) 9 (4.9) 8 (3.9) 0.63

Treated, N 17 9 8

Tobacco smoking, N (%) 77 (20) 41 (23) 36 (18) 0.25

General data

Weight, kg (mean ± SD) 71.2 ± 14.7 81.0 ± 12.4 62.5 ± 10.4 \ 0.001

Height, m (mean ± SD) 1.684 ± 0.089 1.747 ± 0.066 1.629 ± 0.067 \ 0.001

Body mass index, kg/m2 (mean ± SD) 25.0 ± 4.1 26.6 ± 3.7 23.6 ± 3.9 \ 0.001

Overweighta, N (%) 135 (35) 90 (49) 45 (22) \ 0.001

Obesityb, N (%) 46 (12) 32 (18) 14 (6.8) 0.001

Waist circumference, cm (mean ± SD) 89.6 ± 12.1 95.0 ± 11.0 84.8 ± 11.0 \ 0.001

Waist to height ratio (mean ± SD) 0.53 ± 0.07 0.54 ± 0.06 0.52 ± 0.07 0.001

Laboratory datac

LDL-cholesterol, mmol/L (median IQR) 3.3 [2.6–4.0] 3.5 [2.8–4.1] 3.2 [2.5–3.8] 0.025

Triglycerides, mmol/L (median IQR) 1.2 [0.8–1.7] 1.5 [1.0–2.2] 1.0 [0.7–1.3] \ 0.001

Hemoglobin A1c, % (median IQR) 5.2 [5.0–5.4] 5.3 [5.1–5.5] 5.2 [5.0–5.4] 0.002

LDL low density lipoprotein
aBody mass index C 25.0–30.0 kg/m2

bBody mass index[ 30.0 kg/m2

cN = 380 (202 women and 178 men)
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different from zero (Supplementary Table S1).
The results of multiple linear regression analysis
confirmed a significant association between
pulse wave velocity and age, female sex, systolic
blood pressure, and heart rate (Table 5). In
sensitivity analysis, very similar results were

found while integrating mean instead of sys-
tolic blood pressure in the model, with a sig-
nificant association between pulse wave
velocity and age, female sex, mean arterial
blood pressure, heart rate, and body mass index
(Supplementary Table S2). In logistic regressions

Table 4 Age, aortic pulse wave velocity, and mean arterial pressure according to numbers of cardiovascular risk factors in
the SWICOS study participants without, with 1 or with C 2 cardiovascular risk factors

Risk factor (N) All Men Women p value

0

N 217 83 134

Age, years mean ± SD 45.0 ± 14.8 44.1 ± 15.2 45.9 ± 14.6 0.38

Pulse wave velocity, m/s median [IQR] 7.4 [6.8–8.3] 7.2 [6.5–7.7] 7.7 [6.9–8.7] \ 0.001

Mean arterial pressure, mmHg median (IQR) 93 (85, 100) 91 (84, 98) 94 (87, 102) 0.011

1

N 112 61 51

Age, years mean ± SD 46.5 ± 15.8 47.5 ± 14.6 45.4 ± 17.3 0.47

Pulse wave velocity, m/s median [IQR] 7.8 [6.8–8.5] 7.8 [6.8–8.5] 7.9 [6.8–10.8] 0.12

Mean arterial pressure, mmHg median (IQR) 99 (92, 109) 103 (95, 110) 96 (89, 105) 0.017

C 2

N 57 37 20

Age, years mean ± SD 62.2 ± 10.5 60.7 ± 10.1 65.0 ± 10.0 0.14

Pulse wave velocity, m/s median [IQR] 9.3 [8.4–11.1] 9.1 [8.2–10.8] 10.5 [8.7–12.5] \ 0.02

Mean arterial pressure, mmHg median [IQR] 104 [93, 113] 102 [90, 114] 104 [97, 112] 0.70

Table 3 Unadjusted aortic pulse wave velocity and cardiovascular risk factors in the SWICOS study participants

Subjects with risk factor Subjects without risk factor p value

N Median [IQR] N Median [IQR]

Arterial hypertension 50 9.1 [8.0–10.9] 337 7.6 [6.8–8.6] \ 0.0001

Dyslipidemia 62 9.2 [8.2–11.0] 325 7.5 [6.8–8.5] \ 0.0001

Diabetes mellitus 17 9.6 [8.3–11.9] 370 7.7 [6.8–8.7] \ 0.0001

Smoking 77 7.4 [6.7–8.6] 309 7.8 [6.9–7.8] 0.061

Obesitya 46 9.0 [8.1–10.9] 341 7.6 [6.8–8.7] \ 0.0001

aBody mass index[ 30.0 kg/m2
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looking at predictors for the outcome of pulse
wave velocity greater than 10 m/s, the same
results were mostly confirmed, with age, sex,
body mass index, and systolic but not mean
blood pressure being significantly associated
with that outcome (Supplementary Tables S3
and S4).

DISCUSSION

The results of this study, collected in two
countryside villages in Southern Switzerland,
confirm the correlation between aortic pulse
wave velocity and age, arterial hypertension,
hyperlipidemia, diabetes mellitus, and obesity,
and further emphasize a cumulative impact of a
series of cardiovascular risk factors on wall
properties of large arteries. Importantly, the
study demonstrates that traditional cardiovas-
cular risk factors are important modulators of
arterial stiffness [8–11, 13] also in rural sur-
roundings [15]. The investigated countryside
area, known to have a favorable cardiovascular
health profile [19], is characterized by a low
migration rate, therefore offering ideal candi-
dates to explore the prognostic importance of
the observed associations over a longitudinal
follow-up, as foreseen in the SWICOS project.

The novelty of this study is the focus on a
countryside area and the differential attention
paid to male and female participants in differ-
ent age groups. Indeed, in this analysis,

traditional cardiovascular risk factors were more
prevalent among men as compared to women.
Interestingly, however, the aortic pulse wave
velocity was more often pathologically altered
in women over 40 years of age than in men of
the same age. These data are basically in line
with data obtained in urban areas. In women,
the arterial stiffness is lower than in age-mat-
ched men from puberty to menopause [22].
However, this trend reverses during and after
menopause, with a steeper increase of aortic
pulse wave velocity in women compared to men
[23]. The mechanisms underlying this increase
in aortic pulse wave velocity in postmenopausal
women are unknown. It has been speculated

6

10

12
14

8

Pulse Wave Velocity (m/s)

<40 years
of age

40-60 years
of age

>60 years
of age

N=49 N=54 N=91 N=111 N=42 N=40
P=0.66 P=0.007 P=0.017

Fig. 2 Impact of age and sex on unadjusted aortic pulse
wave velocity. Men (blue rectangles) and women (orange
rectangles) are given different symbols. Results are pre-
sented as boxplots

Table 5 Multiple regression analysis investigating the
association between arterial stiffness (as assessed by pulse
wave velocity) and several cardiovascular risk factors in 387
study participants

Pulse wave velocity (m/s)

Linear
regression
coefficient

95% CI p value

Age 0.06 0.04–0.07 \ 0.001*

Female sex 1.03 0.72–1.35 \ 0.001*

Brachial systolic

blood

pressure

0.31 0.21–0.04 \ 0.001*

LDL-cholesterol - 0.02 - 0.18 to

0.13

0.75

Triglycerides 0.39 - 0.12 to

0.20

0.63

Hemoglobin

A1c

0.04 - 0.20 to

0.28

0.74

Smoking 0.12 - 0.23 to

0.47

0.50

Body mass

index

0.31 0.01–0.07 0.15

Heart rate 0.02 0.01–0.03 0.005*

LDL low density lipoprotein
*Statically significant association
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that this evolution might reflect hormonal
changes occurring after menopause, given that
estrogens exert a beneficial effect on cardiovas-
cular health. However, estrogen supplementa-
tion does not decelerate progression of arterial
stiffness in postmenopausal women [22]. Alter-
natively, it has been suggested that increased
arterial stiffness in older women results from an
elevation in proinflammatory cytokines, which
follows the decline in ovarian function with
menopause [24]. Interestingly, some previous
works concluded that no sex difference in pulse
wave velocity exists after correcting for other
cardiovascular risk factors [25]. The finding of a
significant difference between sexes in our
study may therefore appear, at first look, sur-
prising. However, looking at the age subgroups
(Fig. 2, Table 2), it becomes clear that age has a
major impact in shaping this difference.
Although previous works found such an asso-
ciation exclusively in older, peri- and post-
menopausal women [26], our data detected a
significant difference already in the group
40–60 years old. We are unable to state whether
this is because of a different region and popu-
lation (genetic background, lifestyle factors,
environmental influences, proportion of post-
menopausal women in the age group 40–-
60 years of age, etc.) or because of a secular
trend.

Arterial wall properties are the result of
complex biological interactions. Thus, the value
of pulse wave velocity needs to be carefully
addressed, and this is why multivariable analy-
sis, accounting for traditional cardiovascular
risk factors, is so important in interpreting our
results. There is still some controversy regarding
whether systolic or mean blood pressure should
be used in such models, however. Unsurpris-
ingly, in both correlation analysis and simple
linear regression, pulse wave velocity was sig-
nificantly associated with both systolic and
mean blood pressures (Supplementary
Table S1). From a biological perspective, while
systemic vascular resistance is mainly deter-
mined by the peripheral arteries and it is
translated into the mean arterial pressure,
pressure fluctuations in the circulation depend
on arterial compliance, mainly determined by
aorta and large arteries [27, 28]. It is therefore

usual to appreciate arterial compliance changes
while assessing pulse pressure and systolic blood
pressure, but not necessarily mean arterial
pressure [29]. Thus, although several studies
had detected a mathematical relationship
between pulse wave velocity and mean blood
pressure, we felt that biologically it made more
sense to correct pulse wave velocity (which is a
measure of arterial stiffness) by systolic rather
than by mean blood pressure (Table 5 and Sup-
plementary Table S3). As this issue is still con-
troversial, sensitivity analyses correcting for
mean blood pressure were performed (Supple-
mentary Tables S2 and S4), mainly confirming
the same results and therefore supporting the
robustness of our analysis.

This study has strengths and limitations,
partly related to the recruitment strategy, which
was based on voluntary participation. Both
general practitioners and regional authorities
were informed about the project, and partici-
pation was offered free of charge to local resi-
dents. The voluntary participation might be
seen either as a limitation (volunteering bias) or
a strength (high population coverage) of this
study. Indeed, the bias effect due to the volun-
tary, non-randomized inclusion of the subjects
in this long-term cohort project may have been
substantially tempered by the high proportion
of participants, when compared to the whole
population. The similar sex distribution in par-
ticipants and the whole population further
supports this assumption. The failure to assess
the participants’ menopausal status and the
cross-sectional design of the current analysis are
relevant limitations of this analysis.

The methods used to measure brachial blood
pressure and central hemodynamic parameters
can be seen both as a strength and as a limita-
tion. The standardized measurement of periph-
eral and central hemodynamic factors with an
operator-independent, non-invasive device is a
notable strength of this study [10–13]. More-
over, patients were allowed to sit for 5 min and
at least two blood pressure readings were taken,
as recommended at the time of study perfor-
mance [30]. However, only the second blood
pressure value was retained (and not the mean
of the last two readings as recommended by the
newer guidelines [6]). Furthermore, for pulse
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wave velocity we tolerated a beat-to-beat varia-
tion up to 1.0 m/s, while some authorities rec-
ommend to repeat a third measurement when
the first two differ by more than 0.5 m/s [21].
Although most studies on pulse wave velocity
used tonometric devices, we used an oscillo-
metric device, which is user-friendly and easy to
integrate into routine clinical care. While this
represents a potential strength, Arteriograph�

comes with its own limitations. First, it is
unknown whether the cutoff value of 10 m/s
traditionally used for tonometric devices can be
applied also to the Arteriograph�. Second, it is
virtually impossible to determine the exact
location of the artery reflection wave [31] and
its dependency from heart rate might have
influenced the magnitude of the significant
association we detected between heart rate and
pulse wave velocity. However, it is important to
note that this device has been validated both
with respect to oscillometric devices [32] and
invasive measures [12].

CONCLUSIONS

The results of this study, performed in a coun-
tryside region of Southern Switzerland, confirm
that traditional cardiovascular risk factors are
important modulators of arterial stiffness also in
a rural population. Furthermore, they show that
aortic pulse wave velocity increases with age
and in subjects with one or more traditional
cardiovascular risk factors and that, with
advancing age, it is higher in women than men.
Further parameters including emerging indi-
vidual risk factors and population-based risk
factors, as well as their association with cardio-
vascular events, scheduled to be scrutinized in
the ongoing long-term cohort SWICOS study,
will allow a better understanding of the under-
lying pathophysiological mechanisms.
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