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ABSTRACT
Objective  Adopting a physically active lifestyle and 
maintaining a diet rich in antioxidants can reduce the risk 
of vascular diseases. Arterial stiffness is an early marker 
for cardiovascular diseases, indicating vascular damage. 
This study investigates the relationship between physical 
activity (PA), sedentary behaviour (SB), dietary antioxidant, 
trace elements intake and vascular health in men and 
women, with a focus on pulse wave velocity (PWV), the 
gold standard for assessing arterial stiffness.
Design  This is a nationwide population-based cross-
sectional study (Observation of Cardiovascular Risk Factors 
in Luxembourg 2 (ORISCAV-LUX 2)).
Setting  The study was conducted in Luxembourg, 
between November 2016 and January 2018.
Participants  In total, 988 participants from the ORISCAV-
LUX 2 study, who were Luxembourg residents, aged 25–79 
years, underwent the required physical examination, 
agreed to wear an accelerometer for 1 week and presented 
no personal history of myocardial infarction or stroke, were 
included in the analysis.
Primary outcome measure  PWV was assessed with 
the validated Complior instrument. Elastic-net models 
were used to investigate the associations of dietary 
intake (antioxidant and trace elements) and movement 
behaviours (PA and SB) with PWV in men and women.
Results  The findings reveal diverse associations between 
PA, SB, dietary intake and PWV, with distinct patterns 
observed in men and women. In women, a longer median 
moderate-to-vigorous PA bout length (mean coefficient 
(β)=−0.039), a higher long-range temporal correlation 
(higher scaling exponent alpha) at larger time scales 
(>120 min; β=−1.247) and an increased intake of vitamin 
C (β=−1.987) and selenium (β=−0.008) were associated 
with lower PWV. In men, a shorter median SB bout length 
(β=0.019) and a lower proportion of SB time accumulated 
in bouts longer than 60 min (β=1.321) were associated 
with lower PWV. Moreover, a higher daily intake of 
polyphenols (β=−0.113) and selenium (β=−0.004) was 
associated with lower PWV in men.
Conclusion  This study underscores the multifaceted 
nature of the associations between movement behaviours 
and dietary intake with PWV, as well as sex differences. 
These findings highlight the significance of considering 

both movement behaviours and dietary antioxidant intake 
in cardiovascular health assessments.

INTRODUCTION
Cardiovascular diseases (CVDs), particularly 
ischaemic heart disease (49% of CVD deaths 
in 2019) and stroke (18% of CVD deaths 
in 2019), are among the leading causes of 
death and disability worldwide.1 2 A primary 
concern regarding vascular health is arte-
rial stiffness, one of the earliest manifesta-
tions of vascular damage.3 Arterial stiffness 
describes the inflexibility and rigidity of the 
arterial wall4 and is a significant contributor 
to systolic hypertension.5 The gold standard 
for assessing arterial stiffness is pulse wave 
velocity (PWV), a powerful blood pressure-
related indicator of vascular status and cardio-
vascular risk.6 7 Measuring PWV between the 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ This study used a validated Food Frequency 
Questionnaire that enabled a good overview of the 
participants’ dietary intake, as well as wearable-
specific indicator of physical activity behaviours that 
enabled the assessment of the complex movement 
behaviour in an all-encompassing manner.

	⇒ Pulse wave velocity was used to assess arterial 
stiffness, which has been proven to be among the 
most important predictors of future cardiovascular 
diseases.

	⇒ The Elastic-net variable selection approach was 
used as it is expected to deal well with situations 
where predictors are highly correlated.

	⇒ Limitations include the absence of a posture allo-
cation algorithm to mitigate the misclassification 
of movement behaviours, such as standing as 
sedentary time, which is common with wrist-worn 
accelerometers.

	⇒ Additionally, our study participants were generally 
healthier than the general population.
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carotid and femoral arteries is the most clinically relevant 
method, with higher PWV values representing higher 
arterial stiffness.8 9 A review and meta-analysis found that 
a 1 m/s increase in carotid-femoral PWV was associated 
with a 15% increased cardiovascular mortality risk.10

It is well established that lifestyle factors, including 
physical activity (PA) and a healthy diet, play a crucial role 
in reducing the risk of CVDs.11 12 Recent findings have 
evidenced the role of dietary antioxidants in mitigating 
oxidative stress and inflammation, contributing to the 
prevention of cardiovascular and metabolic diseases.11 13 
These antioxidants encompass vitamins C and E, poly-
phenols and carotenoids, which can be found in fruits, 
vegetables, coffee, tea, red wine, cereals and choco-
late.12 13 Additionally, trace elements like zinc and sele-
nium, found in nuts, vegetables, cereal grains, meat and 
fish, are essential for the proper functioning of the body 
and deficiencies of these elements can lead to adverse 
health effects.14 15

Regular PA and a reduced sedentary behaviour (SB) 
are associated with decreased cardiovascular mortality11 
and with a lower risk of atherosclerosis and CVDs such 
as myocardial infarction and stroke.16 17 The literature 
suggests a dose-dependent relationship between exercise 
intensity and arterial stiffness improvement, with higher 
intensities enhancing the benefits of aerobic exercise 
on arterial stiffness.18 However, to the best of our knowl-
edge, no research has investigated movement behaviour 
indicators that encompass the full spectrum of intensi-
ties and behaviours during waking hours and their rela-
tionship to cardiovascular health. These indicators may 
provide more informative insights than focusing solely 
on moderate-to-vigorous PA (MVPA), which has been 
found to constitute only 6% of daily time in a study with 
the same population.19 Therefore, wearable-specific indi-
cators of PA behaviour (WIPAB), recently defined as 
advanced analytical methods and their corresponding 
summary variables that aim to capture the complex 
nature of the movement behaviour by extending beyond 
the classical frequency, intensity, time and type frame-
work,20 are needed to study their association with health 
outcomes.

Previous research has already provided evidence of sex-
related differences in markers of arterial stiffness,21–23 
movement behaviours,19 dietary patterns24 and their 
associations with cardiovascular risk factors.25 26 These 
findings underscore the significance of considering sex-
specific factors in cardiovascular health assessment.

Several studies have examined the role of dietary 
patterns11 27 28 or exercise and MVPA separately on vascular 
health.11 16 29 30 However, there is limited research on the 
complementary roles of a diet’s antioxidant potential and 
an active lifestyle assessed using a more holistic approach, 
on vascular health. Therefore, the present study aimed to 
investigate how intake of dietary antioxidants and trace 
elements (ie, beta-carotene, vitamins A, C, E, polyphe-
nols, selenium and zinc) and a physically active lifestyle 
(assessed using WIPAB) are related to arterial stiffness, 

with mutual adjustments for each other. In addition, the 
study explored whether these associations varied by sex.

METHODS
Study population
The present study is based on the second wave of the 
Observation of Cardiovascular Risk Factors in Luxem-
bourg (ORISCAV-LUX 2), a cross-sectional, nationwide 
survey monitoring the prevalence of cardiovascular risk 
factors in 1558 Luxembourg residents between November 
2016 and January 2018.31 Population coverage and sample 
representativeness have been analysed and it has been 
concluded that the ORISCAV-LUX dataset represents a 
valid tool for epidemiological studies in Luxembourg.31 
The present analysis includes participants aged between 
25 and 79 years, who underwent the required phys-
ical examination, agreed to wear an accelerometer for 
1 week and presented no personal history of myocardial 
infarction or stroke (n=367 excluded). Participants with 
missing personal characteristics, anthropometric, dietary 
intake, PWV or PA data as well as those with erroneous 
acceleration files were excluded (n=125). In addition, 
participants with extreme dietary intake (<800 kcal/day 
or >6000 kcal/day), outlying PWV values (>40 m/s), cali-
bration errors in the acceleration signal (>10 mg) and 
insufficient accelerometer data (<4 days including at 
least 1 weekend day) as well as outliers for each variable 
located above or below 5-SD were excluded (n=78). In 
total, 988 participants remained for this complete-case 
analysis (63.4% of the initial sample). A flow chart of 
the participants’ inclusion process can be found in the 
supplementary material (online supplemental figure S1).

Vascular health
The validated Complior instrument (ALAM medical, 
Vincennes, France) was used to assess PWV (m/s).32 
Measurements were performed following 10 min of rest 
in a supine position. The distance between sites was 
calculated as a direct line (measured with a Seca 207 rod) 
adjusted by a scaling factor of 0.8.33 PWV was calculated by 
dividing the carotid-femoral distance by the transit time 
of the forward-travelling pulse between the carotid and 
femoral arteries. In case of difficulties finding the pulse 
during clinical examination, multiple measurements per 
person were taken. For participants with two measure-
ments that differed <0.5 m/s, the average value of these 
two measures was used for the analysis. In case of a differ-
ence >0.5 m/s between the last two PWV measurements, 
another assessment was performed and the median of the 
last three measures was included in the analysis.

Movement behaviours
Participants were asked to continuously wear an accel-
erometer on the wrist of the non-dominant hand for 7 
consecutive days, except when showering and during 
water activities (eg, swimming). The accelerometer (Acti-
GraphTM GT3X+, Pensacola, Florida, USA) collected 

https://dx.doi.org/10.1136/bmjopen-2024-084933


3Backes A, et al. BMJ Open 2024;14:e084933. doi:10.1136/bmjopen-2024-084933

Open access

triaxial acceleration data with a sampling frequency of 
30 Hz and a dynamic range of ±8 g. Raw acceleration 
data were extracted using the manufacturer’s software 
(ActiLife V.6.13.3) and calibrated using the open-source 
R package GGIR (V.2.2-0).34 Acceleration values were 
averaged over 5-s epochs and expressed relative to gravity 
(g units: 1 g=9.81 m/s2). Acceleration data between the 
first and last midnight were used. Validated thresholds 
were used to estimate the average daily awake time spent 
in sedentary (<44.8 mg) and MVPA (>100.6 mg).35

The data were used to derive WIPAB measures 
describing the distribution of PA intensities, activity accu-
mulation and the temporal correlation and regularity 
of movement behaviour.20 Average daily acceleration 
(mg) quantifies the average volume of the entire move-
ment behaviour.36 The intensity gradient represents the 
activity intensity distribution over the entire measure-
ment period by describing the negative curvilinear rela-
tionship between activity intensities and the accumulated 
time at these intensities.37 The M“X” metric represents 
the average acceleration above which the most active “X” 
minutes are accumulated.36 In the present study, “X” was 
set to 30 min (M0.5).36 38 Additionally, we computed the 
number of prolonged sedentary episodes of a duration 
higher than 30 min (SB bouts >30 min),39 the median 
duration of sedentary episodes (median SB bout length) 
and the median MVPA bout length, which describe the 
activity accumulation at specific intensities. The propor-
tion of the total SB time accumulated in bouts longer than 
60 min was also computed. The autocorrelation at lag 24 
hours quantifies the regularity and consistency of activity 
patterns that are 24 hours apart.40 41 Another indicator 
of the regularity of a time series is the sample entropy, 
which analyses the presence of similar subpatterns in the 
time series. Higher (less negative) sample entropy values 
represent a more complex, irregular and unpredictable 
time series.42 43 Three additional metrics, the scaling 
exponent alpha at small (<90 min) and large time scales 
(>120 min)44 as well as the Lempel-Ziv complexity,45 were 
computed to detect temporal correlations and quantify 
the presence of subpatterns, respectively. More detailed 
information on these WIPAB measures has been provided 
previously.20

Dietary intake
Dietary intake was determined based on the quantity and 
frequency of food consumption reported in the validated 
174-item Food Frequency Questionnaire (FFQ).46 Food 
quantity was estimated using portion-size images. Food 
frequency consumption was categorised as never/rarely, 
one to three times per month, one to two times per week, 
three to five times per week, once a day and twice or more 
a day.47

Based on the ANSES-CIQUAL French Food Compo-
sition Table Database, daily food consumption was 
converted into an amount of macronutrient and micronu-
trient intake.47 48 Polyphenols have been extracted using 
the Phenol-Explorer.49 50 In the present study, we focused 

on dietary antioxidants and trace elements, namely beta-
carotene (μg/day), vitamin A (retinol, μg/day), vitamin 
C (ascorbic acid, mg/day), vitamin E (tocopherols, mg/
day), polyphenols (mg/day), zinc (mg/day) and sele-
nium (μg/day).

Covariates
Participants self-reported their age and sex as well as their 
marital, smoking and employment status which were 
categorised as married/living with partner or single/
divorced/separated/widowed; current smoker, former 
smoker or non-smoker; and employed or unemployed/
at home/retired/unable to work, respectively. In addi-
tion, the use of any medication for hypertension, diabetes 
or dyslipidaemia (yes/no) as well as their family history 
of CVD or diabetes (yes/no/unknown) were assessed 
by a questionnaire. Total sleep period (min) was calcu-
lated based on the acceleration data.51 Daily estimates of 
total energy intake (kcal/day) were calculated based on 
reported food consumption in the FFQ.

Statistical analysis
Participants were stratified by sex (women, n=530; men, 
n=458). To compare participant characteristics among 
these two groups, a Pearson’s χ2 test for categorical vari-
ables and a Kruskal-Wallis test for not normally distrib-
uted continuous variables were employed. Spearman 
correlations were used to analyse correlations among the 
movement behaviour variables and the dietary pattern 
variables, separately. This analysis was performed inde-
pendently for both women and men, and the results were 
visually represented by a correlation matrix.

For women and men, separate generalised linear 
regression models with embedded Elastic-net variable 
selection approach were built to explore how movement 
behaviour and dietary patterns related to PWV. Elastic-net 
analysis has been shown to yield superior results, particu-
larly in situations where predictors are highly correlated, 
as compared with LASSO and ridge regression.52 53 All 
covariates, excluding sex, were integrated into these 
elastic-net models. The elastic-net modelling proce-
dure was iterated 1000 times, each time incorporating 
internal 10-fold cross validation to tune the hyperparam-
eters alpha (mixing term, ranges between 0 and 1) and 
lambda (shrinkage term). ​Lambda.​min, which represents 
the value of Lambda that gives minimum mean cross-
validated error, was used to identify the best prediction 
model.53 Mean coefficients and percentages of appear-
ance were computed across these 1000 iterations. Vari-
ables were considered as robust if they were selected in 
at least 70% of all iterations. To visualise the outcomes, 
bar plots were generated with separate plots for women 
and men, respectively. The elastic-net analysis was imple-
mented using the R package glmnet.

All statistical analyses were conducted using R (V.4.3.1) 
with RStudio (V.2023.06.01 Build 524). Statistical signifi-
cance was defined as p values below 0.05.
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Patient and public involvement
None.

RESULTS
Participant characteristics
A description of the study participants stratified by sex is 
presented in table 1. The average age across all partici-
pants was 50.4 years, with women comprising 53.6% of 
the 988 individuals included in the analysis. Women had a 
longer total sleep period, a lower daily energy intake and 
a lower PWV compared with men. Additionally, women 
presented a higher average 24 hours acceleration, a lower 
(steeper) intensity gradient, shorter median SB bout 
lengths, a lower number of prolonged SB bouts, a lower 
proportion of SB bouts lasting at least 60 min, a higher 
scaling exponent alpha at larger time scales (>120 min), 
a higher autocorrelation at lag 24 hours as well as a 
more complex PA behaviour (Lempel-Ziv complexity) 
compared with men. Women also reported lower daily 
intakes of vitamins A and E, zinc and selenium compared 
with men.

Figure 1 shows high correlations between the average 
acceleration and Lempel-Ziv complexity as well as 
between the average acceleration and M0.5, for both 
women (r=0.77 and r=0.72, respectively) and men 
(r=0.72 and r=0.73, respectively). Moreover, the intensity 
gradient and median MVPA bout length presented high 
correlations with M0.5 (r=0.80 and r=0.75 for women and 
r=0.77 and r=0.73 for men, respectively). Additionally, 
a high negative correlation could be observed between 
the number of prolonged sedentary bouts (>30 min) and 
Lempel-Ziv complexity in women (r=−0.73). Low-to-high 
positive correlations were found between each of the 
dietary intake components; zinc and selenium presented 
the highest correlation (r=0.72 and r=0.81 for women and 
men, respectively figure 2). Overall, correlations among 
all the exposures were similar across men and women.

Association of PA and dietary intake with vascular health
Figure 3 visually presents the frequency of appearance of 
each predictor in the elastic-net models, calculated over 
1000 iterations.

Table  2 presents the mean coefficients and percent-
ages of appearance of the predictors that remained in 
the elastic-net models in at least 70% of cases. In women, 
a longer median MVPA bout length, a higher scaling 
exponent alpha at larger time scales (>120 min) as well 
as a higher intake of vitamin C and selenium were associ-
ated with lower PWV. In men, a longer median SB bout 
length and a greater proportion of SB time accumulated 
in bouts longer than 60 min were associated with higher 
PWV, whereas a higher daily intake of polyphenols and 
selenium were associated with lower PWV.

DISCUSSION
The primary aim of this study was to investigate the asso-
ciations of movement behaviours and dietary intake with 

vascular health, measured using an indicator of arterial 
stiffness (PWV), in an adult population of Luxembourg. 
Elastic-net models indicated that distinct predictors were 
associated with PWV across different sex groups. Pres-
ently, research examining the effect of complex pattern 
of movement behaviour on vascular health, indepen-
dent of dietary intake and vice versa, is limited. More-
over, many studies have overlooked stratification by sex, 
despite evidence revealing sex-dependent patterns of 
association between PA and dietary intake with vascular 
health.19 21 25 26

A recent review examined the role of oxidative stress 
and endothelial dysfunction in the development of CVD. 
The review highlighted the potential for lifestyle modi-
fications, specifically focusing on diet and exercise, to 
enhance vascular health.11 The findings of the review 
indicated that regular PA has a positive impact on gluta-
thione levels in body fluids and promotes the activities of 
antioxidant enzymes such as superoxidase dismutase and 
glutathione peroxidase, which are dependent on essen-
tial minerals like zinc and selenium, respectively.11 In 
the present study, the relationship between the intake of 
antioxidant-rich nutrients and arterial stiffness, indepen-
dent of an active lifestyle, could also be demonstrated. In 
particular, the important role of selenium in combina-
tion with polyphenols and vitamin C could be outlined, 
with distinct patterns observed in men and women. In 
women, higher daily intakes of vitamin C and selenium 
were associated with lower PWV, while in men, higher 
intakes of polyphenols and selenium were associated 
with lower PWV. Dietary polyphenols offer a range of 
activities that can influence various pathways related to 
vascular health, inflammation, oxidative stress, autophagy 
and glycation.54 These nutrients have shown promising 
results in controlling or preventing age-related vascular 
stiffening. Several studies have observed an inverse associ-
ation between higher polyphenol intake and arterial stiff-
ness.55 56 A review examining dietary interventions found 
that plant-derived natural products, including polyphe-
nols, were associated with significant improvements in 
arterial stiffness among both healthy individuals and 
those with a slightly elevated CVD risk.57 Another review 
summarised evidence from interventional and epidemio-
logical studies, highlighting the direct or indirect effects 
of polyphenols by their metabolites, derived from micro-
bial or host metabolic processes, on vascular stiffness.54 
Similarly, studies have suggested a potential protective 
effect of selenium intake against arterial stiffness and 
vascular diseases.58 A population-based cohort study 
conducted using NHANES data concluded that individ-
uals with higher selenium intake had significantly lower 
odds of having a high vascular risk status compared with 
those with lower selenium intake.59 The crucial role of 
vitamin C in the autonomic nervous regulation of blood 
pressure has also been highlighted in a review,60 empha-
sising its significance. It has been proposed that vitamin 
C restores baroreflex dysfunction induced by oxidative 
stress, mitigating baroreflex sensitivity and sustaining a 
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Table 1  Participant characteristics overall and stratified by sex

Total population 
(n=988) Women (n=530) Men (n=458)

P valueMED (IQR) or n (%) MED (IQR) or n (%) MED (IQR) or n (%)

Age (years) 50.4 (41.4–59.5) 51.2 (42.1–59.3) 49.9 (41.0–59.8) 0.437

Marital status <0.001

 � Married/living with partner 740 (74.9) 374 (70.6) 366 (79.9)

 � Single/divorced/separated/widowed 248 (25.1) 156 (29.4) 92 (20.1)

Employment status 0.060

 � Employed 657 (66.5) 338 (63.8) 319 (69.7)

 � Unemployed/at home/retired/unable to work 331 (33.5) 192 (36.2) 139 (30.3)

Family history of CVD or diabetes <0.001

 � No 178 (18.0) 84 (15.8) 94 (20.5)

 � Yes 671 (67.9) 394 (74.3) 277 (60.5)

 � Unknown 139 (14.1) 52 (9.8) 87 (19.0)

Use of antihypertensive, diabetes and/or lipid-lowering medication 0.060

 � No 724 (73.3) 402 (75.8) 322 (70.3)

 � Yes 264 (26.7) 128 (24.2) 136 (29.7)

Smoking status <0.01

 � Current smoker 121 (12.2) 58 (10.9) 63 (13.8)

 � Former smoker 275 (27.8) 130 (24.5) 145 (31.7)

 � Non-smoker 592 (59.9) 342 (64.5) 250 (54.6)

Total sleep period (min) 410.9 (373.3–444.8) 420.1 (390.5–451.7) 391.7 (360.2–431.7) <0.001

Energy intake (kcal/day) 2359 (1858–2965) 2131 (1734–2633) 2653 (2119–3264) <0.001

PWV (m/s) 7.75 (6.85–9.00) 7.53 (6.75–8.70) 7.95 (7.05–9.25) <0.001

Average 24 hours acceleration (mg) 25.53 (21.26–30.40) 26.25 (22.21–30.84) 24.77 (20.50–29.64) <0.001

Intensity gradient −2.64 (−2.76–−2.51) −2.66 (−2.78–−2.52) −2.61 (−2.74–−2.47) <0.001

M0.5 (g) 105.75 (85.06–141.95) 107.36 (85.67–141.30) 104.19 (84.83–142.54) 0.761

Median SB bout length (s) 1900 (1700–2100) 1850 (1700–2050) 1900 (1700–2150) <0.05

Median MVPA bout length (s) 300 (200–450) 300 (200–400) 300 (200–450) 0.370

Number of SB bouts >30 min 5.67 (4.67–6.67) 5.50 (4.33–6.33) 6.00 (5.00–7.00) <0.001

Proportion SB >60 min (%) 25.59 (18.69–33.49) 24.46 (16.67–32.33) 27.14 (20.34–34.88) <0.001

Scaling exponent alpha (<90 min) 0.96 (0.91–1.02) 0.96 (0.92–1.02) 0.96 (0.90–1.02) 0.164

Scaling exponent alpha (>120 min) 0.98 (0.87–1.07) 0.99 (0.89–1.09) 0.96 (0.84–1.06) <0.001

Autocorrelation at lag 24 hours 0.13 (0.10–0.17) 0.14 (0.11–0.18) 0.12 (0.09–0.15) <0.001

Lempel-Ziv complexity 0.17 (0.15–0.20) 0.18 (0.16–0.21) 0.16 (0.13–0.19) <0.001

Sample entropy −0.39 (−0.64–0.15) −0.38 (−0.65–0.14) −0.42 (−0.64–0.16) 0.604

Beta-carotene (μg/day) 4947 (3328–7271) 5052 (3444–7534) 4675 (3222–7000) 0.061

Vitamin A (retinol, μg/day) 465.8 (329.1–640.1) 419.0 (304.6–572.5) 530.5 (366.9–722.8) <0.001

Vitamin C (ascorbic acid, mg/day) 145.2 (100.2–201.9) 150.4 (103.0–206.9) 140.6 (97.8–199.1) 0.095

Vitamin E (tocopherols, mg/day) 18.19 (13.59–25.15) 16.78 (13.03–22.51) 19.93 (14.40–28.29) <0.001

Polyphenols (mg/day) 2484 (1749–3379) 2490 (1755–3331) 2483 (1745–3433) 0.766

Zinc (mg/day) 12.20 (9.47–15.66) 11.13 (8.90–13.63) 13.91 (10.59–17.18) <0.001

Selenium (μg/day) 91.57 (71.63–111.92) 83.97 (67.87–103.11) 100.0 (79.01–122.0) <0.001

Data are presented as n (%) for categorical variables and median (IQR) for non-normally distributed continuous variables. P values 
represent a test of group differences by sex performed using χ2 tests or Kruskal-Wallis tests as appropriate. Bold font signifies 
statistically significant difference between women and men (p<0.05).
CVD, cardiovascular disease; M0.5, average acceleration above which the most active 30 min of the day were accumulated; MVPA, 
moderate-to-vigorous physical activity; Proportion SB, proportion of total SB time accumulated in bouts longer than 60 min; PWV, pulse 
wave velocity; SB, sedentary behaviour.
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hypertensive state.61 Another review suggested that the 
combined intake of vitamin C and E enhances endo-
thelial function and demonstrated beneficial effects on 
lipid and glucose metabolism, blood pressure and arterial 
plasticity in individuals with cardiovascular risk factors.11 
Nevertheless, caution is warranted regarding long-term 
and high-dose usage of these vitamins, as they could have 
adverse effects on cardiovascular outcomes.11 62 In conclu-
sion, further research, including randomised controlled 
trials and larger scale studies, is needed to establish a 
cause-and-effect relationship between dietary intake and 
their impact on arterial stiffness and vascular risk. Despite 
this, the available evidence suggests that incorporating 
polyphenol-rich foods and dietary sources of vitamin C 
and selenium into a balanced diet may hold benefits for 
maintaining cardiovascular health.11 14 60

Independent of dietary intake, the median MVPA 
bout length and the scaling exponent alpha at time 
scales above 2 hours demonstrated a favourable associ-
ation with arterial stiffness in women. This implies that 
a longer duration at higher activity intensities (eg, brisk 
walking, jogging, lawn mowing or washing windows) as 
well as a more pronounced long-range temporal correla-
tion in activity fluctuations (ie, regular exercise routine 
with repetitive patterns over time) may have a beneficial 
impact on arterial health in women. In men, an accumu-
lation pattern of SB time characterised by longer bouts 
was found to be associated with higher PWV. Previous 
studies have already demonstrated the beneficial impact 
of breaking up prolonged SB periods on cardiometabolic 
health.63 64 However, in the context of arterial health, 
recent research using compositional data analysis,30 

Figure 1  Correlation matrix of the movement behaviour variables for (A) women and (B) men. The size of the circle is 
proportional to the correlation strength. Red and blue colours represent negative and positive correlations, respectively. 
Autocorr 24 hours, autocorrelation at lag 24 hours; Average acc, average acceleration; LZC, Lempel Ziv complexity; M0.5, 
average acceleration above which the most active 30 min of the day were accumulated; MVPA, moderate-to-vigorous physical 
activity; Nbouts SB>30 min, number of prolonged sedentary bouts (>30 min); Prop SB>60 min, proportion of total SB time 
accumulated in bouts longer than 60 min; SampEn, sample entropy; SB, sedentary behaviour; ScalEx <90 min, scaling exponent 
alpha at small time scales (<90 min); ScalEx>120 min, scaling exponent alpha at large time scales (>120 min).

Figure 2  Correlation matrix of the dietary intake variables for (A) women and (B) men. The size of the circle is proportional 
to the correlation strength. Red and blue colours represent negative and positive correlations, respectively. BCarotene, beta-
carotene; Vit A, vitamin A; Vit C, vitamin C; Vit E, vitamin E.
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a meta-analysis65 and a study on older British men66 
have found that there is no influence of interrupting 
prolonged sitting on arterial stiffness, suggesting that 
shorter SB bouts alone might not provide benefit to the 
central vasculature.30 It is important to note that these 
studies focused more on the number of SB breaks rather 
than the accumulation pattern of SB, and this difference 
may contribute to the apparent inconsistencies. Never-
theless, previous work on long-term effects of PA and SB 
on changes in arterial stiffness have demonstrated that 
spending more time engaged in PA and minimising SB 
are associated with a slower age-related progression of 
arterial stiffness.67 Additionally, substituting SB time with 
LPA or MVPA has shown beneficial associations with a 
wide range of cardiometabolic risk factors.39 Indeed, 
the positive effect of engaging in PA on a regular basis, 
independent of the specific daily timing, has already 
been noted in previous research. It has been emphasised 
that frequent PA positively influences chronic functional 
adaptation and promotes arterial structural remodelling, 

Figure 3  Percentages of appearance of each predictor 
included in the elastic-net models, calculated over 1000 
iterations. Horizontal dashed line represents percentage 
of appearance of 70%. Percentages above this line are 
highlighted in dark grey. All models were adjusted for 
age, marital status, employment status, family history of 
cardiovascular diseases or diabetes, use of medication, 
smoking status, total sleep period and daily energy intake.

Table 2  Elastic-net regression models for PWV, stratified by sex

PWV (m/s)

Women (n=530) Men (n=458)

Mean coefficient % of appearance Mean coefficient % of appearance

Average 24 hours acceleration (mg) −0.007 29 −0.004 35

Intensity gradient −0.081 54 −0.121 42

M0.5 (g) −0.001 41 −0.002 69

Median SB bout length (min)* 0.011 56 0.019 73

Median MVPA bout length (min)* −0.039 76 −0.022 50

Number of SB bouts >30 min −0.021 43 0.039 48

Proportion SB >60 min (%) 0.825 68 1.321 89

Scaling exponent alpha (<90 min) −0.791 55 −0.610 56

Scaling exponent alpha (>120 min) −1.247 79 −0.542 47

Autocorrelation at lag 24 hours 1.247 54 −1.188 57

Lempel-Ziv complexity 4.342 58 1.185 30

Sample entropy 0.084 66 0.012 50

Beta-carotene (mg/day)† −0.008 53 0.005 50

Vitamin A (mg/day)† −0.307 58 0.100 44

Vitamin C (g/day)† −1.987 87 1.273 65

Vitamin E (mg/day) 0.008 61 0.008 55

Polyphenols (g/day)† −0.040 59 −0.113 75

Zinc (mg/day) 0.023 42 −0.004 35

Selenium (μg/day) −0.008 85 −0.004 72

Values are presented as mean coefficients averaged over all bootstrapped samples (n=1000). Bold font signifies a percentage of appearance 
of at least 70%. All models were adjusted for age, marital status, employment status, family history of CVD or diabetes, use of medication, 
smoking status, total sleep period and daily energy intake.
*Variables scaled by dividing by 60.
†Variables scaled by dividing by 1000.
CVD, cardiovascular disease; M0.5, average acceleration above which the most active 30 min of the day were accumulated; MVPA, 
moderate-to-vigorous physical activity; Proportion SB, proportion of total SB time accumulated in bouts longer than 60 min; PWV, pulse wave 
velocity; SB, sedentary behaviour.
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which leads to reduced arterial stiffness and a decreased 
risk of CVD.16 Moreover, frequent PA has the potential to 
reduce chronic inflammation by releasing muscle-derived 
myokines, which promote an anti-inflammatory environ-
ment and help protect arteries from CVD progression.68 
Conversely, prolonged sitting has been found to impair 
overall vasodilatory function.69 These findings highlight 
the significance of engaging in PA on a regular basis and 
minimising SB for the maintenance and promotion of 
vascular health. Specifically, our results indicate that, for 
women, engaging in regular PA with longer durations at 
higher activities is beneficial, while, for men, reducing SB 
is crucial for vascular health. Therefore, activity accumu-
lation patterns and regularity appear to be key factors. 
Furthermore, it is important to note that, for men, the 
average acceleration above which the most active 30 min 
were accumulated (M0.5) had a percentage of appear-
ance of 69%, just below the inclusion threshold. Conse-
quently, the importance of PA intensity to men’s vascular 
health should not be overlooked. There is merit in 
exploring a combination of information related to the 
amount, timing and way of accumulation of PA. Profiling 
individuals’ activity patterns might reveal additional, 
in-depth insights.

The relationship between movement behaviour, dietary 
intake and vascular health varied between women and 
men. Existing research has underscored sex dispar-
ities in movement behaviours,19 markers of arterial 
stiffness21–23 and their associations with cardiovascular 
risk factors.25 26 DuPont et al22 highlight the differences 
between women and men concerning the age-related 
progression of arterial stiffness and the associated risk 
of CVD. Prior studies have demonstrated the impact of 
sex hormones, such as oestrogens and testosterone, on 
arterial wall behaviour.21–23 70 Fluctuations in oestrogen 
levels seem to influence the impact of cardiovascular risk 
factors on PWV both across hormonal phases in women 
and in comparison to men.22 23 25 A recent study identi-
fied a clinically significant acceleration in arterial stiff-
ness during the late post-menopause phase (8+ years), 
probably related to a long-term exposition to the with-
drawal of oestrogen, and potentially increasing the risk 
of CVD during this life stage.71 Moreover, testosterone 
deficiency has been linked to increased PWV, indicative 
of early vascular ageing.22 The substantial impact of sex 
hormones on arterial stiffness underscores the impor-
tance of considering sex-specific factors in the assessment 
of cardiovascular health.

Strengths and limitations
One of the strengths of the ORISCAV-LUX 2 study is the 
use of a validated FFQ, which has been linked to a Euro-
pean food composition database. This approach enabled 
a good overview of the participants’ dietary intake. 
Moreover, WIPAB measures were used, which enable 
the assessment of the complex movement behaviour in 
an all-encompassing manner. Another strength consists 
in the use of PWV to assess arterial stiffness, which has 

been proven to be among the most important predic-
tors of future CVDs.6 7 This study also has some limita-
tions. The declared nutrient intakes exceeded common 
recommendations, which may have altered the findings. 
Furthermore, it’s worth noting that our study participants 
were generally healthier than the general population, as 
observed in previous studies.26 31 Nevertheless, this does 
not necessarily compromise the validity or applicability of 
the study findings. In fact, considering the total popula-
tion of Luxembourg, the present study had a high sample 
size and thus provides a comprehensive overview of the 
Luxembourgish adult population. Another limitation of 
this study is the absence of a posture allocation algorithm 
to mitigate the misclassification of movement behaviours, 
such as standing as sedentary time, which is common with 
wrist-worn accelerometers. Additionally, it’s crucial to 
recognise that there is potential for residual confounding 
or mediating effects resulting from imperfectly measured 
or unspecified covariates. Furthermore, given the observa-
tional and cross-sectional study design, drawing definitive 
conclusions about causality is not possible. To establish a 
firmer basis for these findings, longitudinal studies are 
warranted for result replication and a more comprehen-
sive understanding.

CONCLUSIONS
This study highlights the importance of engaging in 
regular PA, reducing SB and incorporating dietary sources 
rich in vitamin C, polyphenols and selenium into a well-
balanced diet for the promotion of cardiovascular health 
in adults. Notably, the associations between movement 
behaviours, dietary intake and vascular health displayed 
variations between women and men, emphasising the 
need to account for sex-specific factors in cardiovas-
cular health assessment and that caution is needed when 
considering these variables as predictors of cardiovascular 
health. Nevertheless, further research using a longitu-
dinal design is necessary to establish causality and compre-
hensively explore the effects of dietary components and 
movement behaviours on cardiovascular health.
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